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Resumo 

 

A doença inflamatória intestinal (DII) engloba a colite ulcerativa (UC) e doença de Crohn 

(CD) e consiste num distúrbio imuno-mediado crónico e recorrente do trato 

gastrointestinal de etiologia desconhecida. A heterogeneidade da doença tendo em 

conta a severidade e a eficácia terapêutica reflete a complexa interação entre a genética 

do hospedeiro, a resposta imune e fatores externos, como microorganismos. A 

glicosilação é um processo fundamental na resposta imune e a sua desregulação já foi 

evidenciada na DII. Um défice na N-glicosilação ramificada (mediada pelo glico-gene 

MGAT5) nas células T intestinais e a sua associação com a hiper- ativação das células 

T são evidentes em alguns pacientes com UC. Se esta deficiência pode ser usada para 

predizer a resposta à terapia é desconhecido (1), bem como a causa da sua 

desregulação (2) e a sua influência na composição do microbiota intestinal (3). Para 

além destes três pontos principais, nesta tese nós também explorámos os glicanos das 

imunoglobulinas G (IgG) circulantes como potenciais biomarcadores na resposta a 

terapia (4).  

1) Verificámos que a expressão ramificada de N-glicanos na lâmina própria do cólon, 

avaliada próximo do diagnóstico, é capaz de distinguir os pacientes com UC que irão 

responder à terapia convencional daqueles que serão refratários à terapia, com uma 

especificidade de 75%. Baixos níveis de N-glicanos ramificados e altos níveis de 

proteína C reativa foram mostrados como sendo preditores independentes da não 

resposta à terapia convencional e de beneficiarem um do outro no seu desempenho 

preditivo. 2) Identificámos alterações genéticas no MGAT5 que estão associadas à 

desregulação da expressão do glico-gene em células T do cólon e circulantes de 

pacientes com UC, bem como a baixos níveis de galactosilação das IgGs circulantes, 

frequentemente associados a um fenótipo pró-inflamatório. Estas variantes genéticas 

funcionais do MGAT5 e outras de regiões reguladoras do gene foram capazes de 

discriminar pacientes com UC de acordo com a severidade da doença. Para além disso, 

3) análises in vivo mostraram que a deficiência de MGAT5 altera a composição do 

microbiota, que parece estar associada a uma maior suscetibilidade em desenvolver 

uma colite severa induzida por DSS. Por último, 4) verificámos que a glicosilação da 

fração Fc das IgGs em pacientes com DC parece distinta em pacientes que perdem a 

resposta à terapia anti-TNF daqueles que sempre respondem. Um perfil de glicosilação 

específico das IgGs também parece estar associado ao desenvolvimento de 

imunogenicidade contra a terapia anti-TNF. 

Em conclusão, a desregulação do MGAT5 e dos N-glicanos ramificados que medeia 

observados em contexto de DII, são uma ferramenta importante a ser usada o mais 
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perto do diagnóstico possível para identificar pacientes que irão desenvolver uma 

doença mais severa, provavelmente devido à sua influência na resposta imune e na 

composição do microbiota. Nesta tese nós propomos potenciais [glico]biomarcadores in 

situ e no sangue associados a maus resultados clínicos, permitindo terapia 

personalizada através de estratégias preventivas e terapêuticas. 
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Abstract 

 

Inflammatory bowel disease (IBD), which encompasses ulcerative colitis (UC) and 

Crohn’s disease (CD), is a relapsing chronic immune-mediated disorder of the 

gastrointestinal tract of unknown etiology. The heterogeneity of the disease regarding 

severity and therapeutic outcomes mirror the complex interaction between host genetics, 

immune response and external factors, such as microorganisms. Glycosylation is 

instrumental in immune response and has been shown to be dysregulated in IBD. The 

deficiency of branched N-glycosylation (mediated by MGAT5 glycogene) on intestinal T 

cells and its association with hyperactivation of T cells are evident in some UC patients. 

Whether this deficiency might predict therapy outcome is unknown (1), as well as, its 

dysregulation cause (2) and its influence on microbiota composition (3). In addition to 

these three main points, in this thesis we also explored glycans from circulating 

immunoglobulins G (IgG) as potential biomarkers for therapy response (4). 

1) We verified that branched N-glycans expression in colonic lamina propria, evaluated 

close to diagnosis, were able to distinguish UC patients who will response to the 

conventional therapy from those that will be refractory to the therapy with a specificity of 

75%. Low branched N-glycans and high C- reactive protein were shown to act as 

independent predictors of non-response to standard therapy and to benefit from each 

other for its predictive performance. 2) We identified genetic variants on MGAT5 that 

were associated with altered expression of MGAT5 mRNA levels in colonic and 

circulating T cells from UC patients, as well as with low galactosylation of plasma IgGs, 

often associated with a pro-inflammatory phenotype. These functional genetic variants 

of MGAT5 together with other variants from the regulatory regions of the gene were able 

to discriminate UC patients according with the disease severity. Furthermore, 3) in vivo 

analysis showed that the deficiency on MGAT5 alters microbiota composition which 

seems to be associated with the higher susceptibility to develop a severe DSS-induced 

colitis. Lastly, 4) we verified that the glycosylation of the Fc fraction of IgG in CD patients 

seems distinct in patients who lost response to anti-TNF therapy from those that always 

respond. A specific glycosylation profile from IgG also seems to be associated with the 

development of immunogenicity to anti-TNF drug.  

Overall, the dysregulation of MGAT5 and its mediated branched N-glycans observed in 

IBD context, are a valuable tool to be used early in diagnosis to identify patients that will 

display a severe disease probably due to its implications on immune response and 

microbiota composition. In this thesis we propose in situ and blood potential 

[glyco]biormarkers associated with poor clinical outcomes, enabling a personalized 

medicine through optimized preventive and therapeutic strategies. 
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General Introduction 

 

1. Inflammatory bowel disease 

 

1.1. Epidemiology 

Inflammatory bowel diseases (IBD), comprising Crohn’s disease (CD) and 

Ulcerative colitis (UC), is a multifactorial disorder characterized by a chronic and relapsing 

inflammation of the gastrointestinal tract (7, 8). The prevalence of IBD is increasing 

worldwide, due to the accelerating incidence in newly industrialized countries (such as 

South America, eastern Europe, Asia, and Africa), which turns IBD a global disease in 21st 

century (Figure 1) (2, 9, 10). The incidence in adult life of IBD patients is stabilizing in 

western countries (9), but the incidence in the pediatric-onset IBD continue to increase in 

certain regions (11-13), indicating its emergence as a global disease. The highest peak of 

prevalence is observed in these countries, affecting approximately 2.5 million people in 

Europe and 1.5 million people in USA (9, 14). The highest prevalence for UC occurs in 

northern Europe (505 per 100,000 persons) and for CD in North America (412 per 100,000 

persons) (9). Portugal presents an intermediate prevalence comparing with global scenario 

(2, 9), which increased from 86 to 146 patients per 100 000 in 2003 to 2007 (15).  

The incidence of IBD varies with age and gender. IBD can affect individuals from 

infants to the elderly, but the peak of onset is between 15 and 30 years old (16, 17). A 

second but smaller peak is also observed between 50 and 70 years (16, 18). Overall, CD 

patients display an age at diagnosis of 5-10 years earlier than UC patients (19) and around 

Figure 1_Global prevalence of Inflammatory bowel disease. Adapted from (2). 
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25% of all IBD are diagnosed before 18 years old (17, 20). Female display lower risk than 

male to develop CD during childhood, but higher risk later in life (25-29 years and older than 

35 years). While in UC patients, the gender-ratio of UC incidence is mainly different after 

45 years old, with higher male predominance (21).  

 

1.2. Diagnosis and prognosis 

The diagnosis of UC and CD is mainly based on clinical, endoscopic, histologic and 

radiologic features (16, 17), that in some cases are not enough for a distinct diagnosis. 

Clinical symptoms such as bloody diarrhea, chronical abdominal pain and weigh loss are 

suggestive of IBD. Moreover, first-degree relatives of patients with IBD increases 10-15-fold 

risk for IBD (16, 17). Generally, while UC display a continuous and mucosal confined 

inflammation, which can extend from the rectum (proctitis) to the left side of the colon (left-

sided colitis) or to the entire colon (pancolitis), CD inflammation is transmural and might 

affect other regions of the intestine in addition to colon and ileum, often discontinuously (16, 

17). Fistulas, fissures and abscesses are common complications of CD but not of UC. 

The management of IBD is based on disease activity, in which the main goal is to 

improve patient’s quality life through the elimination of symptoms. In UC, the Mayo clinical 

score is widely used to score disease activity. This index is based on the combination of 

clinical symptoms (stool frequency, rectal bleeding and physician’s global assessment) and 

endoscopic observations (vascular pattern, friability, bleeding and ulcers). Each clinical 

parameter and also the Mayo endoscopic subscore (22) are rated from zero to three, 

classifying the disease as normal or inactive (Mayo 0), mild (Mayo 1), moderate (Mayo 2) 

or severe (Mayo 3) (23). In contrast to UC, the assessment of disease activity in CD is 

exclusively based on clinical parameters, the Harvey-Bradshaw Index (HBI) (24), which 

includes patients well-being, abdominal pain, stool frequency and complications. However, 

absence of clinical symptoms might not guarantee endoscopic and histological remission, 

and vice versa (25, 26). The persistence of a degree of subclinical inflammation in mucosa 

of the gut might shorten the periods between remission and relapse, thus increasing IBD 

burden. This issue is of major concern in the clinical management, once might be associated 

with the risk of IBD patients to develop colorectal carcinoma. Patients with higher disease 

extension and disease duration display the highest risk (23, 27).  

Physicians are challenged daily to define different aspects of the IBD such as 

diagnosis, prognosis, determine disease activity, severity and the therapeutic outcome. 

Serological antibodies such as autoantibodies and anti-microbial glycans or microbial 

antigens are used to distinguish UC and CD. For instance, the anti-neutrophil cytoplasmic 
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antibodies (ANCAs; autoantibody), more specifically the atypical perinuclear ANCA 

(pANCA), despite the low sensitivity for IBD diagnosis, discriminates UC from CD with a 

relative high performance (52% sensitivity and 91% specificity). On the other hand, the anti-

glycan antibodies against Saccharomyces cerevisiae cell wall mannan (ASCA) are used as 

a clinical diagnostic marker of CD (28, 29) and combined with pANCA distinguish both 

disease subtypes with a specificity of approximately 90% (30). Antibodies against microbial 

components were also shown to be helpful in the discrimination of the patients regarding 

their disease severity (31, 32). 

C reactive protein (CRP), produced in response to acute and chronic inflammation 

by hepatocytes (33), is one of the most commonly non-invasive biomarker used in clinical 

practice, being helpful in IBD diagnosis (without distinguishing the two types) and in the 

determination of disease activity (34), severity (34) and therapy response (35, 36). The 

sensitivity of CRP is relatively high (approximately 80% for CD vs 50% for UC) (37, 38); 

however, the specificity is far from being the ideal since it detects general inflammation (in 

response to circulating IL6 and to a lesser extent to IL1β and TNF-α), which could be 

promoted by other diseases, thus not reflecting specifically the endoscopic inflammation 

(35). Despite the low sensitivity in UC, CRP levels at diagnosis are proportional to disease 

extension and elevated levels of CRP in patients with extensive colitis predicts the need of 

surgery as well (37). Fecal markers as calprotectin and lactoferrin overcome the specificity 

issue of CRP.  The quantification of calprotectin (a calcium- and zinc- binding protein) and 

lactoferrin (iron binding protein) reflect the neutrophil migration in the colon, being thus 

highly sensitive (89-98%) and specific (81-91%) in the diagnosis of IBD. These fecal 

markers are also helpful in the prediction of IBD patient clinical relapse (39, 40), endoscopic 

activity (41) and therapy response (42, 43), displaying a better overall performance than 

CRP (44-46). 

Clinicians have been taking into consideration some clinical/pathological parameters 

associated with disease progression as a guidance of therapy decision-making: younger 

age of onset (less than 40 years old) and extensive disease in both IBD subtypes; deep 

ulceration and perianal disease in CD; family history in UC (36). These factors are 

associated with the development of severe/complicated disease courses, in which are 

included hospitalizations, 12 months of disabling symptoms, IBD-related surgeries, multiple 

corticosteroid courses and need for immunosuppressive or escalation to biologic therapy 

(36). However, the early identification of the patients with high risk to develop a 

severe/complicated disease remains a challenge for clinicians. 
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1.3. Current therapeutic approaches 

IBD remains an uncurable disease. The main goal of the current therapy is to 

increase patients’ quality of life, which is affected by the chronic pain and fatigue associated 

with inflammatory symptoms, reduces their ability to work, increases social stigma and 

restricts career choices (47, 48). The development of new and more effective drugs allowed 

the achievement of long-term remissions, evolving from the clinical improvement to mucosal 

healing (the so-called “deep remission”) (49, 50). This led to better outcomes by minimizing 

disease progression and complications as the need of surgery, hospitalizations and 

corticosteroid use (51-53). 

Despite some patients only achieve or maintain remission with the more recent and 

potent drugs, others can control disease with the so-called conventional therapy, that are 

cheaper and display less side-effects. The lack of molecular markers able to discriminate 

patients accordingly to their therapeutic needs, lead to the use of step-up treatment 

approach (Figure 2). 

5-aminosalicylates (5-ASA) are the first line therapy, mainly for mild-to-moderate 

left-sided UC patients, which was shown to induce and maintain remission (54), being 

however not effective in CD (44, 55). The molecular mechanism underlying its anti-

inflammatory effect is not completely clear. Evidences suggest that 5-ASA act as scavenger 

of reactive oxygen species that might decrease the production of prostaglandin and 

leukotriene and inhibit leukocyte chemotaxis (56, 57), being also demonstrated to be a 

peroxisome proliferative activated receptor-γ agonist that might affect nuclear factor κB 

(NFκB) activity (57, 58).  

Figure 2_Common step-up therapeutic approach used in ulcerative colitis and Crohn’s patients. *first line therapy. 
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Around 35% and 52% of UC patients fail to reach or maintain remission with 5-ASA, 

respectively (59). Corticosteroids and immunomodulators (thiopurine drugs such as the 

prodrug azathioprine that possess a cytotoxic effect through its active metabolite 

mercaptopurine) are used as alternative or first choice depending on disease subtype and 

severity (44, 54). Despite the proven efficacy of these drugs, some patients remain 

refractory (44, 54). It would be crucial to identify early at diagnosis the patients that will not 

response to conventional therapy to avoid this step-up approach and guide them early to 

the most appropriate therapy. 

 

1.3.1. Biologics 

Since the successful treatment of CD patients with the monoclonal antibody (mAb) 

against TNF-α Infliximab in 1993 (60), and the transversal efficacy to severe UC patients 

(61), TNF-α was considered a major pathological cytokine in the disease.  

TNF-α is presented in a transmembrane form (mTNF) and in a soluble form (when 

cleaved) and exert its function through the interaction with its receptors (TNFRI and 

TNFRII). In addition to Infliximab, that is a mouse-human chimera mAb, other human anti-

TNF mAb were developed, as Adalimumab and Golimumab (62). Infliximab and 

Adalimumab are the most used biologics in IBD treatment. The introduction of biologic 

agents as a new therapy choice significantly improved patients’ quality life and decreased 

the number of surgeries. In fact, the use of biologic agents demonstrated a high efficacy in 

the induction and maintenance of clinical remission for IBD patients who failed to standard 

therapies (61, 63-66). However, despite the efficacy of anti-TNF, there are up to 30% of IBD 

patients that do not respond to this therapeutic class since the beginning (primary non-

responders - PNR) and up to 50% display a transient efficacy of the drug, losing the 

response during time (secondary non-responders - SNR) (67, 68).  

To overcome this problem, alternative therapies targeting other molecules have 

been developed and approved, including integrins mAb (natalizumab and vedolizumab) and 

anti- IL12/IL23 (ustekinumab), that were demonstrated to be effective in the control of IBD 

immune response (69-71). Thus, the therapeutic strategy for PNR is to swap therapy to 

other drug class (as anti-integrin e.g.), while the SNR usually combine therapy with 

immunosuppressants, alter dose and time interval of the drug or switch for a biologic drug 

within the same drug class (67, 72, 73).  
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The effectiveness of the biologics can be monitored not only based in clinical 

parameters, but also through the measurement of drug levels (which can involve clinical 

decision regarding dose intensification) and anti-drug antibodies (ADA – clinical decision 

for switching to another anti-TNF drug; Figure 3) (73, 74). Patients with therapeutic levels 

of the drug without the production of ADA displays mechanistic issues, thus need to switch 

or swap to other biologics. The development of immunogenicity against infliximab and 

adalimumab, ADA production and reduced through levels of the drug, underlies another 

part of the secondary failure of the drugs (73, 74). Therapy drug monitoring (TDM) by 

measuring drug and ADA levels has been shown to be useful in clinical decision (73), 

however its use in IBD is still debatable (75).  

There is a pressing need in the field to identify reliable and minimally invasive 

biomarkers to stratify those patients that will fail to respond to anti-TNF therapies, even for 

mechanistic issues or for the development of immunogenicity and elect them, early in 

disease course, to other alternative therapies. This tailored approach will improve clinical 

remission, avoiding risk of relapse and side effects as a cost-effective approach that will 

improve the long time course of the disease and patients‘ quality of life. 

 

Figure 3_ Proposed management algorithm for secondary loss of response to anti-TNF therapy in IBD. (6) 
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1.4. Genetics 

The pathogenesis of IBD is unknown, but evidences suggest that IBD results from 

the genetic susceptibility of an individual to environmental exposures, which leads to the 

initiation and propagation of an abnormal immune response and microbiota unbalance (76, 

77). In fact, the genetic burden in IBD is reported in familial and twin studies. Familial 

clustering of IBD has been demonstrated in 5% to 16% of the patients diagnosed with IBD 

(78) and studies in identical twins also show a significant concordance in the development 

of the disease, mainly CD (20-55% of CD vs 6.3-17% of UC) (79). This highlights the 

influence of environmental factors that includes tabaco, diet and use of antibiotics as well 

as microbiota (79-81) in the risk to develop IBD. 

Meta-analysis of genome-wide association studies (GWAS) together with an 

ImmunoCHIP (a chip that includes around 200,000 single nucleotide polymorphisms 

(SNPs)  relevant to multiple different immune-mediated diseases) identified SNPs in more 

than 200 loci associated to higher risk to develop IBD (82, 83). These risk loci are enriched 

in genes related with other immune-mediated disorders (84), implicated in epithelial barrier 

function and repair (CDH1), innate immunity (NOD2, CARD9), lymphocyte activation and 

regulation (IL23R, IL10, STAT3, STAT5B, SP110) and autophagy (ATG16L1) (82, 83). The 

impairment of immune system and the altered response to molecules of bacterial origin 

(NOD2) or their effective removal (ATG16L1), highlight the predisposition for host-microbe 

interactions as main triggers of IBD pathogenesis. However, this huge number of loci are 

far to explain the total disease variance in IBD risk (only 13.1% and 8.2% for CD and UC, 

respectively) (82). In fact, the risk loci to develop IBD may not explains the course that the 

disease takes over time, concerning disease relapsing, need of surgical intervention and 

also therapeutic outcomes. A recent study showed that loci associated with CD prognosis 

are independent on the loci that contributes to disease susceptibility, as in human leukocyte 

antigen (HLA) region (85), being this discrepancy also demonstrated in UC (86). Variants 

on HLA genes were also associated with therapy response, as predictors of the need of 

immunomodulatory therapy (87) and increased immunogenicity to the drug (88). 

Each GWAS-identified risk loci are typically composed of ~250 kb that might 

comprise more than 50 genes or any gene (“gene desert”), depending on the loci. The large 

clusters of SNPs in linkage disequilibrium present in each loci hamper the identification of 

the causative variants and genes, making it difficult to distinguish between causal and 

neutral SNPs in linkage. Hundreds of variants are associated to each loci, and the majority 

are from non-coding regions (89). The non-coding variants are mainly regulatory variants 

that perturb the expression of one or more genes. A recent study showed that 63 of the 200 

risk loci associated to IBD are driven by regulatory models that affect multiple genes in 



Chapter I - General Introduction 

10 

 

multiple tissues, including causative genes (90). In fact, the power of regulatory variants is 

enormous, and might affect different layers of gene regulation like inception mode: SNPs 

on promoters, enhancers regions or in 3-prime untranslated region (3’UTR) might affect 

directly the transcription or post-transcription of the causal/phenotypic gene; other SNPs in 

the same regulatory regions might affect genes encoding proteins involved in other levels 

of regulation as in translational and post-translational processes, which highly increases the 

panel of causal/phenotypic genes. The “post-transcriptional regulome” of the 3’UTR has 

been shown to have implications in immune-mediated disorders through the control of 

immune gene expression (91). For instance, in IBD, SNP in  3’UTR from IL23R disrupt the 

microRNA (miRNA) recognition elements for specific miRNAs and leads to an increased 

IL23R expression (92). 

 

1.5. Immune response 

Gut homeostasis is a balance between host immunity and intestinal environmental 

factors (as microbiota and food antigens). Disruption of the control of this immunological 

balance results in abnormal stimulatory signals associated with the loss of immune 

tolerance, associated with IBD. Different layers of defense are stated in gut immunity, the 

so-called gut firewall: epithelial mucosal barrier, innate and adaptive immune response. 

 

1.5.1. Mucosal barrier and innate immune response 

The first line of defense of the gut is essentially physical and is promoted by intestinal 

epithelium, which prevents antigens reaching the lamina propria. To reach lamina propria, 

microorganisms need to pass through different layers including the outer mucus layer, 

composed by gel-forming mucins, and then the inner mucus layer composed by the 

glycocalyx (including membrane associated glycoproteins mucins) presented in the surface 

of intestinal epithelial cells (IECs). These layers are biochemically reinforced by the 

accumulation of secreted antimicrobial peptides (AMP) produced by Paneth cells (in small 

intestine) and other IECs (in colon) (93, 94), being also a net for IgA binding (discussed 

below). In IBD patients, a decreased mucus layer is reported due to decreased expression 

of mucins and AMPs (95). In fact, genetic variants of membrane mucins, such as MUC3A, 

are associated with higher susceptibility to IBD (89), and mice KO for the most abundant 

secretory mucin in the colon (MUCIN 2) spontaneously developed colitis (96). In the IEC 

layer, the paracellular permeability is controlled by intercellular tight junctions, as occludins 

and claudins (97). The expression of sealing claudins (claudin 3, 5 and 8) seems to be 

downregulated in IBD patients, promoting a barrier disruption (98). Dendritic cells (DC) and 
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macrophages are highly abundant in IBD and secret pro-inflammatory mediators as IL1, 

IL6, TNF-α and IFN-γ (99-102), which might induce epithelial cell apoptosis thus also 

weakening the IEC layer as a barrier to the intestinal mucosa (103). 

Cytokines are the main drivers of inflammation and might possess pro- and anti-

inflammatory properties. Gut mucosa displays more sources of cytokines, such as those 

produced by IECs, DC, macrophages, natural killer cells, innate lymphoid cells, T effector 

and regulatory (Treg) cells. 

 

1.5.2. Adaptive response 

In IBD, the disruption of mucosal barrier leads to the recruitment of immune cells in 

lamina propria, in order to eliminate microbes, toxin related microbes or food-derived 

antigens. In fact, IBD lamina propria is enriched of both innate and adaptive immune cells 

(104). Antigen presenting cells (APC) as DC and macrophages are the bridge from innate 

to adaptive immunity, sensing antigens that might be presented in epithelium and inducing 

differentiation of naïve T and B cells, indirectly through the secretion of cytokines and 

directly through antigen presentation. 

 

1.5.2.1. T cells 

Naïve T cells differentiate into effector T cells as helper T cells (Th, CD4+) or 

cytotoxic CD8+ T cells, depending on the inflammatory cytokine milieu (105). Mucosal 

CD4+ T cells are thought to play a major role in the chronic inflammation of IBD. CD is 

associated with a predominance of Th1 response, whose differentiation is mainly induced 

by IL12 (released from macrophages and DC) (106), that when blocked was demonstrated 

to control colitis in mice (107). On the other hand, UC exhibit a more Th2- related immune 

response, known to be induced by IL4. The distinction between Th1 and Th2 stands for the 

elevated production of IFN-γ, IL2 and TNF-α for Th1 response, while Th2 is associated with 

production of high amount of IL4, IL5, IL13 and IL10 (108, 109). However, the Th2 response 

in UC remains controversial, due to the low levels of IL13 observed in colonic mucosa from 

UC patients (110, 111) and the higher abundance of IL6 (112) comparing with CD. 

Under inflammatory condition, Th17 cells (stimulated by TGF-β, IL6, IL21 and IL23), 

predominantly secrete IL17A, IL17F, IL22, IL21 and TNF-α, which are drastically increased 

in both UC and CD (113). The importance of Th17 in IBD was highlighted by the requirement 

of IL23 in the spontaneous development of colitis in IL10- deficient mice (114). The levels 

of colonic TNF-α, IFN- and IL6 are decreased in the absence of IL13 (115). 
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The pro-inflammatory function of Th17 might be driven by IL17 cytokines, as 

observed by the increased levels of IL17 cytokines in inflamed colons (116-118). IL17 might 

target immune and epithelial cells, inducing the recruitment of neutrophils for instance 

(tissue infiltration), inducing pro-inflammatory cytokines (as IL6 and TNF-α), chemokines 

and matrix metalloproteases (119-122). Despite the elevated homology between IL17A and 

IL17F (123, 124), the function of the cytokines are distinct in IBD mice models. While 

inhibition of IL17F had been shown to attenuate inflammatory response (125, 126) due to 

the increase of Treg in intestine (126), IL17A has a protective role in DSS- induced colitis 

(125, 127) and T cell-induced colitis (128). This protective role of IL17A collaborates in 

epithelial repair (129) and in the maintenance of intestinal epithelial tight junctions (130, 

131). 

In fact, Th17 is presented in normal intestinal lamina propria and associated with 

homeostasis (132). IL22 is another Th17 cytokine that also shows a protective role in colitis 

mice models (133-135). IL22 display a pleotropic effect on mucosa immunity, maintaining 

the integrity of mucosal barrier inducing pro-survival and anti-apoptotic signaling in IECs; 

as well as by increasing mucus and AMP production (134-136). IL22 is not exclusive from 

Th17 and natural killer (NK) cells. Innate lymphocyte cells (ILCs) and γδ T cells, which 

express the TH17-associated transcription factors retinoic-acid-receptor-related orphan 

receptor (ROR)γ, are also IL17 and IL22 producers (116). In fact, ILC and innate like T cells 

- γδ T cells (that express the heterodimer T cell receptor γδ instead of αβ) are mucosal 

resident cells that are shown to play a role in IBD pathogenesis (137-139). They respond to 

environmental stress signals and protect mucosa from pathogens. ILC protect against 

extracellular bacteria, helminths and virus, displaying different subsets characterized by the 

production of IFNγ (ILC1), IL5 and IL13 (ILC2) and IL17 and IL22 (ILC3) (137). γδ T cells 

are highly present in the gut and act as a pattern recognition receptor, recognizing a large 

variety of ligands, as bacterial phosphoantigens, nonclassical MHC-I molecules and 

unprocessed proteins (140). Although γδ T cells have been shown to be increased in IBD 

mucosa and to be considered a major source of the IFN-γ (138), it has also been shown to 

play an important role in gut homeostasis. This protective effect was supported by the 

increased susceptibility to DSS-induced colitis in γδ T-cell-deficient TCRδ(-/-) mice (141, 

142). Depending on the cytokine they produce, they might be implicated either in IBD 

pathogenesis or function as immunoregulator, through production IFN- (TH1-like) or IL17 

and IL22 (TH17-like), respectively. 

The maintenance of homeostasis is possible through regulatory pathways that when 

disrupted might lead to the loss of tolerance and development of aberrant effector 

responses in the gut, as the case of Foxp3+ regulatory T (Treg) cells. Treg cells (induced 
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by TGF-β and IL2) are known to be fundamental for the maintenance of homeostasis mainly 

through IL10 secretion. Its differentiation from naïve T cells also occur in the gut, and studies 

suggest an importance of intestinal microbiota or dietary antigens in Treg activation (143, 

144). In fact, IL10-deficient mice develop spontaneous colitis only in the presence of 

microbiota (145). Although the potent suppressive function of Tregs from mucosa of IBD 

patients (146, 147), the number of Treg cells in both inflamed or non-inflamed tissue is 

higher comparing with healthy individuals (146, 148). Since TGF-β might induce both Treg 

and Th17, the presence of theses T cell subsets highly depend on the cytokine milieu, which 

may favor one subset rather than the other.  

 

1.5.2.2. B cells – focus on plasma cells and IgG 

The host intestinal mucosa contains the largest population of plasma cells, 

displaying 80% of all antibody-secreting B cells (149). Plasma cells are effector B cells, 

known as factories of antibodies production. After the recognition of antigens through B cell 

receptor (BCR), B cells proliferate and became activated in a dependent or independent 

contact with T cells. Activated B cells undergo to class switching from the initial 

immunoglobulin (Ig)M and IgD of BCR to IgG, IgA and IgE, differentiating into plasma cells 

(150-152).  

The elevated amounts of the daily secreted IgA are crucial for the gut homeostasis 

(153, 154), by targeting mostly microbes that drive IBD (155). The high affinity for pathogens 

(IgA+) and low affinity to commensal microbes (IgA-), highlight their importance as balancers 

of microbiota composition (156). The affinity of IgA depend on T cell activation in which T 

cell dependent induction leads to high-affinity IgA whether T cell independent manner 

induces low-affinity IgA (157).  

Plasma cells are highly abundant in lamina propria from IBD patients (158, 159), as 

well as the serum IgG against gut microbiota and autoantigens, as mentioned in section of 

“Diagnosis and Prognosis”. IgG is the most abundant Ig in the serum and is responsible for 

pathogens and toxin antigen neutralization and elimination through the induction of an 

effector immune response (160). In fact, IgG-coated fecal bacteria have been shown to be 

elevated in IBD patients (161-163), being enriched of IgGs that bind mostly pathobionts 

(potentially pathogenic microbes) (162, 164). Both IgA and IgG-coated bacteria and the 

soluble form of the IgGs are increased in IBD and associated with disease activity (165). 

Some studies support that the pronounced humoral immune response in IBD is mainly 

driven by mucosal IgG+ plasma cells and in and in less extent IgA (166, 167), as confirmed 

in colitis-induced in mice (168). CD and UC patients are distinct concerning humoral 
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response, in which UC usually display higher mucosal IgG+ plasma cells and serum IgG 

(169) than CD, being in fact the plasmocytic infiltration a histological marker of UC (170, 

171).  

IgG accounts for 75% of total Igs in the serum and around 20% of all plasma protein 

(160). IgG are subdivided into four subclasses: IgG1, IgG2, IgG3 and IgG4. IgG1 is the 

most abundant displaying the highest affinity and being largely generated in a T cell 

dependent manner. This Ig is used in the generation of therapeutic drugs (160, 172). IgG2 

is mainly involved in bacterial capsular polysaccharide antigens response (160). IgG3 has 

a short half-life being the most effective subclass in terms of their activating effector 

functions, acting as a potent pro-inflammatory antibody (160). Finally, IgG4 is mainly 

produced by allergens, and may be over-represented in immune responses to therapeutic 

proteins, as for instance adalimumab (160, 173). 

IgG is a glycoprotein composed by four polypeptide chains, organized in two 

identical heavy chains and two light chains, linked by inter-chain disulfide bonds. Both heavy 

and light chains contain a N-terminal variable domain and constant domains that from the 

variable fraction (Fab) and constant fraction (Fc) of IgG, respectively (160). Fab is 

responsible for the recognition and binding of the antigens and Fc is involved in the effector 

function of the IgG. A highly conserved N-linked glycosylation site at position 297 is located 

in Fc fraction, being crucial for their function (this topic will be further discussed in the section 

of “Glycosylation in IgG”). The effector functions of IgG variates accordingly with the IgG 

subclass and includes: 1) direct neutralization of microbes and toxins; 2) lysis of cells 

through complement activation (complement dependent cytotoxicity – CDC; Figure 4); 3) 

interaction with Fc gamma receptors (FcγRs) expressed in a range of effector immune cells 

(included monocytes and macrophages) to engage antibody dependent cellular cytotoxicity 

(ADCC; Figure 4) or antibody dependent cellular phagocytosis (ADCP) (174). The binding 

of the Fc portion of IgG to FcγRs, triggers an activating or inhibiting signaling depending on 

the FcγRs (in humans FcγRIIA, IIIA, and IIIB or FcγRIIB, respectively) (174). The IgG-

immune complex (IC)-FcγR signaling depends on the relative engagement of activating or 

inhibitory FcγRs (the A:I ratio) expressed in immune cells. 

Mucosal IgGs from CD and UC are highly reactive to cytoplasmatic proteins of 

commensal bacteria (166). In UC, it was shown to have a higher IgG1 response against 

surface antigens, while in CD the response was preferentially by IgG2 (175). The same 

differential proportion of IgG subtypes were observed in the serum of both UC and CD (169). 

The functional effects of these IgGs were observed by increased respiratory burst in 

polymorphonuclear leukocytes (175). Also, the increased production of mucosal IgG against 
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commensal microorganisms in UC patients was shown to induce intestinal inflammation 

through the production of TNF-α, IL1-β and neutrophil-recruiting chemokines via activation 

of FcγR presented on resident mucosal macrophages (168, 176). The IgG-IC- FcγR 

engagement, and the consequent IL1-β production was also shown to induce IL17A and 

IL22 cytokine production by both Th17 cells and γδ T cells (168). 

 

1.6. Microbiome 

The gut mucosa is colonized by a complex and vast number of microorganisms that 

includes bacteria, fungi and viruses, collective called as microbiota (177, 178). The genome 

of microbiota is termed microbiome and gives information about the microbial composition 

and function, which varies along the gut being influenced by age and environmental factors 

as diet (179-181). The maintenance of homeostasis in the presence of such tremendous 

amount of microorganisms is driven by a tight immune control, in which immunogenicity 

against pathogens balance with tolerance to commensals (182). This explains why intestine 

Figure 4_ The diverse effector functions of IgG depend on the N-glycan attached to the Fc fraction of IgG (3).  
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contain the biggest armament of T and B cells in the body. Also, the mutual benefits of both 

host and microbiome is provided by the symbiotic nature of microbiota that provides a 

variety of nutrients, metabolizes food and prevents colonization by pathogens (183). 

The microbiota of an individual starts to be established through the birth canal and 

continue during breast feed. Breast milk contains microbes, IgA, metabolites, immune cells 

and cytokines, which is believed to be important in the shaping of immune system and 

microbiota colonization (182). In fact, studies in germ-free mice showed the relevance of 

microbiota in the development of Peyer’s patches, CD4+ T cells and IgA-producing plasma 

cells (182). The composition of microbiota changes since birth until adulthood with 

increasing microbiota diversity along time (184). More than 1000 bacterial species are 

presented in gastrointestinal microbiome, in which the more prevalent phyla are Firmicutes 

(where Clostridia class are enriched) and Bacteroidetes (185-189), counting for 90% of gut 

microbiota. Other phyla as Actinobacteria and Proteobacteria are present but at low 

percentage (189). Lachnospiraceae and Ruminococcaceae (from Clostridia class) family as 

well as Bacteroides and Prevotella (from Bacteroidia class) genera are the most abundant 

(189). 

Despite the permanent fluctuations of microbiome in the gut mucosa, the typical 

compositional pattern is maintained due to microbial resilience. IBD patients display a 

compositional and functional imbalance of the microbiota - termed as dysbiosis (190, 191). 

In a scenario of dysbiosis, the microbiota diversity is decreased and disturb the resistance 

that commensal provide against the outgrowth of commensals with potential pathogenic 

influence on the host (pathobionts) or opportunistic pathogens (192). Gut microbiota from 

IBD patients is commonly characterized by reduced abundance and diversity (193), where 

Firmicutes and Bacteroidetes are usually under-represented while Actinobacteria and 

Proteobacteria are over-represented (188). 

Ruminococcaceae and Lachnospiraceae families belonging to Firmicutes phylum are the 

most common decrease in IBD patients (194-197).  

External factors such as diet and smoke habits are shown to be associated with 

alterations on microbial composition in IBD (198-200). Also, the disturbance of microbiome 

due to the exposure to antibiotics early in life is associated with higher risk to develop 

pediatric IBD (201, 202). These evidences suggest that the effect of external factors on 

microbial composition might be underlying the pathogenesis of IBD. In fact, many IBD 

susceptibility genes are related with bacterial recognition and process, mucosal barrier 

function (83), which might confer a predisposition to develop dysbiosis.  
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However, whether dysbiosis is a cause of IBD or a consequence of the inflammation 

remains to be elucidated. Inflammation provide extreme conditions that probably only the 

more resistant bacteria, as enteric pathogen, can survive and proliferate. In fact, facultative 

anaerobes (as Enterobacteriaceae) take advantage in an inflammatory condition in 

comparison to obligate anaerobes (commonly found in healthy conditions), which can 

perpetuate inflammation (203). Concordantly, treatment with 5-ASA decreases 

inflammation in IBD patients and also decreases the facultative anaerobe 

Escherichia/Shigella - an increased genus from Enterobacteriaceae family associated with 

IBD (200, 204, 205). 

Pathobionts are considered colitogenic as they trigger intestinal inflammation, as 

observed in mice models of spontaneous colitis (206), where monocolonization of  E. coli 

or Enterococcus faecalis, in germ free IL10- or IL2- deficient mice induces colitis. These 

bacteria are mainly associated with the ileal mucosa of patients with CD (207). The 

resistance to the colonization of harmful bacteria is driven by the competition between 

commensals and pathobionts, mainly for nutrients that include glycans (further discussed), 

and host metabolites (208). Commensals also impact pathogen colonization and expansion 

through the inhibition of virulence-related gene expression (209) and through the 

modulation of host immune response. Clostridium (belonging to Firmicutes) species (210, 

211), as well as other organisms, as Bifidobacterium infantis and Bacteroides fragilis (212, 

213), promote Treg response. Clostridium butyricum was also shown to suppress 

inflammatory response through stimulation of IL10-producing macrophages involved in 

prevention of DSS-induced acute colitis in mice (214). Furthermore, filamentous bacteria 

are able to induce Th17 response protecting the gut mucosa against Citrobacter rodentium 

infection, in mice (215). Another example of Treg regulation mediated by bacteria is through 

the production of short-chain fatty acids (SCFA) metabolites, resultant from digestion of 

fibers. The butyrate producing specie such as Faecalibacterium prausnitzii display an anti-

inflammatory effect and its loss in ileal CD is associated with worse prognosis (216). 

Furthermore, Faecalibacterium prausnitzii and SCFA-producing bacteria Roseburia are 

also inversely correlated with UC disease activity (217). The anti-inflammatory properties 

might be through the downregulation of pro-inflammatory mediators of lamina propria 

macrophages (218) and through macrophages and DC - mediated Treg induction (219). 

The colonization and overgrowth of the pathogen often occurs when there is low 

competition from commensal microorganisms. Infection with Clostridium difficile (C. difficile) 

is a classical example, which might occur after a long-term antibiotic treatment and cause 

pseudomembranous colitis which results in severe diarrhea, fever and abdominal pain (220, 

221). The modification of the gut microbiota through of fecal microbiota transplantation 
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(FMT) from a donor to the gastrointestinal tract of individuals with recurrent C. difficile 

infection, leads to the resolution of symptoms within 2–3 days post-FMT (222, 223). 

Furthermore, FMT was demonstrated to be responsible for the clearance of the C. difficile 

infection (223, 224), highlighting the protective effect of commensal microorganisms as a 

community. Indeed, FMT increase microbial diversity and richness (225) and it was shown 

to induce disease remission, although not consistently (226, 227). The clinical improvement 

by re-shaping gut microbiota highlights the contribution of microbiota to IBD pathogenesis.   

 

2. Protein glycosylation 

 

The information that is transferred between DNA, RNA and protein in not enough to 

explain the inherent complexity of a cell. All cells in nature express carbohydrates, 

monosaccharides or polysaccharides structures (glycans), being the repertoire of glycans 

of an organism (glycome) more complex than the genome or proteome (228, 229). Post-

translational modifications of proteins, through the addition of carbohydrates – termed 

glycosylation - , have been changed the paradigm of molecular biology by introducing a 

marked diversity in proteins and a novel layer of information. Glycosylation consists in the 

covalent attachment of a carbohydrate to proteins, lipids or other carbohydrates (Figure 5), 

through the action glycosyltransferases, producing different families of glycoconjugates (5). 

An enormous repertoire might be originated from glycosylation pathway, once glycosylation 

is cell and tissue specific and it depends on the availability of sugar substrates and on the 

expression and localization of the glycosyltransferases and glycosidases involved. 

Cells are covered by a complex coat of glycans (glycocalyx) and almost all secreted 

proteins are glycosylated, which turn glycans a major tool in cellular interaction with the 

microenvironment. Glycans are important on cell-cell and cell-matrix adhesion, protein 

folding and stability, trafficking and clearance, regulation of receptor activation and signal 

transduction. The biological relevance of glycans is huge, in which glycans encode 

important biological information that regulate fundamental cellular and molecular 

mechanisms both in health and disease (230, 231). Alterations on glycans expression, 

caused by external or internal factors, might alter cellular phenotype and behavior with 

impact on both homeostatic and pathological conditions such as inflammation, 

autoimmunity and cancer (5, 232). 
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Protein glycosylation is a process that occurs in the lumen of the endoplasmic reticulum 

(ER) and in the Golgi apparatus (230) and encompasses two main types of glycans : N-

glycans and O-glycans. Particularly, N-glycosylation (the focus of this thesis) consists in the 

attachment of N-acetylglucosamine (GlcNAc) to the nitrogen atom of an asparagine (Asn) 

side chain by a β-1N linkage, in a consensus sequence Asn-X-serine (Ser)/ threonine (Thr), 

where X represents any amino acid excluding proline (233). While in O-glycosylation, the 

attach of sugar residues occur in amino acids with functional hydroxyl groups, as Ser and 

Thr (233). The thesis will focus on N-glycosylation. 

 

2.1. N-Glycosylation 

About 90% of the glycoproteins in eukaryotic organisms are N-glycosylated, and N-

glycans have a crucial role in regulating many intracellular and extracellular functions within 

a cell. The N-glycosylation process occurs firstly in endoplasmic reticulum (ER), in a highly 

conserved pathway, and secondly in Golgi apparatus, where the diversity of protein 

glycosylation arises. 

N-glycans contain a common glycoconjugate core linked to Asn, composed by 

GlcNAc2 mannose (Man)3, which is further modified by the addition and removal of other 

monosaccharides. This results in three major final structures: high mannose N-glycan, only 

extended by Man residues; complex N-glycans, extended by GlcNAc; hybrid N-glycans, 

extended by Man in Manα1-6 arm and one or two GlcNAc in Manα1-3 arm (1). Both Hybrid 

and complex glycans might be further elongated and decorated thorough galactosylation, 

Figure 5_ Major classes of glycoconjugates in mammalian cells (5). 
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GlcNAclyation, sialylation and fucosylation, which determine the final structure of the 

glycan.  

These structures depend on the formation of a lipid-linked oligosaccharide precursor 

in ER cytoplasmic side, in which GlcNAc link to the lipid carrier dolichol phosphate (Dol-P) 

and is branched with other GlcNAc and five residues of Man. This lipid precursor is then 

translocated to ER luminal membrane site, where is decorated with four Man and three 

Glucose (Glc) residues, to form a 14-sugar structure — Glc3Man9GlcNAc2. The completed 

Dol-P–carbohydrate structure is then transferred en bloc to the side-chain Asn residue of 

the glycoprotein by oligosaccharyltransferase (OST). The nascent carbohydrate–protein 

conjugate suffers additional quality-control processes, involving removal of the glucose 

residues, determining whether the newly made membrane and secreted proteins continue 

to the Golgi apparatus or targeted for degradation (234-237).  

The high-mannose structures move to cis-Golgi where mannosidases - α1-2 

mannosidase IA and IB (MAN1A1, MAN1B1) – give rise to Man5GlcNAc2, which is a key 

intermediate in the pathway to hybrid and complex N-glycans (Figure 6). These N-glycan 

forms are further produced in medial- and trans- Golgi compartments, starting with the 

action of the N-acetylglucosaminyltransferase (GnT) I (GnT-I, encoded by Mannosidase 

acetylglucosaminyltransferase (MGAT)1), which adds a GlcNAc in β1–2 linkage to produce 

a hybrid N-glycan structure (1). GnT-I initiates the GlcNAc-bearing branches (referred as 

antenna), in which after the removal of terminal α1-3Man and α1-6Man residues through α-

Mannosidase II enzymes (MAN2A1, MAN2B1), is continued by GnT II (encoded by Mgat2). 

Additional antennas might be added by GnT-IV (encoded by MGAT4) and GnT-V (encoded 

by MGAT5), through the formation of β1-4GlcNAc branch to the Manα1-3 core and 

β1,6GlcNAc arm to the Manα1-6, respectively. Both hybrid and complex N-glycans might 

also carry a bisecting GlcNAc residue to the β-linked mannose residue as a result of the 

action of GnT-III (encoded by MGAT3) (1). The presence of bisecting GlcNAc can block 

further branching by GnT-II, -IV and -V (238). The formation of branching N-glycans occurs 

sequentially (GnT-I, II, IV, V) , along the hexosamine pathway using the substrate UDP-

GlcNAc, for which the affinity of enzymes also decrease in a sequential manner (from GntT-

I to GntV) (239). 
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The maturation of the glycoconjugate occurs in trans-Golgi, where all antenna, with 

the exception of bisecting GlcNAc, might be elongated and decorated with other glycan 

moieties (Figure 7) (1). Elongation starts with the attachment of galactose to the branch 

GlcNAc (catalyzed by β1,4 galactosyltransferase - β4Gal-T) generating N-

acetyllactosamine (LacNAc) units, which by sequential addition of galactose and GlcNAc 

originates poly-N-acetyllactosamine (pLacNAc) (Figure 7) that are highly recognize by the 

glycan binding proteins (GBP) galectins, which might regulate immune response (240). The 

addition of a fucose to the core of N-glycans (catalyzed by α1-6 fucosyltransferase (FUT8)) 

consist in the major core modification in vertebrates (1). The decoration of the 

glycoconjugate is amplified by terminal glycan structures, as  galactose, fucose and sialic 

acids, which per se, and in combination display diverse functions in the cell, through cell 

recognition for instance and stimulation of effector functions, as the case of sialic acids that 

are important immunoregulators. 

 

Figure 6_ N-glycosylation pathway that determines the branching and core modification of complex N-glycans. 
Adapted from (1). 

Figure 7_ Maturation of the N-glycanconjugate, through elongation and decoration with different glycan moieties. 
Adapted from (1) 
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3. Glycosylation in immune response – IBD related 

 

Almost all of the key molecules involved in antigen recognition and the subsequent 

immune events are glycosylated, including pattern recognition receptors, the class I and 

class II major histocompatibility complex proteins (MHC class I and MHC class II) and T 

and B cells receptors and co-receptors, as well as cytokines, chemokines and antibodies 

(230, 240, 241). Alterations on glycosylation profile might thus interfere with the control of 

immune tolerance, autoimmunity, and chronic inflammation (as revised in the attached 

manuscripts (232, 242)). The impact of the glycans in both innate and adaptive immunity is 

dependent on the dynamic regulation of glycans attached to proteins and on its interplay 

with the GBP, including the C-type lectins, Siglecs, and galectins (240), that are expressed 

on DCs, macrophages, T and B lymphocytes (230, 240, 241, 243). 

For instance, the C-type lectin receptor (CLR) dendritic cell-specific intercellular 

adhesion molecule-3-grabbing non-integrin (DC-SIGN) that is present in DC and 

macrophages, triggers different signaling pathways depending on the carbohydrate 

structure that recognizes (244). As example, pathogens expressing fucose (as Helicobacter 

pylori) instructs the suppression of proinflammatory response, whereas mannose 

expressing pathogens (as Mycobacterium tuberculosis and human immunodeficiency virus 

type 1 – HIV-1) enhances a proinflammatory response (245, 246). The murine related DC-

SIGN – specific intracellular adhesion molecule-3 grabbing non-integrin homolog-related 3, 

SIGNR3 – was demonstrated to recognize intestinal fungi and to display an immune 

regulatory role in colitis (247).  

Antigen glycosylation has been implicated in autoimmune disorders (248, 249). The 

abrogation of complex N-glycans formation through the deficiency on alpha-mannosidase 

II (MAN2A1) in mice, promotes spontaneous autoimmunity that seem to be independent on 

T cell function, once lymphocytes retain high amounts of branching N-glycans due to 

compensatory mechanism of another mannosidase (250, 251). The exposition of cell 

surface mannose in this mice model hyper-activates innate immune response through 

binding to mannose-binding lectin receptors (251), and its specific deficiency on epithelial 

cells was shown to promote intestinal inflammation through neutrophil recruitment (252).  

 

3.1. Glycosylation in T cells 

Over the years it has been shown that the recognition mediated by T cells is not 

exclusive to proteins and peptides. Glycopeptides or only oligosaccharide products can be 
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presented on MHC molecules and induce T cell response. The polysaccharides-A (PSA) 

from Bacteroides capsule is endocytosed and processed into low molecular weight 

molecules in APC and presented by MHCII, mediating APC/T cell engagement through αβ 

T cell receptor (TCR) recognition and eliciting a clonal CD4+ T cell response (253, 254). 

This recognition is also dependent on the presence of branched N-glycosylation in MHCII, 

once loss of complex N-glycans in APC reduces the MHCII binding and presentation of this 

polysaccharide (255). Glycosylation of proteins also impact on cellular uptake and the 

proteolytic processing of the antigen or glycoantigen, as well as in the binding to MHC, 

interfering thus in T-cell priming (256, 257).  

IBD patients display a dysregulation on mucosal-associated galectins (Gal-1, -3, -4, 

-9) (258). Specifically, Gal-3 is reduced (259-261) and displays a protective role in DSS-

induced colitis and in the T-cell transfer colitis models, through suppression of IL6 or by 

induction of Foxp3+ Treg cells (262, 263). The binding of galectins to transmembrane 

receptors regulate their mobility in the cell surface, something especially relevant for TCR 

clustering in T cells activation. Glycoproteins display affinity for galectins in proportion to the 

number of N-glycans and the N-glycan branching that it possesses (264). TCR contains 

seven sites of N-glycosylation, and branching N-glycans mediated by MGAT5 were shown 

to increase the binding to Gal-3, which impedes TCR clustering and increases the threshold 

for activation by APC (265). In fact, MAGT5 deficient mice was shown to develop 

spontaneous autoimmune disease and a severe DSS-induce colitis (265, 266). The loss of 

self-tolerance was found to be promoted by lowering T cell activation threshold through TCR 

clusters and impacting on the  cytotoxic T‐lymphocyte antigen (CTLA)-4 surface retention, 

an important autoimmune inhibitor (239, 265).  

The activation of CD4+ and CD8+ T cells through TCR recognition of antigens bound 

to MHC involves alterations on the glycoprofile of the cell (267). Upon activation of naïve T 

cells, branched N-glycans increases together with the upregulation of MGAT5 expression, 

while maintaining low levels of Mgat1 and Mgat2, which compete for the same sugar 

substrates (268). This increase is important for immune response regulation, once the 

increase of branching N-glycans controls T cell proliferation and promotes T cell arrest (265, 

266, 268). Accordingly, MGAT5-mediated branched N-glycans expression (detected by 

Phaseolus Vulgaris Leucoagglutinin (L-PHA)) was found to be increased in Treg and to 

correlate with enhanced ability to suppress CD4+ and CD8+ T-cell proliferation and 

conventional CD4+ T-cells activation (269). This is explained by the cell surface stability of 

receptors imposed by branched N-glycans expression in Treg suppressive functions (CTLA-

4, PD-1, PD-L1, e.g.) (269). Thus, a deficiency on MGAT5 expression and consequent 

decrease of branching N-glycans will impair immune tolerance. Accordingly, IBD patients 
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display low levels of branching N-glycans on lamina propria CD3+ T cells, together with a 

reduction on MGAT5 mRNA expression (270). This defect was recovered by the 

supplementation with the substrate of GnT-V (encoded by MGAT5) the UDP-GlcNAc, which 

reduced TCR signaling and T cell proinflammatory response (266). Thus the metabolic 

supplementation with glycans that are salvaged into the hexosamine pathway, can 

represent a promising immunomodulatory therapeutic strategy for IBD, as already observed 

DSS-colitis induce mice (266) and in children with IBD (271). 

In opposition, the over-expression of MGAT5 in mice was shown to exacerbate DSS- 

mediated colitis by inducing macrophage dysfunction (272), suggesting that complex 

branched N-glycans may have different roles in different immune cells. In addition, T cells 

from IBD intestinal mucosa also display methylation in the promoter of MGAT3 (273) and 

an increase in core fucosylation (mediated by FUT8) (274). Core fucosylation of TCR was 

also shown to be required for induction of colitis in mice, due to its positive effect on T cell 

signaling and production of inflammatory cytokines (274). 

 

3.2. Glycosylation in IgG 

As mentioned previously, IgG is a glycoprotein in which both Fab and Fc are 

glycosylated. Fc region of IgG is covalently attached to a single bi-antennary N-glycan that 

has a key structural role in stabilizing the conformation of the Fc region (Figure 5) (275). 

Alterations on glycans composition alter dramatically the IgG effector function, as observed 

by the loss of function in non-glycosylated IgGs (276). Pharmaceutical companies have 

been taking into consideration for the quality of an antibody, the profile of glycosylation, 

once Fab glycosylation influences the binding to antigen and Fc glycosylation influences 

the clearance rate, pharmacokinetic, pharmacodynamic and the binding to Fc receptors 

(277, 278). 

IgG comprises 10-20% of the total plasma (160) and its Fc linked N-glycan can 

comprises different glycoforms, generally resulting from the combination of the presence or 

absence of fucose, galactose, sialic acid and bisecting GlcNAc (Figure 8) (279). Although 

heterogenous, the profile of IgG glycosylation is quite constant, displaying high proportion 

of fucosylation (core fucosylation; 96%), low bisecting (8%) and sialylation (4%), and 

intermediate galactosylation (40%) (280). Galactosylation and sialylation decrease with age 

and showed significant gender dependence (280), and can be rapidly altered in situations 

of disturbed homeostasis (281). 
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Alterations in the glycosylation of IgG have shown to impact on biological functions 

and structure of IgG, switching the phenotype of IgG from anti-inflammatory to pro-

inflammatory. Circulating IgG in IBD patients were shown to display alterations of IgG 

glycosylation, comparing with healthy individuals (282). Alterations on IgG glycosylation, 

such as the loss of sialylation and low levels of galactosylation (282, 283), are also 

associated with inflammatory markers (284) and other autoimmune disorders as rheumatoid 

arthritis and Systemic Lupus Erythematosus (285, 286). 

Terminal sialic acids were shown to display an anti-inflammatory function on IgG, by 

increasing expression of inhibitory FcRIIB and reducing affinity to activating FcRIII/IV 

(287-289), suggesting that sialic acid in Fc promotes a conformational change in IgG and 

increases the I:A ration of FcR in effector cells. Sialic acids were also shown to bind to DC-

SIGN which was associated with up-regulation of FcRIIB (290). In addition, terminal 

galactose was also shown to increase affinity of IgG to inhibitory FcR and C-type lectin–

like receptor dectin-1 (291), exerting an anti-inflammatory property. Contrary, other studies 

suggest that galactosylation may also affect binding to FcγRIIIa in a positive way (292-294). 

Agalactosyl IgG with terminal GlcNAc was shown to enhance antibody-dependent 

phagocytosis (295) and to bind to mannose-binding lectin (MBP), and thus selectively 

activate the lectin-arm of complement (296). However, other study suggest that the effector 

function of agalacosyl IgG is dependent on activating FcR and not on MBP (297). The 

Figure 8_IgG glycome and its effector function in IgG (4). 
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exposition of N-acetylglucosamine residues in IgG was also shown to increase the uptake 

from mannose receptor in macrophages and DC, potentially generating epitopes 

recognized by T cells (298).  

In contrast to other proteins from the plasma (299), IgG is typically core fucosylated, 

which is known to reduce IgG binding to the activating FcRIIIA (300-302) and consequently 

their potential to induce ADCC. An Increased proportion afucosylated IgGs and bisecting 

GlcNAc, also demonstrated to enhance ADCC (303-306), were also observed in UC 

patients (282). Thus, IBD patients display glycosylation alterations on IgG that might 

participate in the pathogenesis of the disease. 

 

4. Glycans in microbiome 

 

The interplay between microbial organisms and the host is driven by the thick 

glycocalyx that both present at the cell surface. Host and microbes are phyloglycomic 

distinct, and host took advantage of this difference to discriminate self- from non-self and 

instruct immune responses based on glycan recognition through Toll like receptors and C-

type lectins (307). 

Focusing on bacteria, they display complex biosynthetic pathways that leads to a 

variety of glycans: polysaccharide capsules, peptidoglycans, lipopolysaccharides (LPS) and 

both N- and O- linked protein glycosylation, ranging from mono- and disaccharides to 

complex glycans with repeating carbohydrate units and extensive branching. The majority 

of the glycoproteins are surface-located, as it is the case of the adhesins, the surface hair-

like extension (pili) and the flagella (308, 309). A coordinated interplay between host glycans 

degradation and the bacteria polysaccharide capsule synthesis occurs (310). In fact the 

interplay between host and bacteria is evident with the different abundances of 

glycosyltransferases that a germ-free mice and conventionally raised mice display (311), 

which alter Muc2 O-glycan biosynthesis. Thus, it is not surprising that alterations on host 

glycosylation might altered the pattern of the microflora. 

In order to fulfill their energy needs, microbiota displays a complex mechanism that 

makes them capable of processing diet derived glycans that human is unable to process, 

as well as, host- produced glycans, as the case of mucins. This source of energy imposes 

a high level of competition between bacterial community, but also an impressive 

cooperation. 
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For instance, fucose is wildly used by symbiotic gut bacteria as a source of energy 

or to incorporate in their own glycans for the proper function of the glycoproteins or for its 

fitness in the gut (312, 313). To take advantage from diet- and host- derived fucose, bacteria 

must liberate fucose using α-fucosidases, which allows the availability of fucose to all 

bacteria community. Commensal bacteria as Bacteroides thetaiotaomicron also take 

advantage from the host glycosylation machinery, by increasing the expression of α1,2-

fucosyltransferase mRNA in intestinal epithelial cells and using their own fucosidases and 

fucose permeases to cleave and internalize the terminal fucose residues incorporating into 

the capsular polysaccharides or bacterial glycoproteins (313, 314). This mechanism is not 

exhibited in all pathogens and, in fact, α1,2-fucosylation is increased upon an infection 

which seems to be a mechanism of protection from the host to supply symbiotic bacteria 

with fucose (315). This interplay between host and commensal bacteria maintains 

homeostasis and suppresses virulence genes as is the case of pathogenic Escherichia coli 

(E.Coli) (316).  

Epithelial interleukin-22 receptor IL22RA1 signaling was also shown to promote 

intestinal fucosylation via induction of the fucosyltransferase FUT2, which protects host 

against the Citrobacter Rodentium pathogen infection and DSS – induced colitis through 

resistance to Enterococcus faecalis (317). The selective outgrowth of opportunistic 

pathogens Enterococci following intestinal dysbiosis (either due to antibiotic treatment, 

intestinal inflammation or infection) might result from the lack of competition for nutrients 

and space (317, 318). In fact, the administration of fucosylated oligoscharides restore 

dybiosis induced by Citrobacter rodentium infection in a IL22-deficient mice, reducing 

Enterococcus faecalis (317) potentially through the increase of Bacteroides and 

Ruminococcaceae, which benefit from host-derived fucosylated glycans (319, 320). 

In addition to fucose, sialic acid is also found to be liberated by symbionts like 

Bacteroides species, which are important for Salmonella enterica serovar Typhimurium 

and C. difficile expansion. However, these pathogens are only able to catabolize microbiota- 

liberated mucosal carbohydrates when bacteria that normally consume it are depleted, as 

is the case of antibiotic-induced disruption of the resident microbiota (321). In fact, sialic 

acid catabolism might confer a growth advantage to Enterobacteriaceae in the inflamed gut. 

The increase of sialidase activity observed after DSS administration is critical for the 

infection of opportunist pathogens as E.Coli, once the oral administration of sialidase 

inhibitors in mice decreases the outgrowth of E.Coli and the severity of the disease (322). 

Some bacteria encode sialidases, which cleave and release sialic acid, but lack the 

catabolic pathway, being thus unable to consume the sugar. On the other hand, other 

https://microbewiki.kenyon.edu/index.php/Citrobacter_Rodentium
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bacteria are only able to catabolize sialic acid but do not express sialidases (323). The 

incorporation of sialic acids by the bacteria serve as a “self” molecular pattern and a process 

of camouflage, the glycan mimicry, that pathogens use to avoid the recognition as non-self 

from host lectin and hampering an immune response against the bacteria. Instead of 

synthesizing glycans de novo, there are bacteria that incorporate glycans from the host in 

order to persist and cause infection, as it is the case of H. influenzae and E.Coli that acquire 

sialic acid to decorate its capsule and lipopolysaccharide (314). Trans-sialidases are used 

by bacteria to obtain and incorporate sialic acid from the host. The modification of antigens 

with sialic acid alters their immunogenicity by inducing T regulatory cells and inhibiting T 

proliferation through the loaded of the glycoantigen by dendritic cells and their interaction 

with sialic acid binding immunoglobulin type lectins (Siglec E) (324, 325). Also, the 

mechanism that bacteria uses to mimic host glycosylation can induce the production of self-

antibodies which may be associated with auto-immune reactions. This could be a problem 

for the development of vaccines with the glycoantigens (326).  

All of these glycosylation strategies are important to maintain microbial symbiose, 

highlighting the importance of glycosylation in host- microbiome interactions associated with 

IBD pathogenesis. 

 

5. Glycans as markers in IBD 

 

5.1. Genetic glycobiomarkers 

As mentioned above, glycosylation constitutes a key player in immunity. The 

contribution of glycans-encoding genes to IBD pathogenesis is far from being fully 

characterized. In fact, the emerging role of glycoconjugates in IBD pathogenesis gave rise 

to the creation of an online database called Glycosylation and Gut Associated Immune 

Tolerance (GlycoGAIT-https://apps.connexios.com/glycogait/), in which the expression 

patterns of glycome genomics can be analyzed under different inflammatory conditions 

(327). Genetic alterations in glycogenes have been associated with multiple primary 

immunodeficiency diseases, known as congenital disorders of glycosylation, often 

embryonically lethal and associated with poor survival rates (328, 329). Accordingly, mouse 

genetics in which selected glycogenes, as MGAT1, are mutated revealed a remarkable 

impact in T cell development and thymus positive and negative selection (330). 

Interestingly, transgenic mice with overexpression of α1,2-fucosyltransferase (FUT1) 

spontaneously develop colitis, by influencing T cell development and altering glycosylation 

https://apps.connexios.com/glycogait/
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of mucosal barrier (331). The effect of glycosylation in T cell development was presented in 

the review in attach (242). 

Genetic variants associated with loss-of-function of FUT2 were demonstrated to 

increase susceptibility to CD by altering host-microbial interactions. Specifically, the non-

secretor status of those patients, display an altered microbiome at both composition and 

functional levels potentially explaining the CD risk (332, 333). Additionally, FUT3 

polymorphisms were also associated with higher susceptibility of Southeast China 

individuals to UC (334). Other genetic variants on MAN2A1 was highlighted in UC patients, 

which seems to play a role in promoting intestinal inflammation through neutrophil 

recruitment (252). Genetic alterations on specific glycogenes (ST6GAL1, B4GALT1, FUT8, 

MGAT3 and FUT6-FUT3) have been shown to interfere in IgG glycosylation (335, 336). 

Furthermore, genetic variants on MGAT5, FUT8, FUT6/FUT3, B3GAT1 were also shown to 

affect the total plasma N-glycome composition in healthy European individuals (337), which 

as well in IgG, the glycan profile is also alter in IBD patients (338). Genetic and epigenetic 

alterations in MGAT3 were also found to be associated with both IgG glycosylation and IBD, 

suggesting a role of GnT-III in IBD pathogenesis (273, 336). 

Furthermore, genetic alterations in immuno-genes, associated with IBD, can 

indirectly lead to alterations on glycogenes/glycosylation, with a synergistic impact in the 

dysregulation of the immune system. The very early onset (VEO) – IBD can be caused by 

loss-of-function mutations of IL10 and IL10R. A point mutation in the intronic region of 

IL10R1, observed in three VEO-IBD patients, impaired the mRNA splicing and the N-linked 

glycosylation, interfering with the trafficking of IL10R to the plasma membrane and thus with 

the anti-inflammatory signal mediated by IL10 (339). Also, protective genetic variants of 

IL23Rα for IBD was shown to display different receptor maturation in glycosylation, being 

associated with lower cell surface expression and with an impairment in ER to Golgi 

trafficking (340). Interestingly, IL22/IL22RA1 signaling in intestinal organoids was shown to 

up-regulate glycosylation genes such as FUT2, FUT8, SEC1 and B4GALT1, in which 

IL22RA1/FUT2 axis was demonstrated to be involved in the maintenance of healthy 

microbiota (317). Mice experiments also revealed a protective role of B4GALT1, which 

encodes for b-1,4-galactosyltransferase I and it is involved in the addition of galactose 

moieties to glycoproteins. Higher galactosylation of N-glycans of mucus proteins were 

associated with an increase Firmicutes/Bacteroidetes ratio, induced protection against 

TNF-induced systemic inflammation and DSS-induced colitis (341). Taken together, 

glycogenes constitute important genetic determinants with functional impact in IBD 

pathogenesis and prognosis. 
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5.2. Glycans as non-invasive biomarkers 

Non-invasive biomarkers are attracting tools for monitoring disease activity and for 

predicting therapy response, and much of them are glycosylated, as the case of fecal 

Lactoferrin  and the antibodies against specific bacterial glycans (29, 342, 343). Alterations 

on plasma proteins glycome were observed in IBD patients (338, 344). The glycan profile 

were composed by decreased proportions of galactosylation and fucosylation and 

increased sialylation and higher proportion of hybrid and high mannose and it was 

associated with the extension of disease, the need for surgery and need of more potent 

drugs (338).  

Comparative analysis of IgG glycome between healthy individuals and IBD patients 

showed a distinct pattern of IgG glycosylation, usually with less complexity in IBD scenario, 

as observed by decreased galactosylation and sialylation and increased bisecting GlcNAc 

(282, 283). Fucosylation of IgG was also shown to be alters but differentially in UC and CD, 

being decreased and increased, respectively. The combination of agalactosyl IgG with 

ASCA further showed higher specificity in IBD diagnosis (345). Alterations on IgG 

glycosylation were also associated with IBD clinical features, as decreased galactosylation 

with the need of surgery and with patients that were under more aggressive therapy (282). 

Moreover, the analysis of plasma glycoprofile of 75 UC patients (346) demonstrated that 

high sialylation in IgG was associated with higher disease activity. A ratio between the 

presence of bisecting GlcNAc in monogalactosylated structures with the absence of 

bisecting GlcNAc in these structures were associated with a poor prognosis of UC patients 

(283). These evidences suggest a potential role of plasma IgG glycosylation as a non-

invasive diagnostic and prognostic biomarkers in IBD.  

Another proposed biomarker in serum and plasma for IBD is the glycoprotein 

acetylation (GlycA) measured by nuclear magnetic resonance. This biomarker reflects the 

glycan groups of certain acute-phase glycoproteins, and was shown to be increased in 

active IBD patients, when compared to healthy individuals. Also, GlycA was correlated with 

CRP and fecal calprotectin levels, discriminating however CRP-negative patients that 

display an active disease (347). 

Overall, the determination of the glycosylation signature of human biological fluids, 

such as serum constitute a non-invasive tool with promising prognostic value that is worth 

explored. 
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Aims 

 

Rational and novelty 

IBD is influenced by multiple factors as genetics, environment, gut microbiota and host 

immune response, which drives the disease to diverse directions concerning severity and 

response to therapy. Glycosylation has gained more attention over the years in immune-

mediated disorders, mainly due to its important role in T cells and IgG functions. Particularly, 

alterations on MGAT5-mediated branched N-glycans of colonic lymphocytes have been 

identified in UC patients, but the underlying cause remain unknown. This dysregulation is 

associated with an hyperimmune response, however its implication on microbiota 

composition and in patients’ clinical and therapeutic outcomes are still unexplored. Also, the 

glycan profile of the IgGs has been demonstrated to be altered in IBD, but the influence of 

this alteration on therapy response is also poorly explored. 

 

Main goals 

The main goal of this thesis was to identify novel glycan based-biomarkers with prognostic 

value in IBD and with potential to be included in therapy decision-making process, further 

exploring the influence of branched N-glycan alterations in gut microbiota composition 

associated with IBD. 

 

Hypothesis 

I. Different levels of branched N-glycans at diagnosis may predict disease course regarding 

therapeutic outcomes. 

II. Genetic variants of MGAT5 might be associated with alterations in T cells and IgG 

glycosylation with impact on therapeutic outcomes. 

III. Glycoengineering of Mgat5 increases susceptibility to develop colitis that might be due 

to microbiome composition. 

IV. The profile of IgG glycosylation might be different in CD patients who respond to anti-

TNF from those that lose response. 

 

Specific aims 

I. To determine the branched N-glycan expression in colonic lamina propria early at 

diagnosis and correlate with the need of UC patients to step-up to anti-TNF during disease 

course.  

II. To determine the functional impact of specific MGAT5 genetic variants on mRNA 

expression levels of the gene in colonic and circulating T cells, as well as, in IgG 
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glycosylation from UC patients, further exploring these and other MGAT5 genetic variants 

in relation to UC prognosis. 

III. To evaluate the impact of changes in branched N-glycans expression on gut microbial 

composition and on colitis susceptibility and immune response.  

IV. To determine the predictive capacity of circulating IgG glycosylation to discriminate 

responders versus non-responders to anti-TNF therapy (Infliximab or Adalimumab), based 

on immunogenicity issues to the drug. 
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Abstract

Background and Aims: There is a clinical need to identify biomarkers able to select patients who 
are most likely to develop aggressive/complicated disease, for early selection for appropriate 
therapy. Changes in the glycosylation profile of intestinal lymphocytic infiltrate were previously 
demonstrated to regulate T cell activity, being associated with disease severity in ulcerative colitis 
[UC] patients. We interrogated whether this heterogeneous expression of branched N-glycans in 
intestinal inflammatory infiltrate predicts therapy response early in disease course.
Methods: The expression levels of the branched N-glycans in colonic biopsies collected around 
time of diagnosis from a well-characterised cohort of 131 UC patients were correlated with 
response to standard therapy. Receiver operating characteristic analysis and specificity/sensitivity 
were determined.
Results: Branched N-glycans levels around time of diagnosis predict non-response to conventional 
therapy with 75% specificity. Moreover, high levels of branched N-glycans predict 78% of UC 
patients who will display a favourable disease course [exclusively under 5-aminosalicylate therapy 
for more than 5 years of disease]. The best predictive performance was observed in severe UC 
patients with Mayo endoscopic subscore 3 and in those that were naïve to therapy. Multivariable 
analysis revealed that low levels of branched N-glycans and high levels of C-reactive protein [CRP] 
around time of diagnosis act as independent predictors of non-response to standard therapy. A 
powerful effect of the combined use of the branched N-glycans and CRP was observed.
Conclusions: Our results reveal a potential [glyco]biomarker that predicts, early in the disease 
course, patients who will fail to respond to standard therapy, benefiting thereby from other 
therapeutic strategies such as biologics.

Keywords:  Ulcerative colitis; biomarker; glycosylation
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1. Introduction

Inflammatory bowel diseases [IBD], comprising Crohn’s disease 
[CD] and ulcerative colitis [UC], are multifactorial disorders char-
acterised by a chronic and relapsing inflammation of the gastroin-
testinal tract.1,2 IBD is considered an emergent global disease and a 
major health problem due to the increasing incidence and prevalence 
worldwide.3 The prevalence of IBD is higher in more industrialised 
regions, affecting approximately 2.5 million people in Europe and 
1 million people in the USA, with a peak of disease onset in young 
populations [aged 15–30 years].4 Although the mortality rate does 
not significantly differ from that of unaffected population, the nega-
tive impact in IBD patients’ quality of life is tremendous,4,5 with 
patients facing a reduced ability to work and increased social stigma 
which leads to restrictions in career choices. In addition to the life-
time of care, there are high medical and societal costs associated with 
frequent hospitalisations and ongoing medications.5,6 Taking all this 
together, IBD remains a major clinical challenge worldwide.

Despite recent advances in IBD therapeutic resources, a high pro-
portion of patients remain refractory to conventional treatment, and 
overall half of the patients with UC do not achieve sustained remis-
sion.7 There are currently potent therapeutic regimens available for 
the treatment of IBD, such as the anti-tumour necrosis factor [anti-
TNF] therapy, but these are not an option for all patients early in the 
disease course.7 Besides cost, the risk of adverse and toxic effects are 
of concern. Therefore, it is a priority to identify predictive biomark-
ers that help to select the patients who are most likely to develop an 
aggressive/complicated or a mild disease, and carefully stratify them 
for appropriate therapy. This personalised approach is fundamental, 
since there is evidence showing that some patients with IBD will 
have a favourable disease course when more potent therapy with 
biologics, such as anti-TNF and others, is administered early in the 
disease course.7 This tailored approach will certainly improve the 
long-term course and outcomes of the disease and the success of  
the therapeutic options.

Glycosylation is a complex post-translational mechanism char-
acterised by the addition of carbohydrate structures [glycans] to 
proteins and lipids in the endoplasmic reticulum/Golgi secretory 
pathway, by specific enzymes.8,9 We and others have been contrib-
uting to the understanding of the key role that different glycans 
play in cell biology, particularly in cancer8,10–13 and in the regula-
tion of immune response.14–16 Evidence suggests that immune sig-
nalling and activation are tightly regulated by glycosylation.17,18 The 
dysregulation of the regulatory mechanism between immune cell 
functions and its glycosylation modifications have been described 
to increase the susceptibility to immune-mediated diseases, includ-
ing IBD.16,19 In IBD, we have recently demonstrated that UC 
patients display a deficiency in branched N-glycans [catalyzed by 
N-acetylglucosaminyltransferase V – GnT-V enzyme] on intestinal 
T cells.14 Patients with severe disease exhibit low levels of branched 
N-glycans on mucosal T lymphocytes compared with healthy con-
trols. This deficiency was observed in the T cell receptor [TCR] of 
the intestinal lymphocytes and was associated with a hyperimmune 
response and UC pathogenesis.14,16

Taking into consideration that UC patients display, at the level of 
intestinal mucosa, a heterogeneous expression of branched glycans 
that are correlated with disease severity,14 we herein investigated 
whether the expression of branched N-glycans on the intestinal 
inflammatory infiltrate [glycobiomarker] can predict an unfavour-
able disease course in UC and thus identify, early in disease course, 
those patients who are likely to fail standard therapy and will benefit 
from other therapies such as biologics.

2. Methods

2.1. UC patients’ cohort
A retrospective collection of 131 formalin-fixed paraffin-embed-
ded [FFPE] colonic biopsies [collected from the most inflamed 
area] of 131 patients diagnosed with UC [median age 36  years; 
range 14–69] were obtained from scheduled colonoscopies at the 
Gastroenterology Department of Porto Centre Hospital—Hospital 
Santo António [CHP/HSA], Porto, Portugal, between 1981 and 2015 
[Table 1]. The duration of storage of the biopsy samples since col-
lection appears not to influence the immunohistochemistry analysis. 
In order to assess the predictive value of the branched N-glycans 
around time of diagnosis, we have analysed the colonic biopsies 
that were collected closer to diagnosis [Table 1]: 86 patients with 
biopsy at the time of diagnosis and up to 5 months after diagno-
sis, median (interquartile range [IQR] of 0 [0–0.1]); and 45 patients 
with biopsy adjacent to diagnosis more than 5 months after diag-
nosis, 13 [9–24]. Data from clinicopathological, therapeutic, and 
biochemical parameters from each UC patient were collected at the 
time of biopsy collection, except for disease extension and surgery 
which were collected in November 2016 [Table 1]. The data include: 
disease extension; Mayo endoscopic [MayoE] subscores; need of 
surgery [defined as colectomy/proctocolectomy due to a medically 
refractory disease or due to the development of toxic megacolon]; 
clinical remission [no rectal bleeding, normal stool frequency, and no 
abdominal pain]; biochemical remission (C-reactive protein [CRP] 
levels collected the closest to the time of biopsy collection with a 
median of 1.6 months [IQR 0.2–4.3] lower than 5 mg/L); and type 
of therapy (without therapy [naïve or with suspended therapy due to 
clinical reasons, no therapy] vs under specific therapy). Patients were 
classified either as responders or as non-responders to standard ther-
apy (5-aminosalicylate [5-ASA], corticosteroids, and immunosup-
pressants) on November 2016, after at least 1–2 years of follow-up 
(median 12 years [IQR 7–19]) and following clinical and endoscopic 
guidelines.20 Additionally, patients with more than 5 years after diag-
nosis were classified as having a favourable disease course if they 
responded to 5-ASA therapy [patients in monotherapy with 5-ASA 
with clinical/endoscopic response after 5 years since diagnosis], vs 
non-favourable disease course if they failed to respond to standard 
therapy after 5  years since diagnosis, with need of biologics. In a 
retrospective study, all UC patients available in the CHP/HSA cohort 
who met the eligible criteria were included in the study. A power cal-
culation a posteriori indicated that our sample of 131 subjects, with 
23 non-responders and 108 responders, had a 49% power to detect 
differences in the proportion of biomarker positives as large as the 
one found in our study—25.0% vs 47.8%, respectively]. The present 
study was approved by the ethics committee of the CHP/HSA.

2.2. Immunohistochemistry
The levels of expression of branched N-glycans in intestinal inflam-
matory infiltrate in lamina propria [glycobiomarker expression] 
were determined by performing histochemical analysis in 131 FFPE 
UC colonic biopsies using biotinylated Phaseolus vulgaris leucoag-
glutinin [L-PHA] lectin that specifically recognises the branched 
N-glycan structures, as previously described.14 The negative control 
was performed by using phosphate-buffered saline [PBS] instead of 
the lectin. Colon carcinoma samples were used as positive controls 
for L-PHA staining.

The levels of expression of branched N-glycans on the intesti-
nal infiltrate in lamina propria were evaluated by three independ-
ent observers and scored using a standard semi-quantitative method 
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as follows: 0–5%, 5–25%, 25–50%, 50%–75%, and more than 
75% of positive L-PHA expression. Then and for statistical analy-
sis, the data were regrouped in the following categories: less than 
5%; 5–25%; and more than 25% of expression. A receiver operat-
ing characteristic [ROC] analysis was done and the cut-off of 25% 
was determined. Colonic biopsies presenting ≤25% of L-PHA lectin 
reactivity were classified as LOW expression and those with >25% 
were classified as HIGH expression.

2.3. Isolation of lamina propria lymphocytes and 
CD3+ T cells from fresh colonic biopsies of UC 
patients
Lamina propria lymphocytes [LPLs] were isolated as described 
before,14,16 using Percoll [Sigma] density gradients of 1.05–1.09 g/
ml. T cells were isolated from a subset of fresh colon biopsies as 
previously described.14,16 Briefly, colonic biopsies were mechanically 

dissociated to prepare single-cell suspensions using the Hanks’ 
Balanced Salt solution modified medium and penicillin/streptomy-
cin and gentamicin. CD3+ T cells were magnetically sorted by using 
the EasySep™ Human T Cell Enrichment Kit [STEMCELL] follow-
ing the manufacturer’s instructions. CD3+ T cells were cultured for 
72 h with anti-CD3 mAb [clone OKT3] and soluble anti-CD28 mAb 
[clone CD28.2] [eBioscience].

2.4. Flow cytometry
The detection of branched N-glycans on ex vivo T cells was per-
formed as described previously,16 using fluorescein isothiocyanate 
[FITC]-conjugated L-PHA [Vector Lab]. Median fluorescence inten-
sity [MFI] of L-PHA was determined by flow cytometry. Data acqui-
sition was performed on a FACSCanto™ II system [BD Biosciences, 
San Jose, CA] using the FACSDiva™ software [BD] and compen-
sated and analysed in FlowJo version 10.4. [Tree Star, Inc., Ashland, 

Table  1. Characterisation of the UC cohort in terms of clinical and pathological parameters. Data on Mayo endoscopic score, clinical 
remission [no rectal bleeding, normal stool frequency, and no abdominal pain], and type of therapy were collected at the time of biopsy 
collection. Information on biochemical remission (C-reactive protein [CRP] levels lower than 5 mg/L) was collected the closest to the time 
of biopsy collection. Information on disease extension, therapy duration, responders vs non-responders [to the standard therapy], and dis-
ease course [UC patients with more than 5 years of diagnosis; favourable—always under monotherapy with 5-ASA with clinical/endoscopic 
response; non-favourable—do not respond to standard therapy] were collected in 2016.

N [%] Median [IQR]

Years old at diagnostis [N = 131] ≤36 28 [22.4] 36 [27–47]
>36 97 [77.6]

Years of follow-up [N = 131] - 12 [7–19]
Months since diagnosis [N = 131] ≤5 86 [65.7] 0.0 [0.0–0.1]

>5 45 [34.4] 13.0 [8.5–23.9]
Gender [N = 131] M 66 [50.4] -

F 65 [49.6] -
Smoking status [N = 128]a No 91 [71.1] -

Former 25 [19.5] -
Yes 12 [9.4] -

Disease extension [N = 131] Proctitis 22 [16.8] -
Left-sided 66 [50.4] -
Pancolitis 43 [32.8] -

Mayo endoscopic score [N = 124]a Mayo 0 13 [10.5] -
Mayo 1 35 [28.2] -
Mayo 2 41 [33.1] -
Mayo 3 35 [28.2] -

Surgery [N = 131] No 127 [96.9] -
Yes 4 [3.1] -

Clinical remission [N = 126]a No 81 [64.3] -
Yes 45 [35.7] -

PCR [mg/L; N = 95]a - 4.4 [1.1–15.2]
PCR [months since biopsy; N = 95]a - 1.6 [0.2–4.3]
Biochemical remission [N = 95]a No 44 [46.3] -

Yes 51 [53.7] -
Therapy [N = 131] None/naive 63 [48.1] -

5-ASA 52 [39.7] -
Corticosteroids 12 [9.2] -
Immunosuppressants 3 [2.3] -
Anti-TNF 1 [0.8] -

Therapy duration [months; N = 66]a 7.2 [3.6–16.2]
Responders [N = 131] Responder 108 [82.4] -

Non-responder 23 [17.6] -
Therapy [N = 129]a Always with 5-ASA 71 [55.0] -

Anti-TNF 58 [45.0] -
Disease course [N = 75] Good 54 [72.0] -

Bad 21 [28.0] -

UC, ulcerative colitis; 5-ASA, 5-aminosalicylate; IQR, interquartile range; M, male; F, female; PCR, polymerase chain reaction; TNF, tumour necrosis factor.
aData not available due to follow-up loss.
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OR]. Doublets were excluded from the analysis based on FSC-A vs 
FSC-H parameters, and dead cells were excluded based on propid-
ium iodide incorporation.

2.5. Real-time polymerase chain reaction
The real-time polymerase chain reaction [PCR] was performed 
as previously described14 using TaqMan Gene Expression Assays 
[Applied Biosystems]: MGAT5 [hs.00159136_m1] and GAPDH 
[hs.02758991; used as reference gene]. PCR reactions were per-
formed on the ABI Prism 7000 Sequence Detection System.

2.6. Statistical analysis
The prediction capacity of L-PHA levels to discriminate patients 
who respond to standard therapy from those that do not respond 
was determined by plotting the receiver operating characteristic 
[ROC] curves and calculating the area under the curve [AUC]. The 
cut-off that revealed the best balance between sensitivity and speci-
ficity was selected for the subsequent statistical analysis. Sensitivity, 
specificity, and positive and negative predictive values were calcu-
lated. Univariate binary logistic regression analysis was performed 
to test L-PHA levels and clinical variables [age at diagnosis, gender, 
MayoE score, clinical remission, biochemical remission, and therapy 
at the time of the biopsy] in predicting failure to standard therapy. 
Moreover, multivariable logistic regression analysis [using a stepwise 
variable selection procedure, implemented with the stepAIC func-
tion of the MASS package of the R software, version 3.3.3] was 
used to determine the variable[s] that could independently predict 
failure in response to standard therapy. In logistic regressions, model 
goodness-of-fit was assessed by the Hosmer-Lemeshow statistic and 
test. The final multivariable models were also checked for influence 
of outlier data values on model fit, using leverage statistics [stand-
ardised Pearson residuals, Studentised residuals, and deviance], and 
possible multicollinearity, by evaluating the coefficients’ correlation 
matrix. The results did not show any major concern regarding outli-
ers or multicollinearity. All but one case had residuals or deviance in 
the range -2 to +2, indicating no major outliers or highly influential 
subjects. Moreover, all correlations between model coefficients were 
below 0.35, indicating no evidence of multicollinearity. Results are 
presented as odds ratios [ORs]for each category as compared with a 
predefined reference category, and their respective 95% confidence 
intervals [CIs]. Odds ratios above one and below one are indicative, 
respectively, of higher and lower odds of non-response to standard 
therapy as compared with a reference category. The predicted prob-
abilities of non-response to standard therapy for the combination 
of L-PHA levels and CRP were calculated by performing a multi-
variable logistic regression model including these two variables, and 
a ROC curve analysis to assess the global predictive ability of the 
model and the sensitivity and specificity for different cut-off val-
ues. Subgroup analysis was performed for patients with severe UC 
[MayoE 3] around time of diagnosis. Influence of outlier data values 
on model fit was assessed using leverage statistics, and collinearity 
was assessed by evaluation of the coefficients correlation matrix.

Pearson’s chinsquare [χ2] test was performed to evaluate the 
associations between L-PHA levels and clinical features. A multivari-
able logistic regression analysis was also performed using L-PHA as 
a dependent variable, in which odd ratios above one and below one 
are indicative, respectively, of higher and lower odds of patients pre-
senting low levels of L-PHA as compared with a reference category.

All the statistical analysis was performed using the statistical soft-
ware SPSS version 25 [IBM Corp., IBM SPSS Statistics for Windows, 

Version 25.0, Armonk, NY; released 2017.] and R version 3.3.3 [R 
Foundation for Statistical Computing, Vienna; released 2017]. The 
threshold used for statistical significance was P < 0.05. Adjustments 
for multiple testing were not applied in this case, as this is an explor-
atory study.

3. Results

3.1. Heterogenous expression of branched 
N-glycans in lamina propria inflammatory infiltrate 
among UC patients
Our previous evidence demonstrated that UC patients exhibit a sig-
nificant decreased expression of branched N-glycans on intestinal 
lymphocytic infiltrate in lamina propria, which correlated with dis-
ease severity when compared with healthy controls.14 Importantly, 
patients with a severe disease course showed the lowest levels of 
branched N-glycans expression on mucosal T cells.14 Here we 
assessed whether different levels of branched N-glycans on lamina 
propria inflammatory infiltrate [Figure 1] from colonic biopsies of 
UC patients around time of diagnosis [Table 1] may have a prog-
nostic value, predicting early in disease course the failure of stand-
ard therapy. The studied cohort comprises 131 UC patients with a 
median age at diagnosis of 36  years, who are equally distributed 
regarding gender [50% females and 50% males, Table  1], and in 
whom the majority of were former or non-smokers [116/128–
90.6%]. The clinical-pathological features of the patients are sum-
maried in Table 1. The therapeutic outcome of the 131 UC patients 
was determined on November 2016, after at least 1–2  years of 
follow-up; 82% [108/131] of the patients were always under stand-
ard therapy [5-ASA, corticosteroids, and/or immunosuppressants], 
among whom 71/129 [55%] maintained 5-ASA as monotherapy 
during disease course [Table 1]; 18% [23/131] failed to respond to 
standard therapy and thus stepped-up to biologics [anti-TNF].

Our analysis showed a heterogeneous expression of the branched 
N-glycans [Figure 1] in the colonic mucosa of UC biopsies, in which 
10% [13/131] of the patients exhibited less than 5% of L-PHA 
reactivity, 19% [25/131] displayed 525% of positive expression, 
and 71% [93/131] showed more than 25% of reactivity of L-PHA 
[Figure 1B]. The levels of expression of branching N-glycans are sim-
ilar when comparing colonic biopsies at diagnosis [up to 5 months 
after diagnosis] or adjacent to diagnosis [from 6 to 56  months] 
Supplementary Table 1, available as Supplementary data at ECCO-
JCC online].

3.2. Expressions of the branched N-glycans around 
time of diagnosis reveal predictive capacity to select 
UC patients who will fail to respond to standard 
therapy
In order to determine the predictive capacity of the branched 
N-glycans expression around time of diagnosis in distinguishing 
UC patients who respond to standard therapy from those that will 
fail to respond to standard therapy, ROC analysis was performed 
for the different L-PHA levels [<5%, 5–25%, and >25% reactivity] 
[Figure 2A]. The cut-off [or threshold] value that presented the best 
balance between specificity and sensitivity [arrows in the Figure 2A] 
was at 25% of L-PHA reactivity. The overall accuracy in discriminat-
ing patients who fail to respond to standard therapy from those who 
respond was determined by calculating the sensitivity, specificity, and 
positive and negative predicted values [+PV and -PV, respectively], 
using the defined cut-off [Table 2]. Additionally, and considering the 
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Figure 1. [A] Representative image of the intestinal inflammatory infiltrate positive to branched N-glycans expression [L-PHA staining] measured in lamina 
propria [biomarker] of ulcerative colitis [UC] biopsy patients. The levels of branched N-glycans were stratified into high [more than 25% of reactivity] and low 
[less than 25% reactivity]. The pictures were taken at amplifications of 10x and 40x. [B] Distribution of the levels of branched N-glycans expression.
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Figure 2. Receiver operating characteristic [ROC] curves plotted for the branched N-glycans [L-PHA in lamina propria] levels in all ulcerative colitis [UC] patients 
[A], and in those with endoscopic severe disease—MayoE 3— [B] do not respond to standard therapy [A and B]. The arrows indicate the cut-off [25% expression 
levels of branched N-glycans] that best discriminates patients who respond to standard therapy from those who need biologic therapies. The performance is 
increased in MayoE 3 UC patients.
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importance of the MayoE subscores and the clinical and biochemical 
criteria for remission in the process of therapy decisions, the overall 
accuracy was also determined for these parameters [the best cut-off 
was determined for MayoE subscore; Supplementary Figure 1, avail-
able as Supplementary data at ECCO-JCC online and Table 2].

Interestingly, our results showed that levels of branched 
N-glycans around time of diagnosis are able to distinguish patients 
with different therapeutic outcomes, with a sensitivity of 48% 
[11/23] and a specificity of 75% [81/108; Table 2]. The same holds 
true when we analysed the predictive capacity of the branched 
N-glycans in the biopsies that were collected within 5 months after 
diagnosis (median of months after diagnosis of 0.0 [IQR 0.0–0.1]; 
Table 3), in which the sensitivity was 50% [7/14] and the specific-
ity 76% [55/72]. Levels of the branched N-glycans and MayoE 
subscore showed a similar global capacity in patient stratification 
[Figure 2A; Supplementary Figure 1; Table 2], presenting the highest 
specificities. Clinical and biochemical remissions showed the highest 
sensitivities (78% [18/23] and 76% [16/21], respectively; Table 2). 
When severe UC patients with MayoE 3 were particularly analysed 
around time of diagnosis, the branched N-glycan expression was 
capable of predicting the failure of standard therapy with higher 
accuracy [AUC = 0.762, p  = 0.017, Figure 2B] than in the analy-
sis including patients with mild to moderate disease around time of 
diagnosis [AUC = 0.624, p = 0.063, Figure 2A]. The results showed 
that whenever the branched N-glycans are analysed in patients with 
severe disease around time of diagnosis, the sensitivity substantially 
increases from 48% [11/24] to 70% [7/10; Table 2], with a concomi-
tant increase (double, from 29% [11/38] to 58% [7/12], Table 2) of 
the +PV (patients with low levels of branching N-glycans, who failed 
standard therapy, thus needing step-up therapies such as anti-TNF). 
The same holds true when the branched N-glycans were analysed 
in biopsies collected within 5 months after diagnosis [Table 3], dis-
playing a sensitivity of 75% [3/4] and a specificity of 83% [19/23]. 
On the other hand, the levels of CRP which appeared to be a good 
predictor when considering all MayoE subscores showed a decrease 

in specificity (from 62% [46/74] to 41% [7/17]) when analysed only 
in patients with MayoE subscore 3 [Table 2].

Additionally, we showed that the levels of branched N-glycans 
are statistically associated with the response to standard therapy pre-
dominantly in naïve/no therapy UC patients [p = 0.018, Figure 3], in 
whom 82% (46/56 vs 18%[10/56]) of the responders display high 
levels of branched N-glycans and 57% (4/7 vs 43%[3/7]) of the non-
responders display low levels.

Importantly, we further demonstrated that specifically CD3+ 
mucosal T cells from non-responders display lower levels of 
branched N-glycans (mean MFI of 5.1 ± standard error of the mean 
[SEM] of 1.40; Figure 4A] compared with responders [27.3 ± 9.97]; 
Figure 4A). This result validates our immunohistochemistry observa-
tions, being in accordance with our previous evidences on the target-
specific effects of branched N-glycans in T cell-mediated immune 
response in UC.14,16 Moreover, we showed that patients exhibiting 
low levels of branched N-glycans in the intestinal inflammatory 
infiltrate display lower expression levels of MGAT5 transcription 
[mean of 0.009 ± SEM of 0.003], compared with patients with high 
levels of branched N-glycans [0.024 ± 0.005] around time of diag-
nosis [Figure  4B], which is also in accordance with our previous 
observations.14,16

Taken together, these results showed that branched N-glycans are 
able to distinguish responders vs non-responders to standard ther-
apy at and adjacent to diagnosis, especially in the setting of patients 
with severe endoscopic disease and naïve to therapy.

3.3. Branched N-glycans in the intestinal lamina 
propria as an independent predictor of therapy 
response in UC patients
We next evaluated the association between the response to standard 
therapy and different clinicopathological features of UC patients, by 
performing univariate and multivariable analysis [Table  4]. From 
a total of 93 UC patients with high levels of branched N-glycans, 

Table 3. The predictive capacity of L-PHA [branched N-glycans] to distinguish patients who fail standard therapy from patients who respond, 
analysed only in patients with biopsy collected the closest to diagnosis [up to 5 months since diagnosis]. The sensitivity, specificity and 
positive [+PV] and negative predictive values [-PV] were calculated for all ulcerative colitis [UC] patients.

All UC patients N Responders  
N [%]

Non-responders 
N [%]

p-Value Sensitivity Specificity +PV -PV

High L-PHA 62 55[88.7] 7[11.3] 0.044 50% 76% 29% 89%
Low L-PHA 24 17[70.8] 7[29.2]
UC patients with severe endoscopic disease
High L-PHA 20 19[95.0] 1[5.0] 0.042 75% 83% 43% 95%
Low L-PHA 7 4[57.1] 3[42.9]

Table 2. The predictive capacity of L-PHA [branched N-glycans] and other clinical pathological parameters to distinguish patients who 
fail standard therapy from patients who respond. The sensitivity, specificity, and positive [+PV] and negative predictive values [-PV] were  
calculated for all ulcerative colitis [UC] patients and for only UC patients with severe endoscopic disease around time of diagnosis.

All UC patients Sensitivity Specificity +PV -PV

L-PHA levels 48% 75% 29% 87%
Mayo score 43% 75% 29% 85%
Clinical remission 78% 39% 22% 89%
Biochemical remission 76% 62% 36% 90%
UC patients with severe endoscopic disease
L-PHA levels 70% 80% 58% 87%
Clinical remission 100% 4% 29% 100%
Biochemical remission 90% 41% 47% 88%
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87.1% were responders to the standard therapy and 12.9% were 
non-responders. Additionally, from 38 UC patients with low levels 
of branched N-glycans, 71.1% were responders to the standard ther-
apy and 28.9% were non-responders. Univariate analysis showed 
that low levels of branched N-glycans around time of diagnosis 
increased 2.8 times the odds (95% CI = [1.09–6.95], P = 0.032) of 
UC patients failing standard therapy, and thus needing to step-up 
to biologics, comparing with patients with high levels of branched 
N-glycans [Table  4]. In addition, UC male patients (OR  =  2.65 
[1.01–6.96], p = 0.048; Table 4) and those with high levels of CRP 
around time of diagnosis (OR = 5.26 [1.74–6.64], p = 0.003; Table 4) 
are more prone to fail the response to standard therapy, compared 

with females and low levels of CRP, respectively. Moreover, UC 
patientswho were under other therapies, rather than 5-ASA, at the 
time of biopsy collection (median of months of therapy after diag-
nosis of 7.2, IQR [3.6–16.2]) are more prone to step-up to biologics 
(OR = 6.22 [1.76–21.98], p = 0.016; Table 4). Interestingly, in UC 
patients with severe endoscopic disease [MayoE  3], the branched 
N-glycans appear as the only parameter that influences the response 
to standard therapy, in which patients displaying low levels of 
branched N-glycans (58.3% [7/12] exhibit 9.33 higher odds of non-
response to standard therapy compared with patients showing high 
levels of branched N-glycans 13.0% [3/23]; 95% CI = [1.76–49.6], 
p = 0.009; Table 4).
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Figure 3. The expression levels of branched N-glycans in responder and non-responder ulcerative colitis [UC] patients [to standard therapy], who were naïve to 
therapy, vs those who were under therapy around the time of diagnosis.

Table  4. Predictive capacity of the branched N-glycans and other clinicopathological parameters in relationship with non-response to 
standard therapy in all ulcerative colitis [UC] patients and in only those displaying a severe endoscopic UC disease around time of diagno-
sis. The predictive capacity was assessed by univariate and multivariate analysis. 

All UC patients UC patients with severe endoscopic disease

N Responders 
N [%]

Non- 
responders 
N [%]

OR [95% CI] p-Value N Responders 
N [%]

Non- 
responders 
N [%]

OR [95% CI] p-Value

L-PHA levels >25%a 93 81 [87.1] 12 [12.9] 1 23 20 [87.0] 3 [13.0] 1
0–25% 38 27 [71.1] 11 [28.9] 2.75 [1.09–6.95] 0.032 12 5 [41.7] 7 [58.3] 9.33 [1.76–49.6] 0.009

Age at diag-
nosis [years]

>36a 62 53 [85.5] 9 [14.5] 1 12 8 [66.7] 4 [33.3] 1
0–36 69 55 [79.7] 14 [20.3] 1.50 [0.60–3.76] 0.492 23 17 [73.9] 6 [26.1] 0.70 [0.16–3.22] 0.652

Gender Fa 65 58 [89.2] 7 [10.8] 1 11 8 [72.7] 3 [27.3] 1
M 66 50 [75.8] 16 [24.2] 2.65 [1.01–6.96] 0.048 24 17 [70.8] 7 [29.2] 1.10 [0.22–5.40] 0.908

Mayo score 0–2a 89 76 [85.4] 13 [14.6] 1 - - - -
3 35 25 [71.4] 10 [28.6] 2.34 [0.91–5.99] 0.077 - - - - -

Clinical 
remission

Yesa 46 40 [88.9] 5 [11.1] 1 1 1 [100] 0 [0.0] 1
No 81 63 [77.8] 18 [22.2] 2.29 [0.79–6.64] 0.129 34 24 [70.6] 10 [29.4] 6x10^8 [0.00] 1.000

Biochemical 
remission

Yesa 51 46 [90.2] 5 [9.8] 1 8 7 [87.5] 1 [12.5] 1
No 44 28 [63.6] 16 [36.4] 5.26 

[1.74–15.93]
0.003 19 10 [52.6] 9 [47.4] 6.30 [0.64–61.63] 0.114

Therapy None/naivea 63 56 [88.9] 7 [11.1] 1 21 18 [85.7] 3 [14.3] 1
5-ASA 52 43 [82.7] 9 [17.3] 1.67 [0.58–4.86] 8 4 [50.0] 4 [50.0] 6.00 [0.95–38.08]
Other therapies 16 9 [56.3] 7 [43.8] 6.22 

[1.76–21.98]
0.016 6 3 [50.0] 3 [50.0] 6.00 [0.80–44.95] 0.093

Multivariate 
analysis—stepwise

OR [95% CI] p-Value OR [95% CI] p-Value

L-PHA levels - - 9.17 [1.24–68.0] 0.030
Biochemical 
remission

4.76 
[1.46–13.60]

0.009 11.53 
[0.87–152.95]

0.064

OR, odds ratio; CI, confidence interval; F, female; M, male; 5-ASA, 5-aminosalicylate.
aReference variable.
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Importantly, the multivariable analysis revealed that CRP lev-
els (in which low levels indicate biochemical remission; OR = 4.76 
[1.46–13.60], p  =  0.009) and the branched N-glycans (low lev-
els; OR = 9.17 [1.24–68.0], p = 0.030) are the only variables that 
appeared to predict the failure of standard therapy independently of 
the other clinical parameters [Table 4], in all UC patients and in UC 
patients with severe endoscopic disease, respectively.

In fact, univariate and multivariable analysis addressing which 
clinicopathological feature is associated with the branched N-glycans 
showed that response to therapy was the only variable independently 
associated with branched N-glycans levels when analysed in severe 
UC patients around time of diagnosis (OR  =  5.60 [1.02–30.90], 
p = 0.048; Supplementary Table 2, available as Supplementary data 
at ECCO-JCC online). The results showed that 80% [20/25] of 
UC patients with a severe endoscopic disease around time of diag-
nosis, with high levels of the branched N-glycans, will respond to 
standard therapy vs 70% [7/10] of the patients with low levels of 
branched glycans who will need to step-up to biologics [p = 0.015; 

Supplementary Table 2]. Also, in this subgroup of patients [MayoE 
3 patients], we verified that therapy vs no therapy is associated 
with lower levels of branched N-glycans [p = 0.014; Supplementary 
Table 2]. Multivariate analysis of all UC patients reveal as independ-
ent variables the response to therapy (non-response; 3.73 [1.14–
12.22], p  =  0.029] and the disease extension [proctitis/left-sided; 
0.32 [0.10–1.05], p = 0.059; Supplementary Table 2).

3.4. Combined use of branched N-glycans and 
CRP as early predictors of therapy response in UC 
patients
Taking into account that the branched N-glycans and CRP levels 
around time of diagnosis were the only independent predictors 
of failure to response to standard therapy, we have computed the 
predicted probabilities of the two molecular markers when used 
in combination [Figure 5 and Supplementary Table 3, available as 
Supplementary data at ECCO-JCC online]. Remarkably, patients 
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fresh colonic biopsies of UC patients [n = 7 responders vs n = 2 non-responders]. [B] MGAT5 mRNA expression levels on CD3+ T cells/LPL in relationship with 
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two groups.
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with low levels of branched N-glycans and high levels of CRP 
around time of diagnosis display 46.6% and 76.5% probability of 
failure of standard therapy [Supplementary Table  3] in all and in 
severe [MayoE 3] UC patients, respectively.

Accordingly, the ROC curve showed a powerful effect when 
using the computed predicted probabilities for both molecular 
markers together [Figure  5]. The overall accuracy of the extreme 
combinations of the branched N-glycans and CRP levels [high and 
low vs low and high, respectively] to stratify patients according to 
therapy response was determined [Table 5]. The combination of the 
two molecular parameters appears to fill the gap in the predictive 
power of each marker alone. The combination revealed high sen-
sitivity (69% [9/13] and 88% [7/8], Table 5]; and high specificity 
[80% [33/41] and 75% [3/4], Table 5). Low levels of the branched 
N-glycans together with high CRP are able to predict 53% [9/17; 
+PV] of UC patients who will exhibit failure of the standard therapy 
[Table 5], whereas high branched N-glycans with low CRP predicts 
89% [33/37; -PV] of patients who will respond to standard therapy. 
Interestingly, the +PV is improved (88% [7/8]) when analysed in 
severe patients [MayoE  3] around time of diagnosis compared to 
the +PV obtained for all MayoE subscores [53%; Table 5]. Taken 
together, the combination of the branched N-glycan and CRP levels 
revealed powerful prediction for stratifying patients around time of 
diagnosis.

3.5. Branched N-glycans around time of diagnosis 
are able to stratify patients as having a favourable 
vs non-favourable disease course
In order to test the association of the branched N-glycans as a pre-
dictor of disease course around time of diagnosis, we have refined 
our analysis by including only UC patients with at least 5  years 
of disease duration since diagnosis. The results showed that high 
branched N-glycan levels predicted 81% [42/52, -PV; Table  6] of 
the patients who will exhibit a favourable disease course, in which 
5-ASA was effective in controlling the disease. The sensitivity of the 

glycobiomarker to stratify patients with a non-favourable disease 
course [patients who step-up therapy to anti-TNF] increases from 
52% [11/21] to 70% [7/10] when evaluated in severe UC patients 
[MayoE 3 around time of diagnosis], among whom, 88% of the 
patients with low levels of branched N-glycans will step-up to anti-
TNF therapy [Table 6].

4. Discussion

In recent years, various therapeutic advances have been contribut-
ing to a paradigm shift in the clinical management of patients with 
IBD. This includes the TNF blockers, anti-adhesion molecules [such 
as α4β7 integrin blocker], cytokines inhibitors, and JAK inhibitors, 
among others.21,22 In this regard, there is an urgent need to identify 
reliable biomarkers able to predict therapy response and assist ther-
apy decision-making processes, particularly in the drug switching or 
swapping approaches, which will be fundamental to enable individu-
alised therapy. In this study, we propose a new glycobiomarker with 
predictive capacity, early in disease course, for the selection of UC 
patients who will fail to respond to standard therapy, being those 
potentially eligible for benefiting from other therapeutic strategies 
such as biologics.

We have previously identified a new molecular mechanism in 
UC pathogenesis, in which a deficiency of branched N-glycans in 
intestinal T cells was observed and correlated with disease sever-
ity14 and hyperimmune T cell response.16 The heterogeneous expres-
sion of branched N-glycans, observed in intestinal lymphocytic 
infiltrate among UC patients with different severity scores,14 raised 
the question of whether different levels of branched N-glycans on 
mucosal T cells could predict disease severity and therapy response 
early in disease course. Our results reveal that the levels of expres-
sion of branched N-glycans in intestinal inflammatory infiltrate 
[glycobiomarker] around time of diagnosis is able to predict non-
response to conventional therapy with a specificity of 75%. These 
results were further corroborated when assessing the impact of the 
branched N-glycans in predicting a favourable vs non-favourable 

Table 5. The sensitivity, specificity, and positive [+PV] and negative [-PV] predictive values of the two extreme combinations of L-PHA 
[branched N-glycans] and C-reactive protein [CRP] levels, in determining ulcerative colitis [UC] patients who will benefit from biologic 
therapies. The values were also calculated for only severe endoscopic UC patients around time of diagnosis.

All UC patients N Responders 
 N [%]

Non-responders 
N [%]

p-Value Sensitivity Specificity +PV -PV

High L-PHA + low CRP 37 33 [89.2] 4 [10.8] 0.002 69% 80% 53% 89%
Low L-PHA + high CRP 17 8 [47.1] 9 [52.9]
UC patients with severe endoscopic disease
High L-PHA + low CRP 4 3 [75.0] 1 [25.0] 0.067 88% 75% 88% 75%
Low L-PHA + high CRP 8 1 [12.5] 7 [87.5]

Table 6. The predicted value of branched N-glycans in relationship with ulcerative colitis [UC] disease course [favourable disease course—
always under 5-ASA; non-favourable disease course—need biologics] in patients with more than 5 years of disease progression.

All UC patients N Only 5-ASA  
as therapy  
N [%]

Disease progression to 
the need for anti-TNF 
N [%]

p-Value Sensitivity Specificity +PV -PV

High L-PHA 52 42 [80.8] 10 [19.2] 0.011 52% 78% 48% 81%
Low L-PHA 23 12 [52.2] 11 [47.8]
UC patients with severe endoscopic disease
High L-PHA 14 11 [78.6] 3 [21.4] 0.006 70% 92% 88% 79%
Low L-PHA 8 1 [12.5] 7 [87.5]

5-ASA, 5-aminosalicylic acid; TNF, tumour necrosis factor; +PV, positive predictive value; -PV, negative predictive value.
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disease course, confirming a similar overall accuracy of the branched 
N-glycans as predictor of disease course, with a higher sensitiv-
ity [70%] and specificity [92%] when analysed in the subgroup 
of patients displaying a severe endoscopic disease at diagnosis 
[MayoE 3]. These observations suggest that low levels of branched 
N-glycans in severe UC patients around time of diagnosis can poten-
tially be used in the prediction of patients who will fail the standard 
therapy, and thus may benefit from early biologics therapy.

The predictive ability of the branched N-glycans in discriminat-
ing responders vs non-responders to standard therapy around time 
of diagnosis appears to exhibit the best performance when analysed 
in treatment-naïve patients or those with suspended therapy, as 
well as in patients with severe endoscopic disease at diagnosis. In 
fact, we showed that the type of therapy around time of diagnosis 
might influence the levels of branched N-glycans, which is in line 
with previous reports.23 Nevertheless, our results demonstrate that 
the determination of branched N-glycans around time of diagnosis 
is able to predict patients who will not respond to standard therapy 
independently of any other clinical parameter.

These observations are in accordance with our previous mecha-
nistic evidences showing that low levels of branched N-glycans in 
intestinal T cells from UC patients are associated with T cell hyper-
activity and with disease severity,16 and that MGAT5 gene is down-
regulated in UC patients. In accordance, we also showed that patients 
with low levels of branched N-glycans around time of diagnosis dis-
played low levels of MGAT5 mRNA expression specifically in lamina 
propria lymphocytes.14,16 Deficiency in MGAT5 gene was associated 
with a decreased threshold of T cell activation due to an increase of 
TCR clustering.24,25 Preliminary evidences from our group have fur-
ther identified an association between MGAT5 polymorphisms and 
UC severity.26 Taken together, UC patients exhibiting low levels of 
branched N-glycans around time of diagnosis, due to a deficiency in 
MGAT5 glycogene in mucosal T lymphocytes, exhibit a dysfunctional 
capacity in controlling the threshold of T cell activation, imposing 
thereby a preferential effector T cell-mediated immune response at 
the level of intestinal mucosa.16 This mechanistic impact may, conse-
quently, underlie the inability to respond to standard therapy.

CRP is a non-invasive biomarker commonly used in clinical 
practice as predictor of inflammation.27 The sensitivity of CRP is 
high; however, the specificity is far from being the ideal, since it 
detects general inflammation associated with causes other than IBD 
inflammation, thus not reflecting specifically the endoscopic inflam-
mation.27 Moreover, only 50% of UC patients with active disease 
present high levels of CRP.28 Our study showed that levels of CRP 
around time of diagnosis can predict the failure of standard therapy 
with high sensitivity, but the specificity was far from acceptable as a 
reliable predictor. Importantly, our results showed that the combina-
tion of CRP [high sensitivity] with the branched N-glycans [high 
specificity] revealed a significant increase in overall accuracy in the 
prediction of patients who would fail standard therapy. Patients with 
low branched N-glycans and high CRP around time of diagnosis are 
the ones that may benefit from an early aggressive therapy and a 
swapping approach. These results contribute to fulfilling an urgent 
need for the identification of patients who will benefit from biologic 
agents early in disease course, as this therapeutic decision will cer-
tainly avoid patient suffering, high costs due to hospitalisations, and 
unnecessary surgeries, further improving patients’ quality of life. 
The combined use of these two molecular biomarkers [branched 
N-glycans and CRP] constitutes a powerful tool in the therapy deci-
sion-making process, which will improve prognostic accuracy in the 
clinical management of UC patients.

The prognostic implications of this glycobiomarker in the ther-
apy-decision making process and in disease course need to be rep-
licated in larger and multicentric cohorts, aiming to validate both 
retrospectively and, importantly, prospectively the prognostic power 
of this glycobiomarker in UC therapy decisions. Moreover, the pre-
dictive ability of the branched N-glycans in terms of response to 
biologics is also worth exploring. Importantly from the clinical prac-
tice standpoint, the overall accuracy of the branched N-glycans to 
distinguish patients’ prognosis could be potentiated with a quantita-
tive detection method.

Taken together, we herein propose a novel biomarker based in 
glycans—a glycobiomarker—that is able to stratify patients, early in 
the disease course, according to their therapeutic outcomes, showing 
a promising predictive ability as a valuable prognostic tool to be 
included in the therapeutic algorithm of IBD.
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Supplementary data 1 

Supplementary Figure 1 2 

 3 

Supplementary Figure 1_ Receiver-operator characteristic (ROC) curves plotted for Mayo 4 

endoscopic (MayoE) subscore in the prediction of the UC patients who do not respond to 5 

standard therapy. The arrow indicate the cut-offs that best discriminate patients who respond 6 

to standard therapy from those that need biologic therapies. 7 

 8 



Supplementary Table 1 9 

Supplementary Table 1_ Comparison of the expression levels of the branching N-glycans of 10 

colonic biopsies from UC patients at diagnosis (median months after diagnosis IQR 0.0 [0.0-11 

0.1]) and adjacent to diagnosis (median IQR 13 [8.5-23.9]). 12 

  

N 

<5% L-PHA 
expression levels 

N(%) 

5-25% L-PHA 
expression levels 

N(%) 

>25% L-PHA 
expression levels 

N(%) p value 

At diagnosis 86 9(10.5) 15(17.4) 62(72.1) 

0.790 Adjacent to 
diagnosis 

45 4(8.9) 10(22.2) 31(68.9) 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 



Supplementary Table 2 27 

Supplementary Table 2_ Association between branched N-glycans and other 28 

clinicopathological parameters. 29 

 
 All UC patients 

UC patients with severe 
endoscopic disease 

  
  

N 
LPHA High 

N(%) 
L-PHA Low 

N(%) 
p 

value 
N 

LPHA High 
N(%) 

L-PHA Low 
N(%) 

p 
value 

Age at 
diagnosis 

>36 62 43(69.4) 19(30.6)   12 7(58.3) 5(41.7)  

0-36 69 50(72.5) 19(27.5) 0.695 23 16(69.6) 7(30.4) 0.506 
 

 
        

 

Gender  
F 65 48(73.8) 17(26.2)   11 9(81.8) 2(18.2)  

M 66 45(68.2) 21(31.8) 0.564 24 14(58.3) 10(41.7) 0.259 
 

 
        

 

Disease 
extension 

Proctitis/ left-
sided* 

88 59(67.0) 29(33.0) 
  

22 14(63.6) 8(36.4) 
 

Pancolitis 43 34(79.1) 9(20.9) 0.218 13 9(69.2) 4(30.8) 1.000 
 

 
        

 

MayoE score 
0-2 89 65(73.0) 24(27.0)   - - - - 

3 35 23(65.7) 12(34.3) 0.419 - - - - 
 

 
         

Clinical 
remission 

Yes 45 33(73.3) 12(26.7)   1 0(0.0) 1(100)  

No 81 56(69.1) 25(30.9) 0.686 34 23(67.6) 11(32.4) 0.343 
 

 
        

 

Biochemical 
remission 

Yes 51 37(72.5) 14(27.5)   8 4(40.0) 4(40.0)  

No 44 27(61.4) 17(38.6) 0.278 19 11(57.9) 8(42.1) 0.706 
 

 
        

 

Surgery 
No 127 90(70.9) 37(29.1)   33 21(63.6) 12(36.4)  

Yes 4 3(75.0) 1(25.0) 1.000 2 2(100) 0(0.0) 0.536 
 

 
        

 

Therapy 

No therapy/ 
Naive 

63 49(77.8) 14(22.2) 
  

21 17(81.0) 4(19.0) 
 

5-ASA 52 36(69.2) 16(30.8)   8 5(62.5) 3(37.5)  

Other therapy 16 8(50.0) 8(50.0) 0.086 6 1(16.7) 5(83.3) 0.014 
 

 
        

 

Responder 
Yes* 108 81(75.0) 27(25.0)   25 20(80.0) 5(20.0)  

No 23 12(52.2) 11(47.8) 0.029 10 3(30.0) 7(70.0) 0.015 

Multivariate analysis - Stepwise   
OR [95% IC] 

p 
value   

  
OR [95% IC] 

p 
value 

Disease 
Extension 

  0.32 [0.10-1.05] 
0.059 

 - 
- 

Responder 

  3.73 [1.14-12.22] 
0.029 

 5.60 [1.02-30.90] 
0.048 

 30 

 31 



Supplementary Table 3 32 

Supplementary Table 3_ Computed predictive probabilities of non-response to standard 33 

therapy using both branched N-glycans and C-reactive protein (CRP) levels. Highlighted in blue 34 

are the extreme predicted probabilities. 35 

   L-PHA expression levels 

All UC patients 
N 

High              
%(N) 

Low                 
%(N) 

CRP levels 
Low 51 7.9(37) 14.9(14) 

High 41 30.0(25) 46.6(16) 

UC patients with severe endoscopic disease   

CRP levels 
Low 8 7.9(4) 22.0(4) 

High 19 26.2(11) 76.5(8) 

 36 

 37 



82 
 

  



83 
 

 

 

Chapter III 

 

  



84 
 

 



D
ow

nloaded
from

https://journals.lw
w
.com

/ctg
by

BhD
M
f5ePH

Kav1zEoum
1tQ

fN
4a+kJLhEZgbsIH

o4XM
i0hC

yw
C
X1AW

nYQ
p/IlQ

rH
D
3rL6M

iO
W
0w

/O
fX1FLM

JG
Ir9ylZ951G

R
YsExc4U

j45Eb0=
on

04/25/2020

Downloadedfromhttps://journals.lww.com/ctgbyBhDMf5ePHKav1zEoum1tQfN4a+kJLhEZgbsIHo4XMi0hCywCX1AWnYQp/IlQrHD3rL6MiOW0w/OfX1FLMJGIr9ylZ951GRYsExc4Uj45Eb0=on04/25/2020

Genetic Variants of the MGAT5 Gene Are Functionally
Implicated in theModulation of T Cells Glycosylation and
Plasma IgG Glycome Composition in Ulcerative Colitis
Márcia S. Pereira, MSc1,2, Cecília Durães, PhD1, Telmo A. Catarino, MSc1, José L. Costa, PhD1,3, Isabelle Cleynen, PhD4,
Mislav Novokmet, PhD5, Jasminka Krištić, PhD5, Jerko Štambuk, PhD5, Nádia Conceição-Neto, PhD6, José C. Machado, PhD1,3,
RicardoMarcos-Pinto,MD,PhD2,7, FernandoMagro,MD, PhD8, Séverine Vermeire,MD, PhD9, Gordan Lauc, PhD5, Paula Lago,MD7 and
Salomé S. Pinho, DVM, PhD1,3

OBJECTIVES: The impact of genetic variants (single nucleotide polymorphisms [SNPs]) in the clinical heterogeneity

of ulcerative colitis (UC) remains unclear. We showed that patients with UC exhibit a deficiency in

MGAT5 glycogene transcription in intestinal T cells associated with a hyperimmune response. Herein,

we evaluated whetherMGAT5 SNPsmight functionally impact on T cells glycosylation and plasma IgG

glycome in patients with UC, as well as in UC clinical outcomes.

METHODS: Three selected MGAT5 SNPs (rs3814022, rs4953911, and rs1257220), previously associated with

severity of autoimmune disease or with plasma glycome composition in healthy individuals, were

functionally evaluated in patients with UC through analysis ofMGAT5mRNA levels in colonic (n5 14)

and circulating (n 5 24) T cells and through profiling the plasma IgG Fc glycosylation (n 5 152).

MGAT5 SNPs were genotyped in 931 patients with UC from 2 European cohorts and further associated

with patients’ prognosis. Targeted next-generation sequencing for MGAT5 coding and regulatory

regions was also performed.

RESULTS: MGAT5 SNPs were shown to be functionally associated with low transcription levels of MGAT5 in

colonic and circulating T cells frompatients withUC andwith agalactosylation of IgGs, often associated

with a proinflammatory phenotype. The SNPs rs3814022 and rs4953911were further associated with

the need of biologics. Next-generation sequencing data further revealed a combination ofMGAT5SNPs

that stratify patients with UC according to their severity.

DISCUSSION: Our results revealed thatMGAT5SNPs have a phenotypic impact on T cells glycosylation and in plasma

IgG glycome composition associated with UC pathogenesis. MGAT5 SNPs display a tendency in the

association with a worse disease course in patients with UC.

SUPPLEMENTARY MATERIAL accompanies this paper at: http://links.lww.com/CTG/A267, http://links.lww.com/CTG/A268, http://links.lww.com/CTG/A269, http://

links.lww.com/CTG/A270, http://links.lww.com/CTG/A271, http://links.lww.com/CTG/A272, http://links.lww.com/CTG/A273, http://links.lww.com/CTG/A274, http://

links.lww.com/CTG/A275, http://links.lww.com/CTG/A276, http://links.lww.com/CTG/A277, http://links.lww.com/CTG/A278

Clinical and Translational Gastroenterology 2020;11:e00166. https://doi.org/10.14309/ctg.0000000000000166

INTRODUCTION
Inflammatory bowel disease (IBD), which includes ulcerative
colitis (UC) andCrohn’s disease (CD), is amultifactorial disorder
in which genetically susceptible individuals develop an

exacerbated immune response in the gut (1). The heterogeneity of
IBD in terms of disease course, severity and therapeutic out-
comes, highlights the urgent need in the clinics to identify reliable
biomarkers that could help in patients’ stratification, enabling
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a personalized medicine through optimized preventive and
therapeutic strategies. Genome-wide association studies have
revolutionized our understanding of complex diseases. In fact,
susceptibility to IBD is unequivocally a complex genetic trait with
around 240 distinct genetic risk loci identified so far (2), most of
them is associated with both CD and UC, whereas 54 are CD
specific and 31 are UC specific. These loci are enriched in genes
related with the immune system and the predisposition for
host–microbiome interactions. The disease course and response
to therapy are, however, less clearly defined by genetic factors
(3,4), which remain as a major challenge for IBD research and
clinical practice. Associations with some clinical features such as
age at onset and disease location (NOD2,MST1 3p21, and major
histocompatibility complex [MHC]) (5), need for surgery
(NOD2) (6), and nonresponse to therapy (major histocompati-
bility complex andMDR1) (7–9) were shown. Curiously, most of
the IBD risk single nucleotide polymorphisms (SNPs) are located
in the noncoding regions, which make up 98% of the DNA
(10–13). This highlights the importance of these noncoding
regions in IBD immunopathogenesis, which is supported by the
fact that those SNPs may be in linkage disequilibrium with rele-
vant coding variants, something especially true in theHLA region
on Chromosome 6 as shown for HLA variants (10,14). In fact,
IBD-associated risk SNPs were shown to be located in regulatory
regions of immune and epithelial cells (15) and to be enriched in
activated DNA regulatory elements such as enhancers and pro-
moters, in active disease (16).

Glycosylation is considered a pleotropic event in which the
addition of glycans to proteins and lipids is essential for the
regulation of both innate and adaptive immune responses
(17–20). In humoral response, N-glycosylation of the conserved
fraction (Fc) of immunoglobulin G (IgG) is known to regulate
the effector functions of the Igs by modulating the binding
affinity to FcgRs, instructing either a proinflammatory or an
antiinflammatory response (21,22). In fact, alterations on IgG
N-glycosylation were shown to predict the onset of immune-
mediated diseases such as rheumatoid arthritis (23) and were
recently associated with IBD clinical features (24–27). The role of
protein glycosylation in the immunopathogenesis of chronic in-
flammatory gastrointestinal diseases, such as IBD, has been well-
documented (28). In particular, the b-1,6 GlcNAc branched
N-glycans (catalyzed by the N-acetylglucosaminyltransferase
[GnT]-V enzyme that is encoded by MGAT5) were demon-
strated to act as a critical determinant for T-cell function and
activity (17) in major diseases such as multiple sclerosis (MS)
(29–31) and type-I diabetes (32). In the context of gut immunity,
we demonstrated that patients with UC display a deficiency on
these branchedN-glycans at the surface of intestinal T cells owing
to a significant downregulation of the MGAT5 glycogene (33),
which encodes the GnT-V enzyme. This dysfunction inMGAT5/
GnT-V–mediated branched N-glycosylation was associated with
the hyperactivation of the T-cell–mediated immune response
because of its effects in the regulation of the threshold of T-cell
activation (34–36). We further showed that the levels of expres-
sion of branched N-glycans have prognostic applications by
predicting the failure to standard therapy in UC (37).

Despite the clinical and pathogenic role ofMGAT5-mediated
glycosylation in UC, the underlying cause for the deficiency of
MGAT5 glycogene expression associatedwith the pathogenesis of
UC remains unknown. Interestingly, genetic variants (poly-
morphisms) of MGAT5 glycogene were associated with other

immune-mediated disorders such asMS (38,39), which is amodel
for IBD understanding. Intronic variants of MGAT5 were sig-
nificantly associated with the clinical outcome of MS (38) and
with variations in the human plasma N-glycome composition of
healthy European adults (40).

In this study, we explored whether genetic variants ofMGAT5
gene are functionally correlated with the glycosylation alterations
on T cells and with changes in plasma glycome composition as-
sociated with UC pathogenesis and clinical outcomes of patients,
an issue that was never explored before.

METHODS
SNP genotyping

We have selected relevant MGAT5 genetic variants based on
previous associations with the severity of other immune-
mediated diseases (such as MS) and with plasma glycome varia-
tions. Through literature search terms “MGAT5”AND(“genetic”
or “polymorphisms” or “association study” or “autoimmune
disease”), we have selected 3 intronic MGAT5 SNPs: 2 SNPs
(rs3814022 and rs4953911) previously associated with severity to
MS (38,41) and 1 SNP (rs1257220) that was previously associated
with alterations in human plasma N-glycome in a healthy Eu-
ropean population (40). Genotyping of these 3 SNPs was per-
formed using TaqMan SNP genotyping assays (c__7480346_10
for rs1257220; c__2163491_10 for rs3814022; and
c__3258342_10 for rs4953911) and the ABI 7500 Fast real-time
PCR system (Applied Biosystems, CA).

Quantification of mRNA from CD31 T cells of the blood

and biopsy

CD31 T cells were isolated from 24 blood samples from patients
withUC (18with active disease—withMayo endoscopic subscore
. 0). A density gradient centrifugation (with Lymphoprep,
STEMCELL) was used to obtain a peripheral blood mononuclear
cells suspension, and CD31 cells were magnetically sorted using
the EasySep Human T Cell Enrichment Kit (STEMCELL) fol-
lowing the manufacturer’s instructions. CD31 T cells were also
isolated from 14 fresh colon biopsies (12 with active disease),
through mechanical dissociation (36) and posterior magnetically
sorted with EasySep Human T Cell Enrichment Kit
(STEMCELL).

RNAwas isolated usingRNAqueous-Mirco kit (Ambion), and
MGAT5 and GAPDH (used as reference genes) expression levels
were detected using the Hs00159136_m1 and Hs02758991_g1
probes, respectively, by TaqMan Real-time PCR as previously
described (33). The MGAT5 expression levels were evaluated in
patients who display different genetic variants of the SNPs
rs1257220, rs3814022, and rs4953911 and were normalized to
GAPDH housekeeping expression by delta-CT method, and the
results are shown as relative expression.

IgG glycosylation evaluation

IgG was isolated from a human plasma using affinity chroma-
tography coupled to mass spectrometry as described previously
(42). Briefly, 100 mL of plasma was loaded onto Protein G
monolithic plate (BIA Separations, Ljubljana, Slovenia) and
washed 3 times with 13 PBS. IgG was eluted using 0.1% formic
acid and immediately neutralized with 1 M ammonium bi-
carbonate. Isolated IgG was digested with trypsin, and glyco-
peptides were purified using solid phase extraction as described
previously (43) with slight changes. Approximately 20 mg of IgG
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was treated with 200 ng of trypsin (Promega, Fitchburg, WI) and
incubated overnight at 37°C. Tryptic digests were loaded onto
Chromabond C-18 stationary phase (Marcherey-Nagel, Düren,
Germany) and washed 3 times with 0.1% TFA. Glycopeptides
were eluted using 20%ACNand dried completely using a vacuum
centrifuge. IgG glycopeptides were analyzed using M-class
ACUITY UPLC system (Waters, Milford, MA) coupled to
Compact mass spectrometer (Bruker Daltonics, Bremen, Ger-
many). Dried glycopeptides were reconstituted in 80 mL of ul-
trapure water, and 5 mL were loaded onto Acclaim PepMap100
C8 (5 mm3 300mm i.d.) trap column (Thermo Fisher Scientific,
Waltham, MA) and washed for 1 minute with 0.1% TFA (solvent
A) at a flow rate of 40 mL/min. Subclass-specific glycopeptides
were separated on a Halo C18 nano-LC column (150 mm 3
75 mm i.d., 2.7 mm HALO fused core particles; Advanced
Materials Technology, Wilmington, DE) using a 3.5-minute
gradient at a flow rate of 1 mL/min from 18% to 28% solvent B
(80% ACN). Column temperature was maintained at 30°C. LC
was coupled to MS through CaptiveSpray (Bruker) ion source
equipped with NanoBooster (Bruker) using acetonitrile as
a dopant in nebulizing gas (nitrogen).Mass spectra were recorded
from m/z 800 to 2000 with 2 averages at a frequency of 0.5 Hz.
Quadrupole ion energy and collision energy of theMS were set at
5 eV. Argon was used as collision gas. M-class ACUITY UPLC
system was operated under MassLynx software version 4.1
(Waters), whereas Compact was controlled by HyStar software,
version 4.2 (Bruker). Obtained raw data were converted into
mzXML file format using ProteoWizard version 3 MSConvert
tool. Data were extracted with LacyTools version 1.0.1. Align-
ment Parameters: alignment time window—25; mass
window—0.1; signal-to-noise ratio—9; and alignment minimal
peak—5. Calibration Parameters: mass window—0.5; signal-to-
noise cutoff—9; and minimal peak number—3. Extraction
Parameters: sum spectrum resolution—33; mass window—0.2;
time window—25; minimum charge—2; and maximum
charge—3. Data extraction was performed separately for doubly
and triply charged species without subtraction. Absolute in-
tensities of doubly and triply charged species were manually
summed, and relative abundance of each of 20 glycoforms within
each IgG subclass was calculated. Determination of relative
abundance of agalactosylation, monogalactosylation, digalacto-
sylation, sialylation, bisecting GlcNAc, and fucosylation were
performed as stated in Table S1, Supplementary Digital Content
1, http://links.lww.com/CTG/A272.

UC cohort

This study comprises a Portuguese discovery cohort with 432
patients with UC from Centro Hospitalar e Universitário do
Porto/Hospital Santo António (CHUP/HSA) and Hospital São
João and a Belgian validation cohort with 499 patients with UC
from University Hospitals Leuven. In the discovery cohort,
patients were diagnosed with UC between 1968 and 2014, with
a median (interquartile range [IQR]) age at diagnosis of 35
(26–46) years and 55.8% female patients. Patients from the vali-
dation cohort were diagnosed between 1957 and 2012 with
a median (IQR) age at diagnosis of 33 (24–43) years and 43.8%
female patients. Family history of disease includes patients with at
least one first-degree relative with IBD. All clinical information
(need for colectomy and biologics) from both cohorts was col-
lected through the hospital-based electronic medical record sys-
tem and is provided in Table S2, Supplementary Digital Content

2, http://links.lww.com/CTG/A273. Patients were classified as
having worse prognosis when there was the need to step up to
biologics within 2 years after diagnosis (a time in disease course
that was consider to be an early introduction of more aggressive
therapy owing to a more severe disease (44,45)), whereas those
who did not need biologics or only stepped up to biologics after
this period were considered as having a better prognosis. For next-
generation sequencing (NGS), patients who only received 5-ASA
or corticosteroid therapy (without experiencing neither re-
sistance, who did not respond within 1month of oral or 1 week of
intravenous corticosteroid therapy, nor dependency, who initially
responded but were unable to maintain control of symptoms
without corticosteroids andneeded lowdoses to remain symptom
free (46,47)) were classified as having low disease severity, whereas
a severe/complicated disease was defined when there was corti-
costeroid dependency, and/or corticosteroids resistance, and/or
nonresponders to immunosuppressors (classified as patients
keeping the activity and severity of disease despite optimal dose of
thiopurine/methotrexate), and/or with need for biologics and/or
need for colectomy. All participants gave informed consent about
all clinical procedures and research protocols were approved by
the ethics committee of the hospital.

Next-generation sequencing targeting the MGAT5 gene

Patients with UC were sequenced by NGS for all coding (in-
cluding few intronic nucleotides nearby the exons) and regulatory
regions of theMGAT5 gene, including a described promoter (48)
and the 39UTR. Primers used to amplify the mentioned regions
are presented in Table S3, Supplementary Digital Content 3,
http://links.lww.com/CTG/A274. NGS was performed in 31
patients with UC with a high genetic influence including 12 with
family history (first-degree relatives with IBD) and 19 with
a disease onset #18 years old (with a median [IQR] age at di-
agnosis of 15 [14–18] years), 8 patients withUCwith a low genetic
influence (without family history and with a late onset disease;
median age of 22 [19–32] years), and 6 healthy individuals.

Sample DNA was quantified using the Qubit 3.0 fluorometer
S/N 2321600945—Qubit dsDNA HS Assay kit P/N Q32851. Li-
braries were constructed according to Ion Xpress Plus Fragment
Library Kit protocol and pooled: each sample was ligated to
a unique barcode for sample identification and tracking. The
pooled libraries were processed on Ion Chef System and se-
quenced on an Ion 314 chip using the Ion PGM System. FASTQ
and/or BAM files were generated using the Torrent Suit plugin
FileExporter v5.Data from thePGMrunwere processed using the
Ion Torrent platform-specific pipeline software Torrent Suite v5
(Life Technologies) to generate sequence reads, trim adapter
sequences, filter and remove poor signal reads, and split the reads
according to the barcode. Reads assembly was performed by
default settingswith SeqManNGen v14 (DNAStar,Madison,WI)
using the FastQ files containing sequence reads, and the template
references were adjusted for the covered amplicons. SeqMan Pro
v14 (DNAStar) was used as postassembly analysis tool for the
analysis of overall amplicon coverage, individual base depth of
coverage, and variant identification.

Statistical analysis

Differences between MGAT5 mRNA levels of the different gen-
otypes were assessed with Dunn’s multiple comparison test or
Mann–Whitney test using GraphPad (7.0). For each genotype,
the outliers were identified and excluded. In addition, a linear
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logistic regression analysis for MGAT5 expression levels was
performed in SPSS (26), using dominant (at least 1 copy of the risk
allele), recessive (2 copies of the risk allele), or additive (pre-
senting 0, 1, or 2 copies of the risk allele) models (with the major
allele from each SNP as reference) as variables. The model was
also adjusted to disease activity based on Mayo endoscopic (E)
subscore at the time of sample collection (MayoE 5 0—inactive
and MayoE $ 1—active). A linear logistic regression was also
performed for IgG glycosylation, with dominant or recessive
models as variables together with age at the time of sample col-
lection and gender.

Association between the SNPs and the clinical parameters was
independently assessed using the SNPassoc package in R (3.5.1)
and considering additive, dominant, and recessive models. For
each model, an unconditional logistic regression was performed
adjusting for gender and age at diagnosis. Haplotype frequencies
were inferred using the haplo.stats package in R. Multiple testing
correction was performed using the false discovery rate (FDR)
method (49). Any SNP association resists to multiple correction;
thus, all the P values presented are uncorrected. Association of
haplotypes with clinical features was assessed for those with
a minimum haplotype frequency above 0.01 and using the most
frequent haplotype as reference. NGS data were clustered in SPSS
(25) using hierarchical clustering analysis to group patient with
UC according to the identified genetic variants (0, 1, or 2 rare
alleles), using the between-groups linkage method and the
squared Euclidean distance as distance measure.

RESULTS
MGAT5 genetic variants are associated with lower MGAT5
transcription in circulating T cells and impact on plasma IgG

glycome composition in patients with UC

Impact of MGAT5 genotypes on mRNA transcription levels of
colonic and circulating T cells from patients with UC. The de-
ficiency onMGAT5 transcription was previously associated with
T-cell hyperactivation andUCdisease severity (33,36).Moreover,
levels of MGAT5-mediated branched glycosylation on the in-
testinal inflammatory infiltrate predict the nonresponse to stan-
dard therapy (37). We analyzed whether specific genetic variants
of MGAT5 gene, known to be associated with severity of auto-
immune disease and with changes in glycome of healthy adults,
are functionally correlated with changes in MGAT5 mRNA
transcription on lamina propria and circulating T cells from
patients with UC. A logistic linear regression analysis was per-
formed and adjusted to MayoE subscore, and the results showed
that rs3814022 and rs4953911 are significantly associated with
lower mRNA levels of the MGAT5 glycogene both in situ (in
colonic CD31 T cells) and circulating CD31 T cells from
patients with UC (Table 1). The same result was observed in
circulating T cells without adjusting to disease activity (Figure 1).
No association was observed for SNP rs1257220. These results
show the influence of MGAT5 SNPs in MGAT5 expression of
T cells in patients with UC.

MGAT5 genetic variants influence plasma IgG Fc N-
glycosylation profile of patients with UC. We further analyzed
the functional implications of the different MGAT5 genetic var-
iants in IgG glycome composition of 152 patients with UC (see
Table S1, Supplementary Digital Content 1, http://links.lww.
com/CTG/A272, and Figure S1, Supplementary Digital Content
4, http://links.lww.com/CTG/A267). Interestingly, in linear

regression analysis, we found that rs3814022 and rs4953911 are
significantly correlated with lower levels of monogalactosylation
of the Fc domain of IgG2 and IgG3 (rs3814022 dominant model
[CG 1 GG vs CC], Beta 5 20.164, R2 5 0.044, P 5 0.044;
rs4953911 dominant model [AT 1 TT vs AA], Beta 5 20.184,
R2 5 0.051, P 5 0.024; Table 2). The SNP rs4953911 was also
found to be associated with agalactosylation of IgG1 (dominant
model [AT 1 TT vs AA], Beta 5 0.154, R2 5 0.194, P 5 0.040;
Table 1), which is in accordancewith the fact that agalactosylation
of IgG is often associated with a proinflammatory effector func-
tions of IgGs (50). In addition, rs4953911 is associated with
higher levels of fucosylation on IgG2 and IgG3 (recessive model
[TT vs AT1AA], Beta5 0.184; R25 0.015, P5 0.027; Table 2).
Similar to what we observed in relationship withMGAT5mRNA
levels, the SNP rs1257220 did not show any association with IgG
glycosylation profile in patients with UC.

Taken together, these observations demonstrate for the first
time a direct correlation between genetic variants in a specific
glycogene and its functional/phenotypic impact, through mod-
ulation of the glycosylation profile of key molecules involved in
UC pathogenesis, such as T cells (28,33,36) and plasma IgGs (24).

MGAT5 SNPs are associated with UC clinical and

therapeutic outcomes

To gain further insights on the clinical and prognostic relevance
of the 3 SNPs in UC clinical outcome, we have genotyped the 3
SNPs in a Portuguese discovery cohort and validated in a Belgium
validation cohort (see Table S2, SupplementaryDigital Content 2,
http://links.lww.com/CTG/A273).

In the discovery cohort, SNP rs3814022, which phenotypically
associateswith alterations in the glycosylation ofT cells andplasma
IgG glycome in patients with UC, seemed to be associated with the
need to stepup tobiologics (recessivemodel [GGvsCC1CG]:OR
5 2.27, P5 0.032, and log-additive model: OR5 1.53, P5 0.021;
Table 3 and see Table S4, Supplementary Digital Content 5, http://
links.lww.com/CTG/A275). This observation was, at least in-
directly validated in the Belgium cohort, as the same variant
(rs3814022 dominant model [CG1 GG vs CC], OR5 2.21, P5
0.027; Table 3 and see Table S4, Supplementary Digital Content 5,
http://links.lww.com/CTG/A275), together with rs4953911
(dominant model [AT1 TT vs AA]: OR5 2.51, P5 0.012; log-
additive: OR 5 1.84, P 5 0.022; Table 3 and see Table S4, Sup-
plementary Digital Content 5, http://links.lww.com/CTG/A275),
were associatedwith the need to step up therapy to biologics within
the first 2 years after diagnosis (defined as worse prognosis). The
combination of both cohorts suggest the association between
rs3814022 and the need of biologics (dominant model: G carriers,
OR5 1.36, P5 0.046; log-additive: OR5 1.31, P5 0.022; Table 3
and see Table S4, Supplementary Digital Content 5, http://links.
lww.com/CTG/A275) and rs4953911 with need to step up to bio-
logics within 2 years of disease (recessive model: TT, OR5 1.75, P
5 0.047). Once time—disease duration since diagnosis until the
clinical and therapeutic characterization—was added in as a vari-
able, the associations between rs3814022 and rs4953911 and the
need of biologics remains and follow the same tendency (see Table
S5, Supplementary Digital Content 6, http://links.lww.com/CTG/
A276).

Furthermore, rs1257220 SNP (not correlated with changes in
glycosylation) seemed to be associated with family history of IBD
in the discovery cohort (dominant model [GA1AA vs GG]: OR
5 4.2, P 5 0.022), further validated in the Belgium cohort
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(recessive model [AA vs GG 1 GA]: OR 5 3.59, P 5 0.021)
(Table 3 and see Table S4, Supplementary Digital Content 5,
http://links.lww.com/CTG/A275) and in the combination of both
cohorts (dominant model [GA 1 AA vs GG]: OR 5 2.13, P 5
0.025; recessive model [AA vs GG1GA]: OR5 2.13, P5 0.025;
log-additive model: OR 5 1.91, P 5 0.027). In the combined
cohort, rs1257220 was further associated with the need for
colectomy (dominant model [GA1 AA vs GG]: OR5 0.71, P5
0.037; Table 3 and see Table S4, SupplementaryDigital Content 5,
http://links.lww.com/CTG/A275).

The differences between the discovery and validation cohorts
might reflect the fact that Leuven IBD center should be a tertiary

referral center for IBD. The proportion of patients with extensive
disease (pancolitis) who needed biologics is higher compared
with Porto center hospital (see Table S2, Supplementary Digital
Content 2, http://links.lww.com/CTG/A273), which together
with heterogeneity among some clinical/therapeutic features
between both cohorts might contribute to explain the different
associations between the 2 cohorts.

Haplotypes were further inferred for each cohort and associ-
ated with the same clinical parameters, using as a reference the
most frequent haplotype—GCA (G for rs1257220; C for
rs3814022; and A for rs4963911; Table 4). Two haplotypes were
associated with clinical features: ACA haplotype (containing the

Table 1. Associations of the polymorphisms rs1257220, rs3814022, and rs4953911withMGAT5mRNA expression levels of circulating

(N 5 24) and lamina propria CD31 T cells (N 5 14) from patients with UC

Adjusted R square b B 95% IC P value

Circulating CD31 T cells

rs2257220 Dominant model
G/Ga vs A/G-A/A 20.029 20.236 20.131 20.375 to 0.113 0.277

Recessive model
G/G-A/Ga vs A/A 20.065 20.153 20.305 21.212 to 0.601 0.491
Additive model

Ga/A (0,1,2) 20.024 20.246 20.211 20.587 to 0.165 0.256

rs3814022 Dominant model
C/Ca vs C/G-G/G 0.147 20.475 20.278 20.517 to 20.038 0.025

Recessive model
C/C-C/Ga vs G/G 20.084 20.072 20.107 20.775 to 0.561 0.742
Additive model

Ca/G (0,1,2) 0.048 20.358 20.288 20.631 to 0.055 0.096

rs4953911 Dominant model
A/Aa vs T/A-T/T 0.158 20.477 20.289 20.531 to 20.048 0.021

Recessive model
A/A-T/Aa vs T/T 20.09 20.017 20.025 20.718 to 0.669 0.941

Additive model
Aa/T (0,1,2) 0.033 20.337 20.28 20.635 to 0.076 0.117

Colonic CD31 T cells

rs2257220 Dominant model
G/Ga vs A/G-A/A 0.216 20.24 20.003 20.011 to 0.004 0.354

Recessive model
G/G-A/Ga vs A/A 0.17 20.133 20.005 20.026 to 0.016 0.614
Additive model

Ga/A (0,1,2) 0.205 20.216 20.004 20.013 to 0.006 0.4

rs3814022 Dominant model
C/Ca vs C/G-G/G 0.648 20.608 20.009 20.015 to 20.003 0.006

Recessive model
C/C-C/Ga vs G/G 0.233 20.075 20.004 20.04 to 0.033 0.831
Additive model

Ca/G (0,1,2) 0.601 20.653 20.016 20.027 to 20.004 0.012

rs4953911 Dominant model
A/Aa vs T/A-T/T 0.648 20.608 20.009 20.015 to 20.003 0.006

Recessive model
A/A-T/Aa vs T/T 0.233 20.075 20.004 20.04 to 0.033 0.831

Additive model
Aa/T (0,1,2) 0.601 20.653 20.016 20.027 to 20.004 0.012

Logistic linear regression was performed for dominant, recessive, and additive models, and it was adjusted to disease activity (based on Mayo subscore; Mayo 0: inactive
and Mayo 1–3: active).
Bold-italic is to highlight the P values that are statistically significant.
CD, Crohn’s disease; CI, confidence interval; UC, ulcerative colitis.
aReference genotype.
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A risk allele rs1257220) with family history (validation cohort:
OR 5 2.39, P 5 0.021; combined study: OR 5 2.26, P 5 0.011;
Table 4) and need of biologics within 2 years (discovery cohort:

OR 5 2.81, P 5 0.023); and GGT haplotype with the need for
biologics (discovery cohort: OR 5 1.74 [1.03–2.94], P 5 0.037;
combined study: OR 5 1.47, P 5 0.023, Table 4). Taking into

Figure 1. MGAT5 mRNA expression levels on circulating CD31 T cells from 24 blood samples of patients with UC determined for the different genotypes of
rs1257220, rs3814022, and rs4953911. ThemRNA ofMGAT5 expression levels were normalized toGAPDH expression by delta-CTmethod, and the data are the
relativeexpression.GandTriskallelesof rs3814022andrs4953911showed lower levelsofMGAT5mRNAthanCandAalleles, respectively.Outliers ineachgenotype
were identifiedandexcluded.Dunn’smultiplecomparison testwasused todetermine thedifferencesofMGAT5mRNA levelsbetweengenotypesandMann–Whitney
test to assess differences in dominant and recessive models. P values, 0.05 were considered as significant. NS, not significant; UC, ulcerative colitis.
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consideration that patients carrying the GGT haplotype have
a higher chance to be refractory to the standard therapy than the
ones with the GCA haplotype, we can infer that the combination
of these 2 risk SNPs (rs3814022 (G) and rs4953911 (T)) is more
valuable and accurate in the prediction of the therapeutic out-
come than rs1257220 alone.

Altogether, these results suggest the clinical relevance of
MGAT5 genetic variants in UC clinical outcome and patients’
stratification. Nevertheless, none of the SNPs survived after
multiple testing correction (see Table S6, Supplementary Digital
Content 7, http://links.lww.com/CTG/A277). These results, even
if suggestive ofMGAT5 involvement in development of a severe/
complicated UC, require a bigger sample size to confirm the role
of this locus in UC disease course.

MGAT5 genetic variants from the 39UTR are able to cluster

patients with UC according to their disease severity

To further investigate other genetic variants on MGAT5 that
could be determining clinical outcomes of patients with UC, we
screened coding (including few intronic nucleotides nearby the
exons) and regulatory regions (including a described promoter
(48) and the 39UTR) of the gene. We selected patients with UC
with a high genetic influence—patients with family history (first-
degree relatives with IBD) and with age of IBD onset# 18 years
old, as well as UC patients with low genetic influence including
late-onset patients without family history and healthy
individuals.

Through targeted sequencing of all coding (including few
intronic nucleotides nearby the exons) and regulatory regions
(including a described promoter (48) and the 39UTR) of the
MGAT5 gene, we identified a total of 46 genetic alterations. These
included 1 deletion and 45 single nucleotide variants: 7 in the
promoter, 28 in the 39UTR, 9 in intronic regions, and 2 in exon
regions (see Figure S2-S3, SupplementaryDigital Content 8 and 9,
http://links.lww.com/CTG/A268, http://links.lww.com/CTG/
A269 and see Table S7, Supplementary Digital Content 10, http://
links.lww.com/CTG/A278). The 2 SNPs identified in exons 9
(rs34876684) and 16 (rs2230908) are synonymous variants.

Clustering of the individuals according to genetic variants
showed no discriminate pattern between healthy individuals and
patients with UC (see Figure S3, Supplementary Digital Content
9, http://links.lww.com/CTG/A269). The distribution of the
SNPs seems to be independent of the genetic burden of the patient

(see Figure S3, SupplementaryDigital Content 9, http://links.lww.
com/CTG/A269). Focusing only on patients with UC, one of the
main clusters (highlighted with a blue box; see Figure S4, Sup-
plementary Digital Content 11, http://links.lww.com/CTG/
A270) is completely (6 of 6) composed by patients with UC with
low/mild severe disease (always on 5-ASA or previous cortico-
steroid therapy). The same is observed when including only ge-
netic variants with a minor allele frequency $10% (Figure 2),
which are predominantly constituted by SNPs from the 39UTR
region and the above-explored intronic SNPs. Moreover, another
cluster (highlighted with an orange box; Figure 2 and see Figure
S4, Supplementary Digital Content 11, http://links.lww.com/
CTG/A270) was observed to be composed mainly by patients
withUCwith high severity/complicated disease. The specificity of
the cluster increases when considering only the most frequent
SNPs, from 68% (13/19; see Figure S4, Supplementary Digital
Content 11, http://links.lww.com/CTG/A270) to 80% (12/15;
Figure 2). Interestingly, the clustered groupwith patientswith low
severity is mainly composed by major alleles (rs3748900,
rs34497810, rs62170036, rs7841, rs3762484, rs3214771, and
rs1257198), including the 3 MGAT5 SNPs studied. The minor
allele (in homozygosity) of 6 SNPs located in the 39UTR
(rs2439568, rs626540, rs651970, rs681148, rs669740, and
rs636975; Figure 2) is also mainly present in patients developing
amild disease (Table 5). In addition, the logistic regressionmodel
shows that the minor allele from rs3214771 (intronic region be-
fore exon 8) and both studied risk alleles (rs3814022 (G) and
rs4953911 (T)) are statistically associated with high severity/
complicated UC (Table 5). Overall, these data support the iden-
tification of novel genetic variants, mainly in the regulatory
39UTR region of MGAT5, which stratify patients with UC in
accordance with disease severity.

DISCUSSION
The susceptibility to IBD is unequivocally a complex genetic trait;
however, the disease course, outcomes and response to therapy, is
less clearly influenced by genes (51,52). In this study, we have
identified a novel genetic risk locus that includes intronic SNPs in
the glycogene MGAT5 that are functionally correlated with gly-
cosylation alterations on T cells and plasma IgGs, both previously
shown to be implicated in the regulation of the immune response
in UC (33,36) and with clinical features in IBD (24), respectively.
These MGAT5 genetic variants, together with other SNPs from

Table 2. Associations of theMGAT5SNPs rs1257220, rs3814022, and rs4953911with IgG Fc glycosylation profile (only the statistically

significant associations are shown)

IgG subtype IgG glycosylation Adjusted R square b 95% CI P value

rs3814022

C/Ca vs C/G-G/G IgG2 and IgG3 Monogalactosylation 0.044 20.164 21.413 to 20.018 0.044

rs4953911

A/Aa vs T/A-T/T IgG1 Agalactosylation 0.194 0.154 0.082 to 3.328 0.040

A/Aa vs T/A-T/T IgG2 and IgG3 Monogalactosylation 0.051 20.184 21.522 to 0.110 0.024

A/A-T/Aa vs T/T IgG2 and IgG3 Fucosylation 0.015 0.184 0.111 to 1.839 0.027

Linear regression was adjusted to age and gender.
CI, confidence interval; IgG, Immunoglobulin G; SNP, single nucleotide polymorphism.
aReference genotype.
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Table 3. Associations between rs1257220, rs3814022, and rs4953911, which are significant for at least one of the clinical and therapeutic outcomes in patients with UC

Discovery cohort Validation cohort Combined cohort

Family history Need for biologics Family history Prognosis Family history Need for colectomy Need for biologics Prognosis

No
a
vs Yes No

a
vs Yes No

a
vs Yes Good

a
vs Bad No

a
vs Yes No

a
vs Yes No

a
vs Yes Good

a
vs Bad

OR 95% CI

P
value OR 95% CI

P
value OR 95% CI

P
value OR 95% CI

P
value OR 95% CI

P
value OR 95% CI

P
value OR 95% CI

P
value OR 95% CI

P
value

rs1257220

Dominant

G/G 1.00 0.022 1.00 0.921 1.00 0.284 1.00 0.846 1.00 0.025 1.00 0.037 1.00 0.915 1.00 0.675

A/G-A/A 4.02 1.09–14.86 0.97 0.58–1.64 1.57 0.69–3.60 0.93 0.46–1.87 2.13 1.09–4.19 0.71 0.51–0.98 1.02 0.75–1.38 1.12 0.65–1.93

Recessive

G/G-A/G 1.00 0.534 1.00 0.466 1.00 0.021 1.00 0.368 1.00 0.019 1.00 0.447 1.00 0.102 1.00 0.996

A/A 1.69 0.35–8.12 1.41 0.57–3.47 3.59 1.33–9.69 0.54 0.12–2.33 2.92 1.29–6.63 0.80 0.43–1.45 1.54 0.93–2.55 1.00 0.38–2.59

Log-additive

Ga/A

(0,1,2)

2.16 1.00–4.67 0.053 1.05 0.70–1.58 0.813 1.76 1.00–3.10 0.056 0.87 0.51–1.48 0.599 1.92 1.22–3.01 0.006 0.78 0.60–1.01 0.052 1.10 0.87–1.39 0.419 1.07 0.71–1.61 0.751

rs3814022

Dominant

C/C 1.00 0.156 1.00 0.082 1.00 0.605 1.00 0.027 1.00 0.182 1.00 0.980 1.00 0.046 1.00 0.063

C/G-G/G 2.27 0.70–7.42 1.59 0.94–2.70 1.25 0.54–2.91 2.21 1.08–4.52 1.57 0.80–3.07 1.00 0.72–1.38 1.36 1.01–1.85 1.68 0.97–2.90

Recessive

C/C-C/G 1.00 0.663 1.00 0.032 1.00 0.061 1.00 0.663 1.00 0.430 1.00 0.554 1.00 0.090 1.00 0.674

G/G 1.43 0.31–6.65 2.27 1.11–4.67 0.00 0.00 1.33 0.38–4.63 0.58 0.14–2.48 0.84 0.46–1.53 1.56 0.94–2.59 0.80 0.28–2.29

Log-additive

Ca/G

(0,1,2)

1.62 0.76–3.48 0.221 1.56 1.07–2.27 0.021 0.95 0.48–1.88 0.880 1.67 0.99–2.80 0.057 1.19 0.73–1.95 0.486 0.97 0.75–1.24 0.784 1.31 1.04–1.65 0.022 1.29 0.87–1.93 0.215

rs4953911

Dominant

A/A 1.00 0.352 1.00 0.219 1.00 0.834 1.00 0.012 1.00 0.475 1.00 0.670 1.00 0.141 1.00 0.047

T/A-T/T 1.72 0.53–5.63 1.40 0.81–2.41 1.09 0.47–2.55 2.51 1.20–5.27 1.28 0.65–2.50 1.07 0.77–1.49 1.26 0.93–1.71 1.75 1.00–3.08

Recessive

A/A-T/A 1.00 0.818 1.00 0.059 1.00 0.048 1.00 0.392 1.00 0.289 1.00 0.697 1.00 0.106 1.00 0.793

T/T 1.20 0.26–5.58 1.99 1.00–3.97 0.00 0.00 1.66 0.55–5.04 0.49 0.12–2.09 0.90 0.51–1.56 1.49 0.93–2.41 0.88 0.34–2.28

Log-additive

Aa/T

(0,1,2)

1.36 0.63–2.98 0.438 1.42 0.97–2.09 0.065 0.85 0.43–1.70 0.650 1.84 1.10–3.07 0.022 1.02 0.62–1.69 0.927 1.02 0.80–1.30 0.884 1.24 0.99–1.57 0.063 1.32 0.89–1.97 0.173

Highlighted in bold are the statistically significant associations.
CI, confidence interval; OR, odds ratio; UC, ulcerative colitis.
aReference category.
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regulatory regions of the gene, also display the potential to stratify
patients with UC according to their likelihood of developing
a severe/complicated disease. However, further confirmation in
a bigger sample size and in a more recent cohort, avoiding pos-
sible historical bias of biologic management, is needed.

Glycosylation is fundamental for the fine-tuning of the im-
mune system in general (18,53) and specifically in IBD
(17,19,33,36,54). Genetic variants of specific glycogenes such as
MGAT1 andMGAT5 were already correlated with susceptibility
and severity of other immune-mediated diseases such as MS
(31,38,39). Previous evidences from us have pinpointed the
MGAT5/GnT-V–mediated branched N-glycosylation in the
immunopathogenesis of UC. A deficiency in MGAT5 gene was
observed inmucosal T cells from patients withUC and associated
with hyperactivation of immune response and disease severity
(33,36). However, the genetic cause underlying this altered
transcription of MGAT5 glycogene associated with UC patho-
genesis remained to be explored.

The observed functional impact of the SNPs on reduced ex-
pression levels ofMGAT5 transcription on in situ (colonic T cells)
and circulating T cells frompatients withUC constitutes a genetic
explanation for the deficiency on branched N-glycans on T cells

associated with a hyperimmune T-cell response (34,36). This is
also in accordance with our previous observations in which low
levels of MGAT5-mediated branched N-glycans on the in-
flammatory infiltrate of colonic biopsies from patients with UC
predict the failure to standard therapy and thus the need of bio-
logics (37).

The studied MGAT5 SNPs are localized in a putative regula-
tory region because of the presence of histone and DNAse
markers (55,56) (see Figure S5, Supplementary Digital Content
12, http://links.lww.com/CTG/A271), which suggest a putative
function as an enhancer, although this needs to be further ex-
plored. Interestingly, a recent study identified regulatorymodules
that drive IBD associations for some risk loci and listed 3 regu-
latory models that operate specifically in MGAT5 and in T cells
and monocytes (57), highlighting the importance of MGAT5 in
IBD pathogenesis.

The functional relevance ofMGAT5 genetic variants in UC is
also demonstrated here through its impact on IgG glycome
composition. In fact, the increased production of proin-
flammatory IgGs in IBD is a reflection of the increased number of
plasma cells in the intestinal lamina propria (58–60), which can
be activated in a T-cell–dependentmanner. The glycans profile of

Table 4. Associations between the haplotypes and the clinical parameters, with themost frequent haplotype, the GCA (G for rs1257220; C

for rs3814022; and A for rs4963911), used as reference for the associations

Family history Need for colectomy Need biologics Prognosis

Noa vs Yes Noa vs Yes Noa vs Yes Gooda vs Bad

Freq OR 95% CI

P
value Freq OR 95% CI

P
value Freq OR 95% CI

P
value Freq OR 95% CI

P
value

Discovery

cohort

GCAa 0.511 1.00 0.510 1.00 0.513 1.00 0.5113 1.00

ACA 0.126 1.89 0.49–7.34 0.357 0.128 0.38 0.09–1.61 0.188 0.126 1.04 0.55–1.97 0.910 0.128 2.81 1.15–6.87 0.023

AGT 0.152 2.35 0.92–6.05 0.076 0.154 1.27 0.58–2.77 0.547 0.152 1.26 0.72–2.19 0.416 0.152 1.36 0.82–2.24 0.235

GCT 0.043 0.00 — — 0.044 1.52 0.44–5.27 0.511 0.045 0.50 0.13–1.88 0.308 0.045 0.70 0.26–1.89 0.484

GGT 0.162 1.20 0.29–4.97 0.800 0.157 1.06 0.47–2.40 0.881 0.158 1.74 1.03–2.94 0.037 0.158 1.92 0.69–5.32 0.211

Validation

cohort

GCAa 0.575 1.00 0.577 1.00 0.577 1.00 0.577 1.00

ACA 0.136 2.39 1.14–5.00 0.021 0.135 0.86 0.57–1.28 0.449 0.134 1.25 0.85–1.85 0.258 0.136 0.85 0.36–2.02 0.711

AGT 0.122 1.07 0.26–4.39 0.926 0.123 0.83 0.52–1.32 0.427 0.124 1.36 0.87–2.12 0.177 0.125 1.43 0.67–3.07 0.356

GCT 0.023 0.00 — — 0.023 2.33 0.92–5.90 0.075 0.022 1.51 0.57–3.97 0.404 0.023 2.58 0.66–10.14 0.175

GGT 0.135 1.44 0.47–4.38 0.524 0.133 1.27 0.82–1.96 0.286 0.133 1.48 0.95–2.31 0.084 0.130 2.11 1.05–4.24 0.037

Combined

cohort

GCAa 0.546 1.00 0.546 1.00 0.546 1.00 0.546 1.00

ACA 0.131 2.26 1.21–4.23 0.011 0.131 0.76 0.52–1.12 0.166 0.131 1.17 0.84–1.62 0.357 0.131 1.39 0.78–2.47 0.259

AGT 0.136 1.71 0.85–3.44 0.136 0.138 0.80 0.55–1.17 0.255 0.137 1.20 0.85–1.67 0.296 0.137 1.11 0.58–2.12 0.755

GCT 0.032 0.00 — — 0.032 1.23 0.65–2.34 0.528 0.033 0.78 0.39–1.57 0.487 0.033 1.33 0.45–4.00 0.606

GGT 0.147 1.31 0.56–3.04 0.534 0.144 1.05 0.73–1.49 0.808 0.145 1.47 1.06–2.04 0.023 0.144 1.79 1.01–3.17 0.045

The statistically significant associations are highlighted in bold.
CI, confidence interval; OR, odds ratio.
aReference category.
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the effector region of IgG (Fc domain) dictates its anti- or
proinflammatory phenotype (22) through regulating the binding
affinity to Fcg receptors. Our results demonstrated for the first
time that genetic variants ofMGAT5 (particularly rs3814022 and
rs4953911) are correlated with alterations in plasma IgG glycome
composition. A general increase of agalactosylation of IgG Fc was
observed, which match with a proinflammatory glycoprofile of
IgGs. In fact, the loss of terminal galactose (agalactosylation) on
IgG was shown to enhance antibody-dependent phagocytosis
(ADCC) (61) and has been seen in the circulation in patients with
systemic lupus erythematosus (57, 58) and in patients suffering
from rheumatoid arthritis years preceding disease onset (23).
Moreover, this IgG agalactosylation profile was found to be dif-
ferent when comparing patients with IBD and healthy controls
being associated with clinical severity of the disease (24–27,54).

Taken together, our results revealed a novel genetic cause that
explains the changes in protein glycosylation on key players in
IBD immunopathogenesis, such as T cells and plasma IgGs.
MGAT5 appears to be a common genetic factor that simulta-
neously regulates the function and activity of both humoral and
adaptive components involved in IBD development through
glycosylation modifications. We can here speculate that the role
ofMGAT5 genetic variants on the regulation of IgG glycosylation
profile might occur through a T-cell–dependent mechanism that
needs to be further clarified. Under inflammatory conditions, T-
cell hyperactivation (triggered by a deficiency on MGAT5-me-
diated branched glycosylation) may instruct B cells to produce
proinflammatory agalactosylated IgGs. In addition, we cannot
exclude the possible effect of therapy in glycosylation mod-
ifications associatedwith an active disease, a topic that needs to be
clarified.

These functional MGAT5 genetic variants exhibit a tendency
in the association with UC clinical outcomes such as the likeli-
hood of developing a severe/complicated disease, mainly because
of the association with the need of biologics. In fact, the associ-
ations found between SNPs and the therapeutic outcomes are in
the same trend in both discovery and validation cohorts. More-
over, the functional effects of the MGAT5 SNPs, associated with
a hyperreactive T-cell phenotype (related with low levels of
MGAT5 mRNA) and with a proinflammatory IgG glycome, bi-
ologically reinforce the relevance of these SNPs in UC clinical
outcomes. Those associations need to be further validated in
a larger and prospective cohort. In addition, MGAT5 genetic
variants mainly in regulatory regions appear to be able to cluster
and to discriminate patients according to their disease severity.
These results, despite supportive of the influence of MGAT5 in
UC disease course, outcomes and response to therapy, need
further validation in a bigger sample size and in other cohorts.

In summary, our study identified a putative genetic cause for
changes in protein glycosylation associated with the immuno-
pathogenesis of IBD (28).MGAT5 genetic variants were revealed
to be correlated with pathologic changes in the glycosylation
profile of T cells and plasma IgGs, potentially associated with the
development of a severe/complicated UC disease.
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Figure 2.Genetic variants from regulatory and intron regions ofMGAT5 (with aminor allele frequency higher than 10%) and the association with severity in
patientswithUC.Clustering of patientswithUC (hierarchical cluster on theupper side) according toSNPs from thepromoter and intron regions (hierarchical
cluster on the right side). Each SNP is colored according to the genotype: green, homozygous for the frequent allele; yellow, heterozygous; and red,
homozygous for the rare allele. The 3 studied SNPs (rs1257220, rs3814022, and rs4953911) are included in the clustering and highlighted in italic. UC
disease of each patient is classified according to the severity as mild (always with 5-ASA or with the need of previous corticotherapy, in blue) and severe
(need hospitalization, corticodependent, corticoresistant, no responder to immunossupressors, and need biologics or need surgery, in orange), shown in
the line above the cluster of patients. Two distinct clinical clusters were created, one comprising 100% of patients with a low severity (highlighted with blue)
and the other with 81% of patients with a high severity (highlighted with orange). SNP, single nucleotide polymorphism; UC, ulcerative colitis.
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Table 5. Association between 39UTR SNPs in MGAT5 and the

severity of ulcerative colitis

Severity/Complicated disease

Low, N (%) High, N (%) OR 95% CI P value

rs3214771

Dominant

A/Aa 10 (55.6) 8 (36.4) 1.00 0.037

A/T-T/T 8 (44.4) 14 (63.6) 5.26 1.01–27.32

Recessive

A/A-A/Ta 15 (83.3) 20 (90.9) 1.00 0.450

T/T 3 (16.7) 2 (9.1) 0.43 0.05–3.90

Log-additive

Aa/T (0,1,2) 18 (45.0) 22 (55.5) 1.95 0.61–6.27 0.243

rs681148

Dominant

T/Ta 9 (50.0) 8 (36.4) 1.00 0.281

C/T-C/C 9 (50.0) 14 (63.6) 2.28 0.50–10.44

Recessive

T/T-C/Ta 12 (66.7) 21 (95.5) 1.00 0.026

C/C 6 (33.3) 1 (4.5) 0.08 0.01–1.07

Log-additive

Ta/C (0,1,2) 18 (45.0) 22 (55.0) 0.82 0.30–2.22 0.699

rs651970

Dominant

G/Ga 10 (58.8) 16 (69.6) 1.00 0.657

A/G-A/A 7 (41.2) 7 (30.4) 0.72 0.17–3.05

Recessive

G/G-A/Ga 13 (76.5) 23 (100) 1.00 0.019

A/A 4 (23.5) 0 (0.0) 0.0 0.0–0.0

Log-additive

Ga/A (0,1,2) 17 (42.5) 23 (57.5) 0.50 0.17–1.52 0.211

rs626540

Dominant

G/Ga 10 (58.8) 16 (69.6) 1.00 0.657

A/G-A/A 7 (41.2) 7 (30.4) 0.72 0.17–3.05

Recessive

G/G-A/Ga 13 (76.5) 23 (100) 1.00 0.019

A/A 4 (23.5) 0 (0.0) 0.0 0.0–0.0

Log-additive

Ga/A (0,1,2) 17 (42.5) 23 (57.5) 0.50 0.17–1.52 0.211

rs2439568

Dominant

A/Aa 10 (55.6) 15 (68.2) 1.00 0.639

G/A-G/G 8 (44.4) 7 (31.8) 0.69 0.15–3.19

Recessive

A/A-G/Aa 13 (72.2) 22 (100) 1.00 0.022

Table 5. (continued)

Severity/Complicated disease

Low, N (%) High, N (%) OR 95% CI P value

G/G 5 (27.8) 0 (0.0) 0.0 0.0–0.0

Log-additive

Aa/G (0,1,2) 18 (45.0) 22 (55.0) 0.50 0.16–1.53 0.207

rs636975

Dominant

G/Ga 9 (50.0) 8 (36.4) 1.00 0.281

A/G-A/A 9 (50.0) 14 (63.6) 2.28 0.50–10.44

Recessive

G/G-A/Ga 12 (66.7) 21 (95.5) 1.00 0.026

A/A 6 (33.3) 1 (4.5) 0.08 0.01–1.07

Log-additive

Ga/A (0,1,2) 18 (45.0) 22 (55.0) 0.82 0.30–2.22 0.699

rs669740

Dominant

T/Ta 9 (50.0) 8 (36.4) 1.00 0.281

T/G-G/G 9 (50.0) 14 (63.6) 2.28 0.50–10.44

Recessive

T/T-T/Ga 12 (66.7) 21 (95.5) 1.00 0.026

G/G 6 (33.3) 1 (4.5) 0.08 0.01–1.07

Log-additive

Ta/G (0,1,2) 18 (45.0) 22 (55.0) 0.82 0.30–2.22 0.699

rs3814022

Dominant

C/Ca 11 (61.1) 8 (36.4) 1.00 0.016

C/G-G/G 7 (38.9) 14 (63.6) 6.98 1.25–39.0

Recessive

C/C-C/Ga 15 (83.3) 20 (90.9) 1.00 0.450

G/G 3 (16.7) 2 (9.1) 0.43 0.05–3.90

Log-additive

Ca/G (0,1,2) 18 (45.0) 22 (55.0) 2.20 0.67–7.14 0.170

rs4953911

Dominant

A/Aa 10 (55.6) 8 (38.1) 1.00 0.027

T/A-T/T 8 (44.4) 13 (61.9) 6.12 1.09–34.3

Recessive

A/A-T/Aa 15 (83.3) 18 (85.7) 1.00 0.741

T/T 3 (16.7) 3 (14.3) 0.71 0.09–5.41

Log-additive

Aa/T (0,1,2) 18 (46.2) 21 (53.8) 2.12 0.68–6.64 0.175

Bold-italic is to highlight the P values that are statistically significant.
CI, confidence interval; High severity/complicated disease, need for
hospitalization, corticodependency, corticoresistance, nonresponders to
immunossupressors, and/or with need of biologics and/or surgery; Low severity
disease, always with 5-ASA orwith previous corticotherapywithout dependence
or resistance; OR, odds ratio; SNP, single nucleotide polymorphism.
aReference genotype.
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Study Highlights

WHAT IS KNOWN

3 MGAT5 glycogene and its encoded branched N-glycan
structure regulate the immunopathogenesis of IBD, in which
low levels of MGAT5-mediated branching N-glycans on
intestinal T cells result in a hyperimmune response and
increased disease severity.

WHAT IS NEW HERE

3 MGAT5 genetic variants have a functional impact in the
modulation of T cells glycosylation and plasma IgG glycome
composition in patients with ulcerative colitis and show
association with disease prognosis.

TRANSLATIONAL IMPACT

3 Identification of a genetic risk locus in patients with ulcerative
colitis, which is associated with immunopathogenesis of the
disease and with clinical prognosis.
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Supplementary figure legends 

 

Figure S1 

 

Figure S1_ General N-glycan structure and the different glycan traits. 

 

Figure S2 

 

Figure S2_Representative image of the targeted regions in NGS (putative promoter 

region, 5’UTR, Exons and 3’UTR). Genetic variants from regulatory and intron regions 

of MGAT5 with a minor allele frequency higher than 10% are highlighted. 



 

Figure S3 

 

Figure S3_Genetic variants of MGAT5 distributed within UC patients and healthy 

individuals. Clustering of individuals (hierarchical cluster on the upper side) according 

with SNPs from promoter, intron and exon regions (hierarchical cluster on the right side). 

Healthy individuals are colored in green, UC patients with high genetic influence (with 1st 

degree IBD relatives or with early disease onset ≤18 years old) are colored in brown and 

UC patients with low genetic influence (without family history and with a late onset 

disease >18 years old) are colored in beige. Each SNP is colored according to the 

genotype: green – homozygous for the frequent allele; yellow – heterozygous; red – 

homozygous for the rare allele. 

 

 

 

 

 

 



 

Figure S4 

 

Figure S4_ Genetic variants from the regulatory regions of MGAT5 and the association 

with UC patients’ severity. Clustering of UC patients (hierarchical cluster on the upper 

side) according with SNPs from promoter, intron and exon regions (hierarchical cluster 

on the right side). Each SNP is colored according to the genotype: green – homozygous 

for the frequent allele; yellow – heterozygous; red – homozygous for the rare allele. The 

three studied SNPs (rs1257220, rs3814022 and rs4953911) are included in the 

clustering and are in italic. UC disease of each patient is classified according to the 

severity, in LOW (always with 5-ASA or with the need of previous corticotherapy, in blue) 

and HIGH (need hospitalization, corticodependent, corticoresistant, no responder to 

immunossupressors, need biologics or need surgery, in orange) shown in the line above 

the cluster of patients.  

 

 

 



 

 

Figure S5 

 

Figure S5_The regulatory potential of genetic regions that includes the SNPs of the 

study. Histone (H3K4Me1 and H3K27Ac) and DNAse markers show higher potential of 

rs3814022 and rs4953911 being included in a regulatory element. 

  



 

 

Supplementary tables 

 

Table S1_ Formula for the calculation of the glycan profile of each IgG subtype. 

 

Agalactosylation Monogalactosylation Digalactosylation Sialylation 
Bisecting 

GlcNAc 
Fucosylation 

Ig
G

1
 

 G0 + G0F + 

G0FN 

 G1 + G1F + G1N + 

G1FN 
 G2 + G2F + G2FN 

G1FS + 

G1FNS + 

G2S + G2FS 

+ G2FNS 

G0FN + G1N 

+ G1FN + 

G1FNS + 

G2FN + 

G2FNS 

G0F + G0FN + 

G1F + G1FN + 

G1FS + G1FNS 

+ G2F + G2FN 

+ G2FS + 

G2FNS 

Ig
G

2
3
 

G0F + G0FN  G1 + G1F + G1FN  G2F + G2FN 

G1FS + 

G1FNS + 

G2S + G2FS 

+ G2FNS 

G0FN + 

G1FN + 

G1FNS + 

G2N + G2FN 

+ G2FNS 

G0F + G0FN + 

G1F + G1FN + 

G1FS + G1FNS 

+ G2F + G2FN 

+ G2FS + 

G2FNS 

Ig
G

4
 

 G0F + G0FN G1F + G1FN  G2 + G2F + G2N 
G1FS + G2S 

+ G2FS 

G0FN + 

G1FN + G2N 

G0F + G0FN + 

G1F + G1FN + 

G1FS + G2F + 

G2FS 

G – Galactose; F – Fucose; N – Bisecting; S – Sialic acid 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table S2_ Characterization of the UC discovery cohort (from Portugal) and validation cohort (from 

Belgium), alone and in combination, in terms of clinical and pathological parameters. Minor allele 

frequencies for each SNP in the different cohorts. 

  
Discovery Cohort 

(N= 432) 

Validation Cohort 

(N= 499) 

Combined Cohort 

(N=931) 

  n (%) 
Median 

[IQR] 
n (%) 

Median 

[IQR] 
n (%) 

Median 

[IQR] 

Years old at 

diagnostic 
  427 35 [26-46] 469 33 [24-43] 896 34 [25-45] 

Years of 

follow up 
  381 12 [6-17] 469 21 [16-28] 850 17 [11-25] 

Gender 

F 241 (55.8) - 
217 

(43.5) 
- 458 (49.2) - 

M 191 (44.2) - 
282 

(56.5) 
- 473 (50.8) - 

Missing 0 (0.0)   0 (0.0)   0 (0.0)   

Family 

History* 

No 389 (90.0) - 
469 

(94.0) 
- 858 (92.2) - 

Yes 14 (3.2) - 30 (6.0) - 44 (4.7) - 

Missing 29 (6.7)   0 (0.0)   29 (3.1)   

Disease 

extent 

Proctitis 155 (35.9) - 44 (8.8) - 199 (21.4) - 

Left-sided 129 (29.9) - 
157 

(31.5) 
- 286 (30.7) - 

Pancolitis 144 (33.3) - 
262 

(52.5) 
- 406 (43.6) - 

Missing 4 (0.9)   36 (7.2)   40 (4.3)   

Surgery 

No 403 (93.3) - 
333 

(66.7) 
- 736 (79.1) - 

Yes 25 (5.8) - 
161 

(32.3) 
- 186 (20.0) - 

Missing 4 (0.9)   5 (1.0)   9 (1.0)   

Need for 

biologics 

No 354 (81.9) - 
334 

(66.9) 
- 688 (73.9) - 

Yes 73 (16.9) - 
165 

(33.1) 
- 238 (25.6) - 

Missing 5 (1.2)   0 (0.0)   5 (0.5)   

Prognosis** 

Good 407 (94.2) - 
449 

(90.0) 
- 856 (91.9) - 

Bad 22 (5.1) - 35 (7.0) - 57 (6.1) - 

Missing 3 (0.7)   15 (3.0)   18 (1.9)   

SNPs 

(alleles) 

Minor 

allele 
MAF MAF MAF 



 

rs1257220 

(G/A) 
A 0.282 0.278 0.280 

rs3814022 

(C/G) 
G 0.314 0.259 0.285 

rs4953911 

(A/T) 
T 0.359 0.279 0.316 

IQR - interquartile range; *Family history was considered the presence of at least one first degree relatives 

with IBD;  **Prognosis was defined as the need of biologics within the first 2 years after diagnosis, in which 

patients that needed biologics in up to 2 years after diagnosis were classified as displaying a bad prognosis; 

MAF – Minor frequency allele. 

 

 

Table S3_Primers used to amplify the promoter, coding and 3’UTR regions of MGAT5 gene. 

Chr: bp-bp Region Primers 

2: 134250287-134253254 Putative promoter 

Fw_CAACAAGGTCTTCTGAGATCCACTG 

Rv_TCTTCTCTGCCCTTGCCTTG 

Fw_CAAATTTGCATGTCTCTGAACTGG 

Rv_GCACTTTATTCAGCCCTTCTAACTGC 

Fw_GAGCGGAGTGGAGGAAGGAA 

Rv_TGCTATCATAGGAGATAACAGAACAGTGG 

Fw_CTCTCCTCCCCACCCCTGGTA 

Rv_GGCACATGAGTGCTCTCTATTATGCTG 

Fw_GGCAAACAGGCTGGGTTTGA 

Rv_GCTTAATGGGTCATGAAAAGCAATAAAAA 

Fw_TGCTGATTCAGTGGGTGTGG 

Rv_GAGACTAACCCAGGCTGTACTTCAGA 

2: 134254206-134254753 Exon 1 
Fw_TTTATTTTGCTGTATTGTGCCATGA 

Rv_GCAGTGGCAAAGGACATTCA 

2: 134270168-134270629 Exon 2 
Fw_TTATTGCCAGACTTGCATTCCA 

Rv_ACCACTGCTCTCCTTTATTCTCTTCTT 

2: 134317439-134317685 Exon 3 
Fw_GTTTCTCTCCCTACCTCTTGGCTTAC 

Rv_GGAAAAGGAAGAGAAGGGAAAAAGA 

2: 134318553-134318818 Exon 4 
Fw_CATTCACTCCATCTTCACCATTCTATC 

Rv_GCTTTTCAAATTTCAGACTCAGCTACA 

2: 134336128-134336339 Exon 5 
Fw_TGTGTGCCAGGAGCTGTTCT 

Rv_GCATCTGACCTAAATGCACAAGTC 

2: 134338076-134338495 Exon 6 
Fw_CAGCCTTGGCTTCAGTTTGC 

Rv_AGTCTTGTTTCCAAGCAAAATCAAA 

2: 134341492-134341961 Exon 7 
Fw_AAACATGACTTTGGGATTGGTCA 

Rv_CCTTCAGCGACAATGAAAACATATTA 



 

2: 134344840-134345134 Exon 8 
Fw_GGCATTTGCCCATTAAAGTTGC 

Rv_CCCACAACCATGCAACCTTTG 

2: 134349757-135247773 Exon 9 
Fw_CTTTGGGGGCAAGTATGTAGTGTT 

Rv_CAAGGAAAAGGTTCAACAGCACA 

2: 134362186-134362512 Exon 10 
Fw_TGGGTAAGATGGCCTGTGTTAAA 

Rv_ATTAAGCCCTGGGCACTTGG 

2: 134402843-134403255 Exon 11 
Fw_GCAGTTTGATTGCCAAATTCCTG 

Rv_GCCCCAAAATAGCCACAAGAGTT 

2: 134412697-134413173 Exon 12 
Fw_TGGTGTAAGCTGAATTCTCTCTGC 

Rv_CTTGCAAGGTGATGTGATCAGG 

2: 134422730-134423037 Exon 13 
Fw_AGCATAGCACTCCATCTAGCACAG 

Rv_TCCAGAGTTAAGCTGATGTGGTAAAG 

2: 134428197-134428576 Exon 14 
Fw_CACACCTAGTAAGGATCAGCTTGAGA 

Rv_TTATCCAGCTTCTAGAGTCTCCCAAA 

2: 134441675-134442028 Exon 15 
Fw_TCCATTGCTAGGGTGGTTGG 

Rv_ATCCCCACAGCCCAGTAGCTT 

2: 134448561-134454814 Exon 16 + 3'UTR 

Fw_GCCTCAAGATGGGGGCTCA 

Rv_TCCTCCTGTTTTGTTTTAAAGGACTCTTG 

Fw_AGCTGCTCCAGGGCAAAAGA 

Rv_CAAGGTATGTGTCTGGGCATGG 

Fw_AGGCCCCTTTCCTCCATGTC 

Rv_TCAGGGGCTTTTCAGAAACTTACAA 

Fw_CCACCCCACTGAATCATTGCT 

Rv_TTTGGACTTCTGCCCTTCTTCCTA 

Fw_CTGCCCTGAGCATCATCACA 

Rv_AGTGTTCTTCTGGGCTGTCTGG 

Fw_GCCTCCCTACCTTCCCCTTCT 

Rv_GCGGTGTTTACCAGCATTCAAA 

Fw_CCCCATTGTGATCCTAAGCTCTTAAA 

Rv_TGATTCTGCCTCAGCCACACCTC 

Fw_CAACGTGTCAACCAGCCTGTG 

Rv_ATCACAGGAACTCACCCTCAGCTT 

Fw_TGCTCATTTAGGAAGCTGGGAGTT 

Rv_AAATGTTCCTTGAGGAAAACCCTTG 

Fw_GGCTGCAAGAATTTATGAACTCCA 

Rv_ACAAAAAGCAAACCGATATTTAGGTGA 

Fw_GCTGCTCATGACTGAATGTTTTCC 

Rv_CCCTCTCAGCTTTGGCAGATG 

Fw_TGTCAGGAACCTCAGAGCAGCTT 

Rv_TAGTAAAACCTTCCCCTCTCCACTCC 

Chr – chromosome; bp – base pairs; Fw – forward; Rv – reverse 

 



 

Table S4_Associations between rs1257220, rs3814022 and rs4953911 and the different clinical and therapeutic outcomes of UC patients. In grey the statistically 

significant associations are highlighted. 

 Family history Need for colectomy Need for Biologics Prognosis 

 No Yes   No Yes   No Yes   Good Bad       

  N (%) N (%) OR 
[95% 

IC] 

p 

value 
N (%) N (%) OR 

[95% 

IC] 

p 

value 
N (%) N (%) OR 

[95% 

IC] 

p 

value 
N (%) N (%) OR 

[95% 

IC] 

p 

value 

Discovery Cohort 

rs1257220                         

Dominant                        

G/G 
205 

(53.1) 

3 

(21.4) 
1.00   

0.022 

202 

(50.6) 

15 

(60.0) 
1.00  0.390 

181 

(51.4) 

38 

(52.8) 
1.00  

0.921 

210 

(52.4) 

9 

(40.9) 
1.00  0.258 

A/G-A/A  
181 

(46.9) 

11 

(78.6) 
4.02 

1.09-

14.86 

197 

(49.4) 

10 

(40.0) 
0.70 

0.31-

1.59 
  

171 

(48.6) 

34 

(47.2) 
0.97 

0.58-

1.64 

191 

(47.6) 

13 

(59.1) 
1.66 

0.68-

4.03 
 

Recessive                         

G/G-A/G  
355 

(92.0) 

12 

(85.7) 
1.00  

0.534 

366 

(91.7) 

23 

(92.0) 
1.00  0.984 

325 

(92.3) 

65 

(90.3) 
1.00  

0.466 

370 

(92.3) 

19 

(86.4) 
1.00  0.302 

A/A  31 (8.0) 
2 

(14.3) 
1.69 

0.35-

8.12 
33 (8.3) 2 (8.0) 1.02 

0.23-

4.52 
  27 (7.7) 7 (9.7) 1.41 

0.57-

3.47 
31 (7.7) 

3 

(13.6) 
2.08 

0.57-

7.64 
 

log-

Additive  
                       

G*/A 

(0,1,2) 

386 

(96.5) 

14 

(3.5) 
2.16 

1.00-

4.67 
0.053 

399 

(94.1) 
25 (5.9) 0.80 

0.41-

1.56 
0.499 

352 

(83.0) 

72 

(17.0) 
1.05 

0.70-

1.58 
0.813 

401 

(94.8) 

22 

(5.2) 
1.52 

0.82-

3.00 
0.182 

rs3814022                         

Dominant                        

C/C 
186 

(48.2) 

4 

(28.6) 
1.00  

0.156 

194 

(48.6) 

10 

(40.0) 
1.00  0.364 

175 

(49.9) 

30 

(41.1) 
1.00  

0.082 

194 

(48.4) 

10 

(45.5) 
1.00  0.618 

C/G-G/G  
200 

(51.8) 

10 

(71.4) 
2.27 

0.70-

7.42 

205 

(51.4) 

15 

(60.0) 
1.46 

0.64-

3.34 
  

176 

(50.1) 

43 

(58.9) 
1.59 

0.94-

2.70 

207 

(51.6) 

12 

(54.5) 
1.25 

0.52-

3.03 
 

Recessive                         



 

C/C-C/G  
345 

(89.4) 

12 

(85.7) 
1.00  

0.663 

357 

(89.5) 

21 

(84.0) 
1.00  0.408 

318 

(90.6) 

60 

(82.2) 
1.00   

0.032  

356 

(88.8) 

21 

(95.5) 
1.00  0.305  

G/G  
41 

(10.6) 

2 

(14.3) 
1.43 

0.31-

6.65 

42 

(10.5) 
4 (16.0) 1.64 

0.54-

5.02 
  33 (9.4) 

13 

(17.8) 
2.27 

1.11-

4.67 

45 

(11.2) 
1 (4.5) 0.39 

0.05-

3.02 
 

log-

Additive  
                       

C*/G 

(0,1,2) 

386 

(96.5) 

14 

(3.5) 
1.62 

0.76-

3.48 
0.221 

399 

(94.1) 
25 (5.9) 1.37 

0.77-

2.44 
0.290 

351 

(82.8) 

73 

(17.2) 
1.56 

1.07-

2.27 
0.021 

401 

(94.8) 

22 

(5.2) 
0.98 

0.51-

1.89 
0.955 

rs4953911                         

Dominant                        

A/A 
157 

(41.1) 

4 

(28.6) 
1.00  

0.352 

166 

(41.9) 
8 (33.3) 1.00  0.484 

147 

(42.2) 

27 

(37.5) 
1.00  

0.219 

165 

(41.6) 

9 

(40.9) 
1.00  0.659 

T/A-T/T  
225 

(58.9) 

10 

(71.4) 
1.72 

0.53-

5.63 

230 

(58.1) 

16 

(66.7) 
1.50 

0.63-

3.62 
  

201 

(57.8) 

45 

(62.5) 
1.40 

0.81-

2.41 

232 

(58.4) 

13 

(59.1) 
1.22 

0.50-

3.01 
 

Recessive                         

A/A-T/A  
334 

(87.4) 

12 

(85.7) 
1.00  

0.818 

346 

(87.4) 

19 

(79.2) 
1.00  0.270 

307 

(88.2) 

58 

(80.6) 
1.00  

0.059 

343 

(86.4) 

21 

(95.5) 
1.00  0.203 

T/T  
48 

(12.6) 

2 

(14.3) 
1.20 

0.26-

5.58 

50 

(12.6) 
5 (20.8) 1.84 

0.66-

5.18 
  

41 

(11.8) 

14 

(19.4) 
1.99 

1.00-

3.97 

54 

(13.6) 
1 (4.5) 0.33 

0.04-

2.49 
 

log-

Additive  
                       

A*/T 

(0,1,2) 

382 

(96.5) 

14 

(3.5) 
1.36 

0.63-

2.98 
0.438 

396 

(94.3) 
24 (5.7) 1.45 

0.81-

2.60 
0.220 

348 

(82.9) 

72 

(17.1) 
1.42 

0.97-

2.09 
0.065 

397 

(94.7) 

22 

(5.3) 
0.93 

0.48-

1.78 
0.815 

Validation Cohort 

rs1257220                         

Dominant                        

G/G 
250 

(56.7) 

11 

(45.8) 
1.00  0.284 

163 

(54.0) 

97 

(60.2) 
1.00  0.175 

176 

(57.3) 

85 

(53.8) 
1.00  0.531 

234 

(55.7) 

20 

(57.1) 
1.00  0.846 

A/G-A/A  
191 

(43.3) 

13 

(54.2) 
1.57 

0.69-

3.60 
  

139 

(46.0) 

64 

(39.8) 
0.76 

0.52-

1.13 
  

131 

(42.7) 

73 

(46.2) 
1.13 

0.77-

1.67 
  

186 

(44.3) 

15 

(42.9) 
0.93 

0.46-

1.87 
 



 

Recessive                         

G/G-A/G  
402 

(91.2) 

18 

(75.0) 
1.00   

0.021 

269 

(89.1) 

149 

(92.5) 
1.00  0.237 

281 

(91.5) 

139 

(88.0) 
1.00  0.191 

377 

(89.8) 

33 

(94.3) 
1.00  0.368 

A/A  39 (8.8) 
6 

(25.0) 
3.59 

1.33-

9.69 

33 

(10.9) 
12 (7.5) 0.67 

0.33-

1.33 
  26 (8.5) 

19 

(12.0) 
1.53 

0.81-

2.88 
  

43 

(10.2) 
2 (5.7) 0.54 

0.12-

2.33 
 

log-

Additive  
                       

G*/A 

(0,1,2) 

441 

(94.8) 

24 

(5.2) 
1.76 

1.00-

3.10 
0.056 

302 

(65.2) 

161 

(34.8) 
0.79 

0.59-

1.07 
0.124 

307 

(66.0) 

158 

(34.0) 
1.17 

0.88-

1.56 
0.292 

420 

(92.3) 

35 

(7.7) 
0.87 

0.51-

1.48 
0.599 

rs3814022                         

Dominant                        

C/C 
242 

(55.0) 

11 

(47.8) 
1.00  0.605 

167 

(55.5) 

86 

(53.8) 
1.00  0.731 

176 

(57.7) 

77 

(48.7) 
1.00  0.078 

236 

(56.5) 

13 

(37.1) 
1.00   

0.027 

C/G-G/G  
198 

(45.0) 

12 

(52.2) 
1.25 

0.54-

2.91 
  

134 

(44.5) 

74 

(46.2) 
1.07 

0.73-

1.58 
  

129 

(42.3) 

81 

(51.3) 
1.42 

0.96-

2.10 
  

182 

(43.5) 

22 

(62.9) 
2.21 

1.08-

4.52 

Recessive                         

C/C-C/G  
408 

(92.7) 

23 

(100) 
1.00  0.061 

279 

(92.7) 

150 

(93.8) 
1.00  0.700 

286 

(93.8) 

145 

(91.8) 
1.00  0.385  

390 

(93.3) 

32 

(91.4) 
1.00  0.663 

G/G  32 (7.3) 0 (0) 0.00 0.00   22 (7.3) 10 (6.2) 0.86 
0.40-

1.87 
  19 (6.2) 13 (8.2) 1.39 

0.66-

2.92 
  28 (6.7) 3 (8.6) 1.33 

0.38-

4.63 
 

log-

Additive  
                       

C*/G 

(0,1,2) 

440 

(95.0) 

23 

(5.0) 
0.95 

0.48-

1.88 
0.880 

301 

(65.3) 

160 

(34.7) 
1.02 

0.75-

1.39 
0.906 

305 

(65.9) 

158 

(34.1) 
1.32 

0.97-

1.80 
0.078 

418 

(92.3) 

35 

(7.7) 
1.67 

0.99-

2.80 
0.057 

rs4953911                         

Dominant                        

A/A 
227 

(51.6) 

11 

(47.8) 
1.00  0.834 

162 

(53.6) 

76 

(47.5) 
1.00  0.210 

166 

(54.4) 

72 

(45.6) 
1.00  

0.082 

223 

(53.3) 

11 

(31.4) 
1.00   

0.012 

T/A-T/T  
213 

(48.4) 

12 

(52.2) 
1.09 

0.47-

2.55 
  

140 

(46.4) 

84 

(52.5) 
1.28 

0.87-

1.88 
  

139 

(45.6) 

86 

(54.4) 
1.41 

0.96-

2.08 

195 

(46.7) 

24 

(68.6) 
2.51 

1.20-

5.27 



 

Recessive                         

A/A-T/A  
404 

(91.8) 

23 

(100) 
1.00   

0.048 

278 

(92.1) 

148 

(92.5) 
1.00  0.924 

284 

(93.1) 

143 

(90.5) 
1.00  0.256 

387 

(92.6) 

31 

(88.6) 
1.00  0.392 

T/T  36 (8.2) 0 (0) 0.00 0.00 24 (7.9) 12 (7.5) 0.97 
0.47-

1.99 
  21 (6.9) 15 (9.5) 1.51 

0.75-

3.04 
  31 (7.4) 

4 

(11.4) 
1.66 

0.55-

5.04 
 

log-

Additive  
                       

A*/T 

(0,1,2) 

440 

(95.0) 

23 

(5.0) 
0.85 

0.43-

1.70 
0.650 

302 

(65.4) 

160 

(34.6) 
1.16 

0.86-

1.57 
0.3443 

305 

(65.9) 

158 

(34.1) 
1.33 

0.98-

1.81 
0.064 

418 

(92.3) 

35 

(7.7) 
1.84 

1.10-

3.07 
0.022 

Combined Cohort 

rs1257220                         

Dominant                        

G/G 
455 

(55.0) 

14 

(36.8) 
1.00   

0.025 

365 

(52.1) 

112 

(60.2) 
1.00   0.037 

357 

(54.2) 

123 

(53.5) 
1.00  

0.915 

444 

(54.1) 

29 

(50.9) 
1.00  0.675 

A/G-A/A  
372 

(45.0) 

24 

(63.2) 
2.13 

1.09-

4.19 

336 

(47.9) 

74 

(39.8) 
0.71 

0.51-

0.98 
  

302 

(45.8) 

107 

(46.5) 
1.02 

0.75-

1.38 

377 

(45.9) 

28 

(49.1) 
1.12 

0.65-

1.93 
 

Recessive                         

G/G-A/G  
757 

(91.5) 

30 

(78.9) 
1.00   

0.019 

635 

(90.6) 

172 

(92.5) 
1.00  0.447 

606 

(92.0) 

204 

(88.7) 
1.00  

0.102 

747 

(91.0) 

52 

(91.2) 
1.00  0.996 

A/A  70 (8.5) 
8 

(21.1) 
2.92 

1.29-

6.63 
66 (9.4) 14 (7.5) 0.80 

0.43-

1.45 
  53 (8.0) 

26 

(11.3) 
1.54 

0.93-

2.55 
74 (9.0) 5 (8.8) 1.00 

0.38-

2.59 
 

log-

Additive  
                       

G*/A 

(0,1,2) 

827 

(95.6) 

38 

(4.4) 
1.92 

1.22-

3.01 
0.006 

701 

(79.0) 

186 

(21.0) 
0.78 

0.60-

1.01 
0.052 

659 

(74.1) 

230 

(25.9) 
1.10 

0.87-

1.39 
0.419 

821 

(93.5) 

57 

(6.5) 
1.07 

0.71-

1.61 
0.751 

rs3814022                         

Dominant                        

C/C 
428 

(51.8) 

15 

(40.5) 
1.00  0.182 

361 

(51.6) 

96 

(51.9) 
1.00  0.980 

351 

(53.6) 

107 

(46.3) 
1.00   0.046 

430 

(52.5) 

23 

(40.4) 
1.00  0.063 



 

C/G-G/G  
398 

(48.2) 

22 

(59.5) 
1.57 

0.80-

3.07 

339 

(48.4) 

89 

(48.1) 
1.00 

0.72-

1.38 
  

305 

(46.5) 

124 

(53.7) 
1.36 

1.01-

1.85 

389 

(47.5) 

34 

(59.6) 
1.68 

0.97-

2.90 
 

Recessive                         

C/C-C/G  
753 

(91.2) 

35 

(94.6) 
1.00  

0.430 

636 

(90.9) 

171 

(92.4) 
1.00  0.554   

604 

(92.1) 

205 

(88.7) 
1.00  

0.090   

746 

(91.1) 

53 

(93.0) 
1.00  0.674 

G/G  73 (8.8) 2 (5.4) 0.58 
0.14-

2.48 
64 (9.1) 14 (7.6) 0.84 

0.46-

1.53 
  52 (7.9) 

26 

(11.3) 
1.56 

0.94-

2.59 
73 (8.9) 4 (7.0) 0.80 

0.28-

2.29 
 

log-

Additive  
                       

C*/G 

(0,1,2) 

826 

(95.7) 

37 

(4.3) 
1.19 

0.73-

1.95 
0.486 

700 

(79.1) 

185 

(20.9) 
0.97 

0.75-

1.24 
0.784 

656 

(74.0) 

231 

(26.0) 
1.31 

1.04-

1.65 
0.022 

819 

(93.5) 

57 

(6.5) 
1.29 

0.87-

1.93 
0.215 

rs4953911                         

Dominant                        

A/A 
384 

(46.7) 

15 

(40.5) 
1.00  

0.475 

328 

(47.0) 

84 

(45.7) 
1.00  0.670 

313 

(47.9) 

99 

(43.0) 
1.00  

0.141 

388 

(47.6) 

20 

(35.1) 
1.00   

0.047 

T/A-T/T  
438 

(53.3) 

22 

(59.5) 
1.28 

0.65-

2.50 

370 

(53.0) 

100 

(54.3) 
1.07 

0.77-

1.49 
  

340 

(52.1) 

131 

(57.0) 
1.26 

0.93-

1.71 

427 

(52.4) 

37 

(64.9) 
1.75 

1.00-

3.08 

Recessive                         

A/A-T/A  
738 

(89.8) 

35 

(94.6) 
1.00  

0.289 

624 

(89.4) 

167 

(90.8) 
1.00  0.697 

591 

(90.5) 

201 

(87.4) 
1.00  

0.106 

730 

(89.6) 

52 

(91.2) 
1.00  0.793 

T/T  
84 

(10.2) 
2 (5.4) 0.49 

0.12-

2.09 

74 

(10.6) 
17 (9.2) 0.90 

0.51-

1.56 
  62 (9.5) 

29 

(12.6) 
1.49 

0.93-

2.41 

85 

(10.4) 
5 (8.8) 0.88 

0.34-

2.28 
 

log-

Additive  
                       

A*/T 

(0,1,2) 

822 

(95.7) 

37 

(4.3) 
1.02 

0.62-

1.69 
0.927 

698 

(79.1) 

184 

(20.9) 
1.02 

0.80-

1.30 
0.884 

653 

(74.0) 

230 

(26.0) 
1.24 

0.99-

1.57 
0.063 

815 

(93.5) 

57 

(6.5) 
1.32 

0.89-

1.97 
0.173 

*Reference category; OR - odds ratio; CI - confidence interval 

 

 



 

Table S5_Associations between rs1257220, rs3814022 and rs4953911 and the different clinical and therapeutic outcomes of UC patients, adjusted to age, 

gender and time of follow-up. In grey the statistically significant associations are highlighted. - Not statistically significant differences. 

 Family history Need for colectomy Need for Biologics Prognosis 

 No Yes   No Yes   No Yes   Good Bad       

  N (%) N (%) OR 
[95% 

IC] 

p 

value 
N (%) N (%) OR 

[95% 

IC] 

p 

value 
N (%) N (%) OR 

[95% 

IC] 

p 

value 
N (%) N (%) OR 

[95% 

IC] 

p 

value 

Discovery Cohort 

rs1257220                         

Dominant                        

G/G 
189 

(53.5) 

3 

(23.1) 
1.00   

0.031 

- - -  

- 

- - -  

- 

- - -  

- 

A/G-A/A  
164 

(46.5) 

10 

(76.9) 
3.84 

1.02-

14.53 
- - - - - - - - - - - - 

Recessive                         

G/G-A/G  - - -  
- 

- - -  
- 

- - -  
- 

- - -  
- 

A/A  - - - - - - - - - - - - - - - - 

log-

Additive  
                       

G*/A 

(0,1,2) 
- - - - - - - - - - - - - - - - - - - - 

rs3814022                         

Dominant                        

C/C - - -  
- 

- - -  
- 

- - -  
- 

- - -  
- 

C/G-G/G  - - - - - - - - - - - - - - - - 

Recessive                         

C/C-C/G  - - -  

- 

- - -  

- 

282 

(91.0) 

55 

(80.9) 
1.00   0.018 - - -  

- 

G/G  - - - - - - - - 
28 

(9.0) 

13 

(19.1) 
2.57 

1.21-

5.42 
  - - - - 



 

log-

Additive  
                       

C*/G 

(0,1,2) 
- - - - - - - - - - 

310 

(82.0) 

68 

(18.0) 
1.62 

1.09-

2.40 
0.017 - - - - - 

rs4953911                         

Dominant                        

A/A - - -  
- 

- - -  
- 

- - -  
- 

- - -  
- 

T/A-T/T  - - - - - - - - - - - - - - - - 

Recessive                         

A/A-T/A  - - -  

- 

- - -  

- 

273 

(88.9) 

53 

(79.1) 
1.00   

0.023 

- - -  

- 

T/T  - - - - - - - - 
34 

(11.1) 

14 

(20.9) 
2.38 

1.16-

4.89 
- - - - 

log-

Additive  
                       

A*/T 

(0,1,2) 
- - - - - - - - - - 

307 

(82.1) 

67 

(17.9) 
1.54 

1.03-

2.29 
0.034 - - - - - 

Validation Cohort 

rs1257220                         

Dominant                        

G/G - - -  
- 

- - -  
- 

- - -  
- 

- - -  
- 

A/G-A/A  - - - - - - - - - - - - - - - - 

Recessive                         

G/G-A/G  
402 

(91.2) 

18 

(75.0) 
1.00   

0.021 

- - -  

- 

- - -  

- 

- - -  

- 

A/A  
39 

(8.8) 

6 

(25.0) 
3.64 

1.34-

9.91 
- - - - - - - - - - - - 

log-

Additive  
                       



 

G*/A 

(0,1,2) 
- - - - - - - - - - - - - - - - - - - - 

rs3814022                         

Dominant                        

C/C - - -  

- 

- - -  

- 

- - -  

- 

236 

(56.5) 

13 

(37.1) 
1.00   

0.071 

C/G-G/G  - - - - - - - - - - - - 
182 

(43.5) 

22 

(62.9) 
2.13 

0.92-

4.93 

Recessive                         

C/C-C/G  
408 

(92.7) 

23 

(100) 
1.00   

0.063 

- - -  

- 

- - -  

- 

- - -  

- 

G/G  
32 

(7.3) 
0 (0) 0.00 0.00 - - - - - - - - - - - - 

log-

Additive  
                       

C*/G 

(0,1,2) 
- - - - - - - - - - - - - - - - - - - - 

rs4953911                         

Dominant                        

A/A - - -  

- 

- - -  

- 

- - -  

- 

223 

(53.3) 

11 

(31.4) 
1.00   

0.063 

T/A-T/T  - - - - - - - - - - - - 
195 

(46.7) 

24 

(68.6) 
2.21 

0.94-

5.22 

Recessive                         

A/A-T/A  - - -  
- 

- - -  
- 

- - -  
- 

- - -  
- 

T/T  - - - - - - - - - - - - - - - - 

log-

Additive  
                       

A*/T 

(0,1,2) 
- - - - - - - - - - - - - - - 

418 

(92.3) 

35 

(7.7) 
1.68 

0.91-

3.10 
0.100 



 

Combined Cohort 

rs1257220                         

Dominant                        

G/G 
439 

(55.3) 

14 

(37.8) 
1.00   

0.032 

346 

(52.3) 

112 

(60.2) 
1.00   0.019 - - -  

- 

- - -  

- 

A/G-A/A  
355 

(44.7) 

23 

(62.2) 
2.08 

1.05-

4.12 

315 

(47.7) 

70 

(38.7) 
0.66 

0.46-

0.94 
  - - - - - - - - 

Recessive                         

G/G-A/G  
726 

(91.4) 

29 

(78.4) 
1.00   

0.015 

- - -  

- 

- - -  

- 

- - -  

- 

A/A  
68 

(8.6) 

8 

(21.6) 
3.07 

1.34-

7.04 
- - - - - - - - - - - - 

log-

Additive  
                       

G*/A 

(0,1,2) 

794 

(95.5) 

37 

(4.5) 
1.92 

1.21-

3.04 
0.006 - - - - - - - - - - - - - - - 

rs3814022                         

Dominant                        

C/C - - -  

- 

- - -  

- 

332 

(54.0) 

105 

(46.5) 
1.00   

0.067 

- - -  

- 

C/G-G/G  - - - - - - - - 
283 

(46.0) 

121 

(53.5) 
1.36 

0.98-

1.83 
- - - - 

Recessive                         

C/C-C/G  - - -  
- 

- - -  
- 

- - -  
- 

- - -  
- 

G/G  - - - - - - - - - - - - - - - - 

log-

Additive  
                       

C*/G 

(0,1,2) 
- - - - - - - - - - 

615 

(73.1) 

226 

(26.9) 
1.30 

1.03-

1.65 
0.029 - - - - - 

rs4953911                         



 

Dominant                        

A/A - - -  

- 

- - -  

- 

- - -  

- 

372 

(48.2) 

19 

(33.9) 
1.00   

0.077 

T/A-T/T  - - - - - - - - - - - - 
399 

(51.8) 

37 

(66.1) 
1.70 

0.93-

3.08 

Recessive                         

A/A-T/A  - - -  
- 

- - -  
- 

- - -  
- 

- - -  
- 

T/T  - - - - - - - - - - - - - - - - 

log-

Additive  
                       

A*/T 

(0,1,2) 
- - - - - - - - - - - - - - - - - - - - 



 

Table S6_ Bonferroni multiple testing correction for 13 variables (Family history, need colectomy, 

need biologics, prognosis and dominant, recessive and log-additive models for rs1257220, 

rs3814022 and rs4953911). Table presents the p values before and after Bonferroni correction. 

  Before Bonferroni correction     After Bonferroni correction 

  
Family 

history 

Need for 

colectomy 

Need for 

Biologics 
Prognosis     

Family 

history 

Need for 

colectomy 

Need for 

Biologics 
Prognosis 

Discovery 

Cohort 
          

Discovery 

Cohort 
        

rs1257220           rs1257220         

Dominant 0.022 0.390 0.921 0.258   Dominant 0.792 1 1 1 

Recessive  0.534 0.984 0.466 0.302   Recessive  1 1 1 1 

log-

Additive  
0.053 0.499 0.813 0.182   

log-

Additive  
1 1 1 1 

rs3814022           rs3814022         

Dominant 0.156 0.364 0.082 0.618   Dominant 1 1 1 1 

Recessive  0.663 0.408 0.032  0.305    Recessive  1 1 1 1 

log-

Additive  
0.221 0.290 0.021 0.955   

log-

Additive  
1 1 0.756 1 

rs4953911           rs4953911         

Dominant 0.352 0.484 0.219 0.659   Dominant 1 1 1 1 

Recessive  0.818 0.270 0.059 0.203   Recessive  1 1 1 1 

log-

Additive  
0.438 0.220 0.065 0.815   

log-

Additive  
1 1 1 1 

Validation 

Cohort 
          

Validation 

Cohort 
        

rs1257220           rs1257220         

Dominant 0.284 0.175 0.531 0.846   Dominant 1 1 1 1 

Recessive  0.021 0.237 0.191 0.368   Recessive  0.756 1 1 1 

log-

Additive  
0.056 0.124 0.292 0.599   

log-

Additive  
1 1 1 1 

rs3814022           rs3814022         

Dominant 0.605 0.731 0.078 0.027   Dominant 1 1 1 0.972 

Recessive  0.061 0.700 0.385  0.663   Recessive  1 1 1 1 

log-

Additive  
0.880 0.906 0.078 0.057   

log-

Additive  
1 1 1 1 

rs4953911           rs4953911         

Dominant 0.834 0.210 0.082 0.012   Dominant 1 1 1 0.432 

Recessive  0.048 0.924 0.256 0.392   Recessive  1 1 1 1 

log-

Additive  
0.650 0.3443 0.064 0.022   

log-

Additive  
1 1 1 0.792 

Combined 

Cohort 
          

Combined 

Cohort 
        

rs1257220           rs1257220         

Dominant 0.025 0.037 0.915 0.675   Dominant 0.900 1 1 1 

Recessive  0.019 0.447 0.102 0.996   Recessive  0.684 1 1 1 

log-

Additive  
0.006 0.052 0.419 0.751   

log-

Additive  
0.216 1 1 1 

rs3814022           rs3814022         



 

Dominant 0.182 0.980 0.046 0.063   Dominant 1 1 1 1 

Recessive  0.430 0.554   0.090   0.674   Recessive  1 1 1 1 

log-

Additive  
0.486 0.784 0.022 0.215   

log-

Additive  
1 1 0.792 1 

rs4953911           rs4953911         

Dominant 0.475 0.670 0.141 0.047   Dominant 1 1 1 1 

Recessive  0.289 0.697 0.106 0.793   Recessive  1 1 1 1 

log-

Additive  
0.927 0.884 0.063 0.173   

log-

Additive  
1 1 1 1 

 

 

Table S7_ Identified SNPs in the coding and non-coding regions of MGAT5 in UC patients mainly 

harboring a genetic background (either early onset disease or family history). 

Chr: bp rs nomenclature Alleles EUR MAF CEU MAF Gene region 

2: 134250470 rs1257198 G/A 0.281 (G) 0.227 (G) Intron 

2: 134250861 rs3762484 T/C 0.063 (C) 0.061 (C) Intron 

2: 134251669 rs1356671 C/T 0.065 (T) 0.035 (T) Intron 

2: 134251775 rs56807763 A/C/G 0.018 (C) 0.035 (C) Intron 

2: 134252156 rs148068522 G/A 0.008 (A) 0.005 (A) Intron 

2: 134252340 rs753294145 G/T - - Intron 

2: 134252373 rs72976124 G/A/C - - Intron 

2: 134254718 rs1034767237 T/C - - Intron 

2: 134257776 rs1257220 A/G 0.260 (A) 0.260 (A) Intron 

2: 134290348 rs3814022 C/G 0.242 (G) 0.242 (G) Intron 

2: 134311223 rs4953911 T/A/C 0.493 (A) 0.493 (A) Intron 

2: 134344883 rs3214771 A/- 0.317 (-) 0.258 (-) Intron 

2: 134349829 rs34876684 A/G 0.012 (G) 0.005 (G) Exon 9 

2: 134403184 rs3748900 G/A 0.339 (A) 0.354 (A) Intron 

2: 134413128 rs2289464 A/G 0.086 (G) 0.071 (G) Intron 

2: 134422950 rs2289465 T/C 0.028 (C) 0.020 (C) Intron 

2: 134422955 rs2289466 A/G 0.041 (G) 0.020 (G) Intron 

2: 134422979 rs2289467 C/T 0.048 (T) 0.040 (T) Intron 

2: 134428486 rs62170036 T/A/G 0.097 (G) 0.066 (G) Intron 

2: 134441993 rs2289468 C/T 0.019 (T) 0.010 (T) Intron 

2: 134448769 rs2230908 C/A 0.054 (A) 0.035 (A) Exon 16 

2: 134448868 rs1454081815 C/T - - 3'UTR 

2: 134449047 rs115651006 G/A 0.052 (A) 0.056 (A) 3'UTR 

2: 134449068 rs62170042 G/T 0.055 (T) 0.035 (T) 3'UTR 

2: 134449363 rs681148 C/T 0.443 (C) 0.470 (C) 3'UTR 

2: 134450368 rs61501319 C/T 0.023 (T) 0.010 (T) 3'UTR 

2: 134450393 rs34944508 C/T 0.051 (T) 0.051 (T) 3'UTR 

2: 134450403 rs982742545 G/A - - 3'UTR 

2: 134450506 rs651970 A/G 0.313 (A) 0.374 (A) 3'UTR 



 

2: 134450642 rs626540 A/G 0.313 (A) 0.374 (A) 3'UTR 

2: 134450809 rs113300199 T/A 0.024 (A) 0.010 (A) 3'UTR 

2: 134450813 rs199684345 T/A 0.020 (A) 0.010 (A) 3'UTR 

2: 134450828 rs1044064850 G/A - - 3'UTR 

2: 134450904 rs75561369 G/A 0.026 (A) 0.020 (A) 3'UTR 

2: 134451250 rs56687571 G/C 0.027 (C) 0.010 (C) 3'UTR 

2: 134451322 rs569832033 T/C 0.001 (C) 0.005 (C) 3'UTR 

2: 134451571 rs2439568 G/A 0.341 (G) 0.384 (G) 3'UTR 

2: 134451583 rs636975 A/G 0.440 (A) 0.470 (A) 3'UTR 

2: 134452020 rs669740 C/T 0.442 (C) 0.470 (C) 3'UTR 

2: 134452046 rs113670398 C/T 0.059 (T) 0.035 (T) 3'UTR 

2: 134452524 rs79594066 T/C 0.050 (C) 0.025 (C) 3'UTR 

2: 134452535 rs191482755 A/G 0.006 (G) 0.005 (G) 3'UTR 

2: 134452564 rs2290482 G/A/C 0.023 (A) 0.010 (A) 3'UTR 

2: 134452819 rs2290483 A/G 0.107 (G) 0.066 (G) 3'UTR 

2: 134453311 rs139933732 C/T 0.012 (T) 0.005 (T) 3'UTR 

2: 134453452 rs74398272 T/C 0.016 (C) 0.010 (C) 3'UTR 

2: 134453649 rs73960911 A/G 0.019 (G) 0.025 (G) 3'UTR 

2: 134453973 rs1041938 A/T 0.085 (T) 0.056 (T) 3'UTR 

2: 134453978 rs34497810 G/A/C 0.082 (C) 0.051 (C) 3'UTR 

2: 134454290 rs7841 C/T 0.091 (T) 0.121 (T) 3'UTR 

Chr – Chromosome; MAF – Minor frequent allele; EUR – Europe; CEU - Utah Residents (CEPH) with 

Northern and Western European Ancestry 
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Abstract 

 

The role of protein glycosylation in Inflammatory Bowel Disease (IBD) has been gaining 

high relevance in the last few years. Human gut microbiota use glycans as a major source 

of nutrients and energy. However, whether and how an altered host glycoprofile exerts 

bifunctional roles in the perturbation of microbiome composition associated with dysbiosis 

remains to be elucidated.   

We used glycoengineered mice models with absence of branched N-glycans (Mgat5-/- mice) 

that exhibit a higher susceptibility to DSS-induced colitis associated with an hyperactivation 

of T-cell immune response in the gut lamina propria. Microbiome analysis was performed 

by 16S rDNA gene sequencing both in WT and Mgat5-/- mice.  

We demonstrated that the deficiency on branched N-glycans instructs a dysbiotic 

phenotype in Mgat5-/- mice characterized by a significant decrease in beneficial members 

of the Firmicutes phylum compared to WT mice. After 5 weeks of cohousing with WT mice, 

the Mgat5-/- mice exhibited a much less severe disease compared to single housed Mgat5-

/- mice. Analysis of microbiome diversity and composition revealed an increased proportion 

of bacteria from the Firmicutes phylum after cohousing KO mice with WT. Inferred 

metagenomics analysis further revealed an increase in UDP-GlcNAc biosynthetic pathway 

that was apparently shared and gained upon co-housing the Mgat5-/- with WT. Cohoused 

Mgat5-/- mice also seem to exhibit an increased production of IL17 and IL22 by Th17 and 

γδT cells before DSS which pinpoints for a protective effect.  

Altogether, these results demonstrate the essential roles of branched N-glycans in 

maintaining a homeostatic crosstalk between the microbiome and host immunity, which 

pave the way for innovative preventive intervention strategies using glycans in IBD. 
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Introduction 

 

Gut homeostasis is driven by the symbiotic relation between microbiota and the host. The 

composition of microbial community is crucial for the instruction of a homeostatic innate and 

adaptative immune response, and the loss of this balance is associated with some immune-

mediated disorders, such as inflammatory bowel disease (IBD) (1). Environment factors, 

such as diet, stress and antibiotics, can alter the microbiota abundance and diversity 

(termed dysbiosis), which might lead genetic susceptible individuals to develop an 

exacerbated immune response in the gut (2).  

The competition between “beneficial” commensals and “harmful” commensals (pathobionts) 

or pathogens is crucial to maintain homeostasis. Host glycans from both mucus (mucins) 

and epithelial cell layer are fundamental in this competition, as an energy source (3, 4) or 

as adhesion molecules (5, 6). Bacteria are covered with glycans distinct to the host and use 

their complex biosynthetic pathways as a community to incorporate host glycans in order to 

mimic themselves as self, thus avoiding immune recognition (3, 4, 7, 8). Therefore, the 

number and composition of bacteria might depend on the glycans profile of the host. 

Microbial community is genetically different, presenting a huge functional diversity which 

confer advantage to a specific community in a certain host condition. Commensal bacterial 

might trigger immune response indirectly through the release of metabolites such as short-

chain fatty acids (SCFA), which induce immune tolerance by increasing the infiltration and 

differentiation of colonic regulatory T cells (Treg) and the production of anti-microbial 

peptides (9). Moreover, commensal bacteria are important for the differentiation of T cell 

repertoire, not only on Treg but also in the induction of CD4+ T helper cells that produce IL-

17 and IL-22 by Th17 cells, which has been important in a homeostatic condition (1). Innate 

γδ T cells have been also shown to sense microbiota and to be important in regulating 

intestinal epithelial homeostasis, by inducing IL-17-producers (γδT17) cells (10), which are 

reduced in DSS-induced colitis (11). In a dysbiosis scenario, alterations on gut permeability 

associated with modulation of tight junctions (mediated by claudins) (12, 13) are observed 

and the booming of pathobionts that lead to a dysregulation of the immune system. 

Dysbiosis might also be triggered by previous immune dysregulation associated with gut 

inflammation, which might lead to the outgrowth of less common bacteria due to the 

uncontrolled clearance of the most abundant, the protective commensal bacteria, leading 

to the perpetuation of the inflammation (14). 

Glycosylation plays a critical role in T cell biology and function, including T cell development, 

activation, differentiation and signaling (15). We previously showed that lamina propria T 

cells from ulcerative colitis patients display a disruption on branched N-glycans (catalyzed 

by GnT-V), which was associated with an hyperimmune response (16). In fact, Mgat5 (gene 
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that encode GnT-V) knockout in mice (Mgat5-/-) result in T cell hyperactivity due to the 

increased TCR clustering and in higher susceptibility of the mice to develop a severe DSS-

induced colitis (17) and other immune-mediated diseases (18-20). Considering the 

importance of glycans in the crosstalk between host and bacteria, as well as in T cell 

function, in this study we aim to explore the effects of host branched N-glycans on 

microbiota composition and in the susceptibility to develop colitis. 
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Methods 

 

Animal experiment 

C57BL/6J mice (WT) and Mgat5-deficient C57BL/6J mice (Mgat5-/-) were housed under 

specific pathogeN-free (SPF) conditions in i3S animal facility and fed with standard chow 

diet (2014S, Teklad). After weaning, WT and Mgat5-/- were single housed (SH-WT and SH-

KO) or cohoused (CH-WT and CH-KO) in SPF conditions for 5 weeks (Figure S1). After 5 

weeks, colitis was induced by supplementing 2% (wt/vol) dextran sulfate sodium (DSS; MP 

Biomedicals) in drinking water for 7 days and let mice to recover during 5 days with water. 

In the case of development of severe clinical symptoms, some Mgat5-/- mice only took 6 

days of DSS. Body weight, stool consistency and blood in the stools or in rectum were 

examined daily. Disease activity index (DAI) was calculated to classify disease severity 

based on the criteria presented on Table S1. All experiments were performed in females 

due to the differential microbiome composition when compared with males. Animal 

experiments were performed according to European guidelines. 

 

Microbiome analysis 

Stools were collected before DSS treatment and snap frozen in liquid nitrogen. Microbiome 

composition was determined by 16S rDNA gene sequencing and analyzed as previously 

described (21). Metagenome imputation was performed using picrust2 software. 

 

Claudins mRNA expression 

RNA was isolated from the colon using RNAqueous - Micro kit (Ambion), according with 

manufacturer’s instructions. DNAse was used to digest possible contamination of RNA with 

genomic DNA. A quantitative PCR was performed for Claudin (Cldn) 1, 2, 3, 4, 5, 7 and 8 

expression, using the primers stated on Table S2 and the SybrGreen (BioRad) reagent. 

Gapdh was used as a reference gene. 

 

Isolation of cells from colonic lamina propria 

Colon was digested with 1 mg/mL of collagenase IV (Sigma) in RPMI-1640 GlutaMAX 

medium (Gibco) supplemented with 10% FBS, 100 U/mL penicillin/streptomycin 

(pen/strep), 1mM CaCl2 and 1mM MgCl2, during 45 min with agitation at 37ºC. Cell 

suspension were filtered in 70 μm cell strainers (Corning) and mononuclear cells were 

enriched by Lymphoprep gradient density centrifugation at 800 g with no break for 30 min. 

Cell suspension was used to evaluate also epithelial cells. 

 



Chapter IV 

125 
 

 

Flow cytometry analysis 

Cells isolated from colon and mesenteric lymph nodes (MLNs) were cultured during 4 hours 

in RPMI-1640 + 10% fetal bovine serum (FBS) + 1% Pen/strep supplemented with Phorbol 

12-myristate 13-acetate (PMA; 20ng/ml), Ionomycin (200ng/ml) and Brefeldin (10ng/ml), for 

the stimulation of cytokine production.  

Cell suspension was analyzed in FACSCanto™ II system (BD Biosciences, San Jose, CA) 

after staining with the following primary antibodies: CD45-FITC (30-F11), CD45-Pe-Cy7 

(30-F11), CD3-eFluor 506 (17A2), CD4-eFluor 450 (RM4-5), CD8a-PE-Cy7 (53-6.7), CD25-

PE-Cy5 (PC6.5), Foxp3-APC (FJK-16S), TCR-APC (eBioGL3), IL-17-FITC (TC11-8H4), 

IL-22- PerCP-eFluor 710 (1H8PWSR). The lectin L-PHA (biotinylated) and further staining 

with streptavidin – PE, was used to detect β-1,6 GlcNAc branched N-glycans. Fixable 

Viability Dye (FVD) -eFluor 780 was used to stain dead cells and 2% rat serum was used 

for blocking. Figure S2 shows the gates used to detect the frequencies of CD3, CD4, CD8, 

Treg (CD25+Foxp3+) and T cells.  

Epithelial cells were considered those negative to CD45 (Pe-Cy7, 30-F11) and were stained 

with different lectins to evaluate the different glycans profile: L-PHA-FITC for β-1,6 GlcNAc 

branched N-glycans, biotinylated ULEx Europaeus Agglutinin I (UEA I) for α-1,2 linked 

fucose residues and Sambucus Nigra (SNA) – APC for α-2,6 linked sialic acids. Biotinylated 

lectins were further staining with streptavidin – PE. 

 

Isolation of cells from mesenteric lymph nodes 

MLNs were collected and maintained on ice in FACs buffer (PBS + 2% FBS) until cells 

isolation procedure. MLNs were gently teased between glass slides and cells were collected 

in FACs buffer and pass through a 70-um filter to obtain a single cell suspension. Cells 

(1x106 cells/well) were incubated in 200 µl RPMI-1640 + 10% FBS + 1% Pen/strep 

supplemented with 50 ng/ml PMA and 1µM ionomycin, at 37°C for 48 hours in a 96-well 

plate. Medium was collected and stored at -80°C. 

 

Colonic tissue culture 

The distal part of the colon was cultured in 500 µl RPMI-1640 supplemented with 1% 

Pen/strep and 2% Gentamycin for 24h in a 24-well plate. Medium was collected and 

immediately frozen and stored at -80°C. 

 

Cytokine quantification 

Cytokines released from MLNs and colon explants were quantified by ELISA, according 

with respective manufacturer’ instructions: IL10 (R&D Systems), IL17a, TNFα, IFN and 
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IL1β (all from Invitrogen). Medium from colon explant was concentrated for a final volume 

of 200 µl using centrifugal filters (Amicon, Ultracel – 3k) before quantification. Quantified 

cytokines from explant supernatant were normalized to the weight of the explant. 

 

Statistical analysis 

Two-way ANOVA was performed to evaluate the profile of the disease severity over time. 

Kruskal-Wallis test from one-way ANOVA was used to evaluate the differences between 

single housed Mgat5-/- and single housed Mgat5+/+ or co-housed with Mgat5+/+. Statistical 

significance is considered with the p value < 0.05. 
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Results 

 

Mgat5-/- mice display an alteration in microbiome composition compatible with 

dysbiosis 

The Mgat5-/- in mice has been showed by our group to be associated with an early-onset 

DSS-induced colitis and increased disease severity (17). As expected, Mgat5-/- mice 

displayed higher weight loss and higher disease activity index (DAI) when compared with 

WT mice (Figure 1A). Considering the importance of glycans in microbiota composition and 

the influence of microbiome in colitis development, we compared the microbial composition 

of both WT and Mgat5-/- mice. Significant differences regarding microbial composition were 

observed, mainly in the abundance of bacteria belonging to Firmicutes phylum, such as 

Clostridia class and Lachnospiraceae family (Figure 1B), which were increased in WT mice 

comparing with Mgat5-/-. In turn, Mgat5-/- displayed an increased abundance in bacteria from 

Tenericutes, Actinobacteria and Bacteroidetes, additionally to other Firmicutes bacteria 

(Figure 1B). This suggest a role of microbiome in the susceptibility of Mgat5-/- mice to colitis. 

 

The higher susceptibility of Mgat5-/- mice to develop a severe colitis is controlled by 

co-housing with WT mice, apparently due to the sharing of the microbiota 

To evaluate the possible implications of microbiome in the increased susceptibility of Mgat5-

/- to DSS-induced colitis, we performed a co-housing experiment, in which microbiota was 

shared during approximately 5 weeks before DSS induction between WT and KO mice. 

Briefly, WT mice were cohousing after weaning with KO (termed as CH-WT) and Mgat5-/- 

mice with WT (termed as CH-KO) mice. Moreover, both WT and KO mice were also single 

housed (SH-WT and SH-KO) during the same period (used as controls; Figure S1). Results 

show that CH-KO mice developed a less severe disease (DAI score) comparing with SH-

KO, displaying an intermediate disease behavior (together with CH-WT) when compared 

with SH-WT and SH-KO (Figure 2A and Figure S2A). The recovery phase was also faster 

in CH-KO (as well as in SH-WT and CH-WT) comparing with SH-KO, starting to recover on 

day 8 (vs day 11 in SH-KO, Figure 2A).  

Analysis of the microbiome revealed a higher abundance and diversity in CH-KO comparing 

with SH-KO (Figure 2B). The overall composition of SH-KO and CH-KO are totally distinct. 

The CH-KO are more similar with CH-WT and SH-WT (Figure 2C). Interestingly, the 

comparison between SH-KO and CH-KO is partially recapitulated between SH-KO and SH-

WT (Figure 1B), in which there is an increased abundance of Firmicutes species in CH-KO 

(Figure 2D). Specifically, while SH-KO microbiota is predominantly composed by 

Proteobacteria phylum, the microbiota of CH-KO is mainly increased by Firmicutes as 
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Ruminococcaceae, Clostridium and Acetatifactor genera (Figure 2D). The concordance on 

microbial community within SH-WT and CH-KO compared with SH-KO was observed and 

demonstrated in the Figure S2B, in which several genera from Ruminococcaceae and 

Lachnospiraceae family are increased. These results support the restore of microbial 

community upon cohousing, pinpointing relevant bacteria that might be responsible for the 

reduction of the susceptibility of Mgat5-/- mice to colitis.  

Metagenome analysis were further performed and the results show that CH-KO mice 

display an enrichment with bacteria with higher capacity to synthesize UDP-GlcNAc (the 

substrate used for GnT-V; UDP-N-acetyl-D-glucosamine biosynthesis I pathway; Figure 2E) 

and potentially with higher UDP-GlcNAc production explained by higher peptidoglycan 

biosynthesis (peptidoglycan biosynthesis III and peptidoglycan biosynthesis I pathways; 

Figure 2E). An enrichment of bacteria in CH-KO with indirect and direct metabolic pathways 

involved in the production of acetate (glycolysis III (from glucose) and pyruvate fermentation 

to acetate and lactate II), was also observed (Figure 2E).  These observations indicate the 

gain of a differential composition and functional microbiota by Mgat5-/- mice after co-housing 

with WT, which might explain the distinct clinical outcome after DSS induction. 

 

WT microbiota seems to improve epithelial barrier of Mgat5-/- mice 

In order to understand whether the rescue of microbial composition of the Mgat5-/- observed 

after co-housing with WT might be influencing epithelial barrier, we determined the mRNA 

expression levels of claudins in the colon. We verified an up-regulation of CldN-2 and CldN-

8 in Mgat5-/- mice after co-housing with WT (Figure S3), suggesting a beneficial effect of 

microbiota the epithelial barrier. 

 

Impact of microbiota in modulation of T cells glycosylation and adaptive immune 

response 

In order to investigate the immunological impact of the different microbiota composition 

observed in Mgat5-/- before and after co-housing with WT mice, we collected immune cells 

from both mesenteric lymph nodes (MLNs) and colonic lamina propria. Although these are 

still preliminary results that will be further explored, the results suggest that sharing of 

microbiome seems to decrease the frequency of CD3+ T cells in both MLNs (from 79.3% 

in SH-KO to 65.2% in CH-KO) and colon (from 47.5% in SH-KO to 20.6% in CH-KO) from 

Mgat5-/- (Figure 3), almost reaching the levels from SH-WT (50% in MLNs and 27.6% in 

colon; Figure S4). Despite the decreased CD4+ and increased CD8+ T cells frequency in 

MLNs from SH-KO mice comparing with SH-WT, no differences on CD4+ and CD8+ T cells 

were observed upon co-housing (Figure 3 and Figure S4). Unexpectedly, Mgat5-/- mice who 

received microbiota from WT displayed an enhancement of the branched N-glycans 
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expression (recognized by L-PHA lectin) at the surface of all T cells subtypes (CD3, CD4, 

CD8 and Treg; Figure 3), mainly evident in MLNs, which can be associated with less 

reactivity of T cells, as previously shown by our group (17). However, the branched N-glycan 

levels seem to do not reach those observed in SH-WT (Figure S4). This enhancement of 

branched N-glycans expression seem to be specific of T cells since non-immune cells 

(enriched of epithelial cells) do not exhibit this enhanced expression (Figure S5). 

Afterwards, we investigated whether microbiota from WT may instruct a protective 

immunological profile in Mgat5-/-, by assessing IL17- and IL22-producing CD4 (Th17) and 

TCR T cells in MLNs. No differences on T cells or CD4+ T cells frequencies were 

observed, but an increase IL17- and IL22-producing T cells seem to occur (Figure S6). 

Altogether, our preliminary data suggest a protective effect of microbiota by inducing 

branching N-glycans on T cells and IL17 and IL22 immune response.  
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DISCUSSION 

 

The presence of gut microbiota is a condition to develop intestinal inflammation, once germ-

free mice fail to develop colitis (22, 23) and alterations on gut microbiota composition can 

precede colitis development (24). Host inflammation, either genetically promoted (as IL22- 

(25) and IL10- (26, 27) deficient mice) or chemically induced (DSS) (27), alters microbiota 

composition, favoring the outgrowth of less abundant species, more resistant to 

inflammation that turns-out to be pathobionts (27). In our study we found that the lack of 

Mgat5 gene associated with the absence of branched N-glycans, per se, decreases the 

microbial biodiversity and abundance, culminating in an increased susceptibility to develop 

severe colitis. These Mgat5-/- mice exhibit a deficiency in some bacteria from Firmicutes 

phylum, mainly from Clostridia class, known to be composed by Treg inducing bacteria (28). 

This disturbance impacting homeostasis might be explaining the elevated susceptibility to 

DSS-colitis induction. The increased T cell reactivity of Mgat5-/- mice (19) that is also 

associated with susceptibility to auto-immune disorders (19, 20) might be a cause for the 

disturbance or a consequence of the microbiota composition. 

The elevated susceptibility of MAGT5 -/- to colitis was hampered upon sharing microbiota 

with WT mice, whose microbiota was enriched with bacteria from Firmicutes phylum. This 

enrichment was accompanied with a decreased abundance of bacteria from Proteobacteria 

phylum, suggesting a protective competitive effect. In fact, the enrichment of microbiome 

with Firmicutes might be protecting mice against pathobionts outgrowth and thus impairing 

DSS-induced colitis, as it was previously demonstrated with the enrichment with bacteria 

from Firmicutes phylum (29) in Citrobacter rodentium-induced colitis. The increased ratio of 

Proteobacteria/Firmicutes is observed in IBD patients (30), in which some Proteobacteria, 

such as Gammaproteobacteria, increase in inflammatory conditions (31). The presence of 

bacteria from Firmicutes phylum were shown to restrict intestinal inflammation (32), and to 

suppress C. difficile colonization (33), which is in line the protective effect observed in 

MGAT5-/- upon co-housing with WT mice. 

This homeostatic competition observed in Mgat5-/- mice seems to slow down T cell immune 

response by the potential stimulation of hexosamine biosynthetic pathway, upon 

incorporation of UDP-GlcNAc (produced by microbiota) in CD3+ cells and the consequent 

formation of branched N-glycans observed in Mgat5-/- mice after co-housing. Indeed, even 

in the absence of the enzyme Gnt-V (encoded by Mgat5 and responsible for the branching 

N-glycans), in vivo supplementation of the substrate UDP-GlcNAc leads to an increase of 

T cell N-glycan branching by the compensatory function of other glycosyltransferases as 

Gnt-Vb (17). This glycosylation modulation ameliorates clinical symptoms and reduces 

disease severity in DSS-induced colitis in Mgat5-/- mice, by promoting branched N-glycan 
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expression in intestinal inflammatory infiltrate and decreasing T cell activity through dowN-

regulation of TCR signaling pathway and CD3 proliferation, as well as controlling Th1 and 

Th17 immune response (17). Thus, this T cell immune control by GlcNAc incorporation and 

branched N-glycan biosynthesis might be a way on how gut microbiota, or specifically 

Firmicutes, maintains mucosal T cell homeostasis.  

Commensal bacteria induces mucosal homeostasis through the production of IgA and the 

instruction of T cell immune tolerance, through inducing Treg and IL17- and IL22-producing 

T cells (1). IL22 acts as an important regulator of the interplay between host and microbial 

community, by promoting the production of antimicrobial peptides (34, 35), and maintaining 

epithelial integrity (36) and mucus by increasing epithelial fucosylation through Fut2 

expression (37). In fact, the loss of IL22 in mice leads to an aberrant immune response 

against commensals (25). In accordance, we observed a decreased frequency of IL17- and 

IL22-producing cells (CD4 and T cells) in Mgat5-/- mice comparing with WT. This might 

result in the imbalance of microbiota observed in Mgat5-/- mice. Both cytokines were 

increased in Mgat5-/- mice cohoused with WT, suggesting a rescue of the immune tolerance 

induced by the increased proportion of Firmicutes. Actually, bacteria consortium 

transplantation was shown to protect DSS-induced colitis in mice, promoting IL17A-

producing γδ T cell expansion and improvement of intestinal barrier function (38). Also, IL-

22 was shown to increase epithelial permeability through increasing expression of the CldN-

2 (39), which has been also stimulated through IL-17 (40) and microbial-derived butyrate 

(41). The increased permeability induced by CldN-2 was shown to protect mice against 

DSS-induced colitis, promoting colonocyte proliferation and integrity and inducing immune 

tolerance (42). We observed that Mgat5-/- mice display a deficiency on CldN-2 expression, 

which is increased after sharing microbiota with WT mice. We can speculate that CldN-2 

overexpression might be induced by the increased levels of IL-22 and IL-17, which might 

suggest another level of immune protection induced by microbiota. 

Taken together, branching N-glycans are herein pinpointed as being a critical determinant 

for a balanced crosstalk between host immunity and microbiome, maintaining mucosal T 

cell homeostasis through a healthy microbiome community.  
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Figures 

 

Figure 1 

 

Figure 1_ Mgat5-/- mice is predisposed to develop severe colitis and display an altered 

microbiota comparing with wildtype. A) Females age-matched single-housed (SH) for 5 

weeks received 2% DSS ad libitum for 7 days, with the exception of 6 SH-KO (received for 

6 days) that develop severe clinical symptoms - SH-WT (n=7), SH-KO (n=8); B) Differential 

bacterial composition comparing SH-WT and SH-KO. 
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Figure 2 

 

Figure 2_Dysbiosis of Mgat5-/- is rescued in co-housed mice, favoring the enrichment of 

Firmicutes and bacteria with capacity to synthesize UDP-N-acetyl-D-glucosamine. A) 

Females age-matched single- and co-housed (SH and CH) for 5 weeks received 2% DSS 

ad libitum for 7 days, with the exception of 6 SH-KO (received for 6 days) that develop 



Chapter IV 

138 
 

severe clinical symptoms - SH-WT (n=7), SH-KO (n=8), CH-WT (n=5) and CH-KO (n=5). 

B) Richness and evenness of fecal microbiota from females age-matched after single- and 

co-housing (SH and CH) for 5 weeks - SH-WT (n=7), SH-KO (n=8), CH-WT (n=7) and CH-

KO (n=7); C) Discrimination of microbial composition - PCoA plot generated on unweighted 

UniFrac distance matrices; D) Differential bacterial composition comparing SH-KO and CH-

KO; E) Metagenome analysis comparing both SH-KO and CH-KO. *P < 0.05; **P < 0.01; 

***P < 0.001. 

 

 

Figure 3 

 

Figure 3_ Microbiota from wildtype mice increases N-glycan branching of T cells. T cells 

from mesenteric lymph nodes (MLNs) and colonic lamina propria were isolated from Mgat5-

/- mice single- and co-housing (SH and CH) for 5 weeks. CD3+, CD4+, CD8+ and 

FOXP3+CD25+ T cells were analyzed in flow cytometry. L-PHA lectin were used to detect 

branched N-glycans and the median fluorescence intensity was determined. 
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Supplementary figures 

 

Figure S1 

 

Figure S1_Animal experiment design (A) and gate strategy to determine the frequencies 

of A) CD3, CD4, CD8 T cells and Treg (CD25+Foxp3+) and B) CD4+ and γδ T cells 

producing IL17 and IL22. Median fluorescence intensity (MFI) of IL17 and IL22 and lectins 

(L-PHA, SNA and ULEx) were used for quantification. 
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Figure S2 

 

Figure S2_The predisposition of Mgat5-/- mice to develop severe colitis is decreased when 

co-housed with wildtype mice, promoting a similar microbiota composition to wildtype mice. 

A) Area under the curve (AUC) for females age-matched single- and co-housed (SH and 

CH) for 5 weeks received 2% DSS ad libitum for 7 days, with the exception of 6 SH-KO 

(received for 6 days) that develop severe clinical symptoms - SH-WT (n=7), SH-KO (n=8), 

CH-WT (n=5) and CH-KO (n=5); B) Differential bacterial composition based on microbial 

OTUs within two groups - SH-KO vs SH-WT (pointed with circles) and SH-KO vs CH-KO 

(pointed with triangles). 
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Figure S3 

 

Figure S3_mRNA expression levels of claudins 1, 2, 3, 4, 5, 7 and 8 from mice before DSS. 

*P < 0.05; **P < 0.01; ***P < 0.001. 
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Figure S4 

 

Figure S4_Microbiota from wildtype mice seems to increase N-glycan branching of T cells. 

T cells from mesenteric lymph nodes (MLNs) and colonic lamina propria were isolated from 

mice single- and co-housing (SH and CH) for 5 weeks. CD3+, CD4+, CD8+ and 

FOXP3+CD25+ T cells were analyzed in flow cytometry. L-PHA lectin were used to detect 

branched N-glycans and the median fluorescence intensity was determined. *P < 0.05; **P 

< 0.01; ***P < 0.001. 
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Figure S5 

 

Figure S5_Microbiota from wildtype mice seem to alter adaptive immune response in 

Mgat5-/- mice. A) and B) CD4+ and γδ T cells producing IL17 and IL22 from mesenteric 

lymph nodes (MLNs) of mice single- and co-housing (SH and CH) for 5 weeks were 

detected by flow cytometry. IL17 and IL22 were measured by median fluorescence intensity 

(MFI). 
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Figure S6 

 

Figure S4_Mgat5-/- mice display low levels of sialic acids in and enrichment of epithelial 

cells. CD45- cells from colon were considered as epithelial cells and branched N-glycans 

(L-PHA), sialic acids (SNA) and fucose (ULEx) were detected by flow cytometry, in mice 

single- and co-housing (SH and CH) for 5 weeks were detected by flow cytometry. L-PHA, 

SNA and ULEx were measured by median fluorescence intensity (MFI). *P < 0.05; **P < 

0.01; ***P < 0.001. 
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Supplementary tables 

 

Table S1_Disease activity index (DAI) score used to classify disease severity in colitis-

induced mice. DAI score is the mean of three parameters: weight loss, consistency of the 

feces and presence of blood. The presence of the blood was evaluated using a swab in the 

anus of the animal and in the cage.  

 

DAI 

score 

Weight 

Loss 

Consistency of 

feces Blood 

0 Normal WF Any blood in the swab 

1 1-5% WF/P Vestigious in the swab + Blood or no blood in the cage 

2 6-10% P Blood in the swab + Blood or no blood in the cage 

3 11-18% P/L Blood in the swab + high blood quatity in the cage 

4 >18% L Blood in anus at naked eye + blood in the cage 

WF – well formed; P – pasty; L - Liquid 

 

 

Table S2_Primers used in quantitative real-time PCR to determine mRNA expression in 

mice. 

Gene Primers bp 
Tm 

(°C) 

CG 

(%) 

bp 

product 

Claudin 1 
Fw_GGCTTCTCTGGGATGGATCG 20 60 60 

235 
Rv_CCCCAGCAGGATGCCAATTA 20 60.1 55 

Claudin 2 
Fw_TTTTGGGGCTGTTAGGCACA 20 60.1 50 

290 
Rv_AGAATCCTGGCAGAACACGG 20 60 55 

Claudin 3 
Fw_GTACAAGACGAGACGGCCAA 20 60 55 

462 
Rv_CGTAGTCCTTGCGGTCGTAG 20 60.3 60 

Claudin 4 
Fw_ACGTCATCCGCGACTTCTAC 20 59.9 55 

151 
Rv_TTGTCGTTGCTACGAGGTGG 20 60.3 55 

Claudin 5 
Fw_GTGTCTGGTAGGATGGGTGG 20 59.5 60 

179 
Rv_GCGCCAGCACAGATTCATAC 20 59.7 55 

Claudin 7 
Fw_CCATGTACAAGGGGCTCTGG 20 60.1 60 

224 
Rv_AGCTATTCGGGCCTTCTTCG 20 59.9 55 

Claudin 8 
Fw_TTGCTGACAGCCGGAATCAT 20 60 50 

295 
Rv_TCGGAGATCTCTTTTCGGCG 20 59.9 55 

Gapdh 
Fw_GAAGGTCGGTGTGAACGGAT 20 60 55 

230 
Rv_CTCGCTCCTGGAAGATGGTG 20 60.2 60 

bp – base pairs; Tm – Melting temperature. 
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Abstract 

 

In the last decades, we are assisting the development of a significant variety of novel 

therapies targeting several pathways and molecules that have been revolutionizing the 

treatment of patients with Inflammatory Bowel Disease (IBD). Anti-tumor necrosis factor 

(anti-TNF) agents remain the first line treatment in the majority of IBD patients. 

Nevertheless, almost half of the patients lose response over time (secondary loss of 

response (SLR)) or become intolerant to anti-TNFs, requiring alternative agents. Human 

immunoglobulin G (IgG) isolated from plasma is comprised of multiple glycoforms and 

different glycans variations have been detected on circulating IgGs. Whether this IgG 

glycome heterogeneity among the individuals translates to a better stratification of patients 

accordingly with their response to biologics therapy remains completely unknown. In this 

study, we measured IgG Fc subclass specific glycopeptides in Crohn´s disease (CD) 

patients under infliximab and adalimumab and the results suggest a unique glycoprofile of 

plasma IgGs that is able to distinguish responders from patients who lose response to anti-

TNF therapy. Low levels of sialylated IgG was associated with secondary non responders 

(SNR), independently of anti-TNF drug type. Agalactosylated IgG was associated with loss 

of response to infliximab, while afucosylated IgG were correlated with loss of response to 

adalimumab. In summary, IgG glycome was revealed as a promising non-invasive 

biomarker able to assist a proactive therapy drug monitoring improving the therapy decision 

making process and thereby a personalized medicine in IBD. 

 

 

 

 

 

 

  



Chapter V – Part I 

151 
 

Introduction 

 

Inflammatory bowel disease (IBD), comprising Crohn's disease (CD) and Ulcerative Colitis 

(UC), is a chronic immune-mediated disorder of the gastrointestinal tract that places a heavy 

burden on worldwide population. The heterogeneity in terms of disease onset, response to 

therapies and progression to complications gave rise to an explosion of new targeted 

therapies. Starting roughly 20 years ago with the clinical effectiveness and approval of 

infliximab, other anti-tumor necrosis factor (anti-TNF) blockers (adalimumab e.g.) (1), as 

well as alternative therapies targeting other molecules as integrins (vedolizumab e.g.) and 

IL12/IL23 (ustekinumab) (2-4) has been included in clinical practice and revolutionized 

the treatment of IBD.  

Despite the significant efficacy of anti-TNF therapy, up to 30% of IBD patients do not 

respond to this therapeutic class in the induction phase (primary non-responders - PNR) 

and up to 50% display a transient efficacy of the drug, losing response over time (secondary 

loss of response - SLR) (5, 6). Moreover, patients who initiated anti-TNF can discontinue 

treatment because of serious adverse events (SAE), namely with infliximab. In fact, the 

evidence to guide decisions for dose intensification and swap to a different drug class is 

currently in discussion and was recently revised (7). The current strategy for PNR is to swap 

therapy to other drug class (such as anti-integrin therapy e.g.), while secondary non-

responders (SNR) are subjected to adjustment in drug doses and interval times as well as 

therapy enforcement with immunosuppressants or swap therapy to other drug class if this 

strategy fails (5, 8, 9). 

There is a pressing need in the field to identify reliable and minimally invasive biomarkers 

to select those patients that will fail to respond to anti-TNF therapies and elect them, early 

in disease course, to first-line treatment with another drug class of biologics rather than anti-

TNF. This tailored approach will improve clinical remission, avoiding the risk of relapse and 

side effects, being a cost-effective approach to improve the long time course of the disease 

and patients´ quality of life. 

Glycosylation is a highly-regulated post-translational mechanism characterized by the 

addition of carbohydrate structures (glycans) to proteins and lipids of essentially all cells 

(10). The diversity of the glycome (biological repertoire of glycans in an organism) is 

enormous reflecting their multiple biological functions in key cellular and molecular 

mechanisms of homeostasis and disease, including cancer and IBD (10-13). 

In fact, almost all molecules involved in immune response are glycosylated, including 

immunoglobulins, in which the function and activity highly depends on their glycosylation 

profile. Human Immunoglobulin G (IgG) isolated from plasma is comprised of multiple 

glycoforms owing to the addition of a diverse type of glycan structures in the IgG Fc 
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(conserved domain) and Fab (variable domain) regions. Every IgG Fc domain contains a 

single, highly conserved, glycosylation site at Asn297 that carries complex N-glycans. Over 

30 different glycans variations have been detected on circulating IgG in healthy individuals, 

which reflects a tremendous heterogeneity in IgG Fc glycome (14). The glycosylation 

pattern of IgG is dynamic and can vary depending on age, sex, as well as autoimmune and 

infectious disorders (15). In fact, the type of glycan attached to IgG´s Fc is critical for the 

proper effector functions of all IgGs, regulating the binding to FcγRs on immune cells and 

instructing either a pro-inflammatory (through binding to activating FcγRs) or an anti-

inflammatory (through binding to inhibitory FcγRs) response (14). A seminal observation in 

the 1980´s found that IgG glycosylation differs in patients with Rheumatoid Arthritis (RA), in 

which loss of terminal galactose (agalactosylation) on IgG was seen in patients suffering 

from RA and appearing in circulation preceding disease onset (16, 17). Terminal sialylation 

on Fc glycans also modulates FcγR binding. The presence of α2,6 sialic acid on the Fc 

glycan significantly reduces FcγR affinity being associated with anti-inflammatory activity 

(18). 

More recently, the glycosylation profile of IgG was found to be different comparing UC and 

CD patients. IBD patients showed a distinct pattern of plasma IgG glycosylation, comparing 

with healthy individuals, characterized by a decreased galactosylation, decreased 

sialylation and increased bisecting N-acetylglucosamine (GlcNAc) (19, 20) which was 

associated with clinical severity of the disease (19, 21). 

Taking into consideration the growing body of evidence showing the prominent role of 

glycans in the immunopathogenesis of IBD (11, 13, 22, 23), in this study we evaluated 

whether changes in plasma IgG glycome are correlated with response to anti-TNF biologics 

therapy, as a proxy of a uncontrolled inflammatory disease. We tested whether the 

glycosylation profile of the different IgG subclasses in the plasma of CD patients is 

correlated with loss of response to anti-TNF (infliximab and adalimumab), envisioning the 

identification of a minimally invasive plasma biomarker to be used in the process of therapy 

decision-making benefiting a proactive therapy drug monitoring.   
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Methods 

 

Crohn´s Disease patients’ cohort 

This was a retrospective observational study, which included a cohort of IBD patients that 

comprises 305 blood samples from 64 CD patients (Table 1 and Table S1) under anti-TNF 

therapy (infliximab or adalimumab). Patients were followed in the IBD unit of Porto Centre 

University Hospital (CHUP), where physician’s global assessment (PGA) of disease activity 

and biochemical parameters as C-reactive protein (CRP) and calprotectin were retrieved. 

All information, including clinical and biochemical parameters, are from the time of sample 

collection (Table 1 and Table S1). Samples are from patients in maintenance phase of 

therapy that were collected with a median [interquartile range] of 61,2 [30,7-119] and 28,7 

[16,3-54,9] months after infliximab and adalimumab initiation, respectively. Disease activity 

was defined according to PGA as active or inactive and was recorded in our electronic 

clinical information system. Response to biologics was defined using PGA of disease 

activity, biomarkers (CRP and calprotectin) and in some cases imaging and/or endoscopy. 

Those patients that relapsed during maintenance therapy and thus needed to increase drug 

dosages; shorten intervals, associate immunosuppressants to therapy or swap class of drug 

(such as vedolizumab or ustekinumab), were classified as SLR. SLR was defined according 

to PGA as worsening of symptoms after an initial response to infliximab or adalimumab and 

raised CRP, calprotectin and/or image activity and/or endoscopic activity. Patients who 

initiated anti-TNF and develop serious adverse events (SAE), were defined as those 

patients developing any acute or delayed infusion reaction necessitating anti-TNF 

discontinuation. 

 

Sample preparation and IgG glycosylation analysis 

Immunoglobulin G (IgG) was isolated from a human plasma using affinity chromatography 

on protein G as described previously (24). Briefly, human plasma (100 uL) was diluted 

seven times with 1X PBS and loaded onto Protein G (BIA Separations, Ljubljana, Slovenia). 

Bound IgG was washed with 1X PBS and eluted using a 0.1 M formic acid. Eluted protein 

was immediately neutralized with 1 M ammonium bicarbonate. IgG was trypsinized to obtain 

glycopeptides which were purified using solid phase extraction as described previously (25). 

In short, 200 ng of trypsin (Promega, Fitchburg, WI, USA) was added to 20 µg of IgG and 

incubated overnight at 37°C. Glycopeptides were purified on Chromabond C-18 stationary 

phase (Marcherey-Nagel, Düren, Germany). Samples loaded to stationary phase were 

washed three times with 0.1 % TFA and finally eluted using 20 % ACN. Samples were 

immediately dried completely using a vacuum centrifuge. Separation and measurements 

were performed using liquid chromatography coupled to Compact mass spectrometer 



Chapter V – Part I 

154 
 

(Bruker Daltonics, Bremen, Germany). IgG Fc glycopeptides were separated on 

nanoACQUITY system (Waters, Milford, MA, USA) which was coupled to Compact using 

Apollo ion source (Bruker) equipped CE sprayer (Agilent, Santa Clara, CA, USA) or on 

ACQUITY M-class (Waters, Milford, MA, USA). M-class instrument was coupled to Compact 

using CaptiveSpray ion source equipped with NanoBooster (Bruker). Acetonitrile was 

introduced into nitrogen flow to increase ionisation of glycopeptides. Samples were 

reconstituted in 20 µL of ultrapure water and 4 µL were loaded onto Acclaim PepMap100 

C8 (5 mm×300 μm i.d.) trap column (Thermo Fisher Scientific, Waltham, MA). On the trap 

column, glycopeptides were washed 1 min with 0.1% TFA (solvent A) at a flow rate of 40 

μL/min. Separation of IgG subclasses was based on  differences in their tryptic peptide 

backbone  and was performed on a Halo C18 nano-LC column (150 mm×75 μm i.d., 2.7 

μm HALO fused core particles; Advanced Materials Technology, Wilmington, DE, USA) in 

a 3.5 min gradient from 18% to 28% solvent B (80% ACN). Flow rate was 1 μL/min and 

column temperature was 30°C. Mass spectra were recorded with 2 averages at a frequency 

of 0.5 Hz in a mass range from m/z 800 to m/z  2000. Collision energy and ion energy were 

set at 5 eV. Argon was used as collision gas. M-class ACQUITY UPLC system was operated 

under MassLynx software version 4.1 (Waters) while Compact and nanoACQUITY were 

controlled by HyStar software, version 4.2 (Bruker). With use of MSConvert tool 

(ProteoWizard version 3), all raw data was converted into mzXML file format prior data 

extraction with LacyTools version 1.0.1. Relative intensities of extracted glycopeptide were 

calculated for each IgG subclass and correction for batch effects was performed. Quality 

control resulted in 19 IgG1 glycoforms, 20 IgG2&3 glycoforms and 18 IgG4 glycoforms. 

Derived glycan traits describing levels of agalactosylation, monogalactosylation, 

digalactosylation, sialylation, bisecting GlcNAc and core fucosylation were calculated for 

each IgG subclass (Table S2). 

 

Statistical Analysis 

Glycosylation profiles were log2 transformed to eliminate the skewness in the data. 

Consensus clustering was performed in order to identify group of samples with similar 

glycosylation profiles. Consensus clustering was performed based on K-means algorithm 

via the bioconductor package ConsensusClusterPlus (26). Each glycan abundance was 

first normalized to z-score. Then, glycans were modeled as function of different clusters via 

a linear model. P-values were adjusted for multiple comparison via Benjamini-Hochberg 

correction. Kaplan Meier curve was performed to determine the influence of glycans on the 

loss of response considering time (days) after therapy initiation. Analyses were performed 

separately in terms of anti-TNF therapy (adalimumab versus infliximab).  
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Results 

 

The IgG-Fc glycome is able to stratify CD patients accordingly with clinical and 

therapeutic features 

Considering the different patients’ response to infliximab and adalimumab, we split the CD 

cohort into patients under infliximab or patients under adalimumab. The distribution of IgG 

glycosylation in our cohort (Table 1 and Table S1), both in patients under infliximab or 

adalimumab, suggests 3 main clusters (Figure 1A and Figure 2A) containing specific IgG 

glycosylation fingerprint. Interestingly, one cluster (the cluster 3; Figure 1A) from samples 

in patients under infliximab is predominantly composed by secondary non-responders to 

infliximab (Figure 1B). Samples from this cluster are all from males, who are older than the 

other two clusters (Figure 1B) and display higher levels of calprotectin and CRP (Figure 

1C). Glycan distribution of this cluster contains lower proportion of galactosyled Fc in all 

subclasses (Monogalactosylated in IgG1 and IgG2&3; Digalactosylated in all IgG 

subclasses; Figure 1A) compared with the other clusters, together with lower sialylation in 

all IgG subclasses (predominantly in IgG1; Figure 1A). It is also evident a higher proportion 

of agalactosylated and fucosylated in all Fc IgG subclasses (with exception of fucosylation 

in IgG2&3; Figure 1A). 

The constructed clusters for adalimumab therapy are similarly distributed regarding therapy 

response (Figure 2B). However, the cluster 1 that is mainly composed by the same Fc 

glycosylation profile of IgG1 and IgG2&3 observed in cluster 3 from patients under infliximab 

(low proportion of galactosylation and sialylation of Fc IgG1 and IgG2&3; Figure 2A), also 

contains older patients and higher values of CRP (Figure 2C) than the other clusters. This 

cluster is also composed high proportion of bisecting GlcNAc of Fc of all IgG subclasses 

(Figure 2A).  

These results suggest a promisor association of low galactosylation and sialylation of Fc 

IgG1 and IgG2&3 with age and CRP levels, as well as with loss of response to adalimumab. 

 

Differences in IgG-Fc glycosylation are associated with loss of response to anti-TNF 

therapy with a higher performance than C-Reactive Protein and calprotectin 

In order to evaluate the overall capacity of IgG-Fc glycosylation in distinguishing samples 

of responders versus SNR, further comparing this potential biomarker with other current 

biomarkers such as CRP and calprotectin, we plotted a ROC curve (Figure 3). The analyses 

were split into patients under infliximab and under adalimumab. Interestingly, the overall 

performance of IgG Fc glycosylation in relationship with loss of response to anti-TNF 

therapy is better for infliximab than for adalimumab (AUC~0.8 vs AUC~0.6; Figure 3). This 
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was observed for each subclass-specific IgG glycopeptides considering the different glycan 

traits: agalactosylation, bisecting, fucosylation and sialylation (Figure 3B). 

In the case of adalimumab therapy, IgG glycosylation displays a much higher efficacy in the 

association with loss of response to the drug (AUC-0.91; Figure 3A) than CRP and 

calprotectin together (AUC – 0.57; Figure 3A). This higher performance of IgG glycans is 

more evident in agalactosylation (AUC – 0.74; Figure 3B), bisecting (AUC – 0.77; Figure 

3B) and fucosylation (AUC – 0.77; Figure 3B) profiles of IgG4 (Figure 3B) and the 

differences are even higher when considering all glycans traits from all IgG subclasses 

(AUC – 0.84; Figure 3A). 

Overall, IgG glycosylation is able to distinguish samples from SNR to anti-TNF therapy 

displaying higher performance that CRP and calprotectin (in the case of adalimumab). 

 

The correlation of IgG glycosylation with anti-TNF therapy response is maintained 

along time and disease course 

Kaplan Meier curves were plotted to evaluate the profile of IgG Fc glycosylation over time 

(days after therapy initiation) according with the loss of response to anti-TNF therapy. The 

results showed that the association of specific IgG Fc glycan patterns with response to anti-

TNF therapy appears to be maintained along time (Figure 3 and Figure S1-3). The results 

also showed that, in patients under infliximab, low levels (red lines in figure 3) of 

galactosylation in all IgG subclasses are associated with patients that lost response earlier 

than the ones with high levels (blue lines) of galactosylation. As example, at 3000 days after 

therapy initiation the probability to identify and stratify a SNR is higher if plasma IgG is 

agalactosylated (in all IgG subclasses; Figure 3). The same holds true for low levels of 

sialylation (in all IgG subclasses), low bisecting (IgG2&3 and IgG4) and high fucosylation 

(IgG1 and IgG4). 

 On the contrary, for adalimumab, we observed (Figure 3) that plasma with high proportion 

of galactosylated Fc glycans (in all IgG subclasses), high bisecting (IgG2&3 and IgG4) and 

low fucosylation (IgG4; except in IgG1 that is significantly increased) are mostly associated 

with a SNR over time. For both drugs, and at a given time, the probability to identify SNR is 

higher when IgGs display low levels of sialylation (IgG2&3 and IgG4). Altogether, we found 

that the Fc glycans´ profile of plasma IgG can be printing the clinical response to anti-TNF 

drugs, having the ability to distinguish responders and non-responders in a constant way, 

over time and along disease course and differently in the case of infliximab or adalimumab. 
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Discussion 

 

Immunoglobulin G (IgG) antibodies are the predominant antibody class in circulation, being 

a key effector of the humoral immune system by triggering leukocyte activation and 

inflammation (27). The diverse type of glycans structures in the Fc region of IgG is 

responsible for modulating cellular response through interaction with FcγRs in immune 

cells. Decreased galactosylation of IgG is associated with a pro-inflammatory IgG function 

and was observed in IBD patients in comparison with healthy individuals (19-21, 28, 29). 

Nevertheless, whether this IgG glycome heterogeneity among individuals translates to a 

better stratification of patients accordingly with their response to biologics therapy in IBD 

remains completely unknown. 

In this study we demonstrated that differences in plasma Fc IgG glycosylation profiles of 

CD patients are able to distinguish responders from patients that lost response to anti-TNF 

therapy, with higher accuracy than CRP and calprotectin together (predominantly for 

adalimumab), current markers used in IBD therapeutic management (30, 31). Different 

profiles of glycans on IgG Fc were correlated with SLR to infliximab or adalimumab in a 

drug-specific manner and in a stable manner along time and disease course.  

We showed that samples from patients that lose response to anti-TNF therapy exhibited 

decreased levels of sialylation in all IgGs (with the exception of IgG1 for adalimumab) which 

is in accordance with a pro-inflammatory function of low sialylation on IgGs. In fact,  the 

presence of sialylation promotes the anti-inflammatory activity of IgG by reducing antibody-

dependent cellular cytotoxicity (ADCC) and complement-mediated cytotoxicity (CDC) and 

increasing the activation threshold of innate effector cells to immune complexes by 

stimulating the upregulation of the inhibitory Fcγ receptor IIB (FcγRIIB) (18, 32). 

Furthermore, SNR to infliximab also presented lower levels of galactosylation comparing 

with the responders. Low galactosylated IgG was already observed in CD patients with 

active disease displaying problems in maintaining long-term remission and was also 

correlated with CRP (33, 34). 

Our results further showed that low levels of galactose and sialic acid on plasma Fc IgG is 

associated with loss of response to infliximab in a cooperative way. This is in accordance 

with the pro-inflammatory effects of agalactosylated IgG through increased antibody-

dependent phagocytosis (35) and increased pathogenicity of antibodies (36-39). 

Our results also suggest that the capacity of IgG glycome to identify SNR appear to be 

higher in infliximab than in adalimumab. Nevertheless, SLR to adalimumab were 

significantly correlated with afucosylation of Fc IgG that is known to potentiate the 

enhancement of ADCC (40, 41). The presence of bisecting N-glycans, that also confer a 

pro-inflammatory effect on IgG by enhancing ADCC (42, 43), was also observed in 
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adalimumab scenario, as well as in patients under infliximab. These results suggest that the 

association of the profile of Fc IgG glycosylation with response to biologics therapy is 

specific and dependent on the type of anti-TNF drug.  

Taken together, our results reveal a potential novel plasma biomarker able to distinguish 

responders versus SNR to anti-TNF. The validation of the performance of this glycomic 

plasma biomarker in a prospective study and in a larger cohort that includes samples 

collected at defined and synchronized time-points of therapy induction and maintenance 

phase is worth and needed, envisioning the integration of this biomarker in therapy decision 

and proactive TDM in IBD.  

If validated, we are in front of a new and minimally invasive plasma biomarker with the 

capacity to identify patients that will fail to respond to anti-TNF therapy and thus benefiting, 

early in disease course, from other alternative therapies. This will improve the personalized 

medicine and a tailored therapeutic management in IBD. 
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Figures 

 

Figure 1 

 



Chapter V – Part I 

165 
 

Figure 1_(A) Heatmap illustrating glycan profiles for different clusters in samples from 

patients under Infliximab. The seven tracks on the top annotate clusters identified by 

consensus clustering (Cluster), response to biologics (Response), maintenance 

(Maintenance), gender (Gender), age (Age), Calprotectin in log(x+1) scale 

(Calprotectin)and CRP in log(x+1) scale (CRP). (B) Proportion of Female/Male and 

proportion of Responder, Loss of Response and Non-Responder for different clusters. (C) 

Distribution of Age, Calprotectin in log(x+1) scale and CRP in log(x+1) scale for different 

clusters. P-values from wilcoxon test are reported. 
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Figure 2 

 

 

Figure 2_(A) Heatmap illustrating glycan profiles for different clusters in samples from 

patients under Adalimumab. The seven tracks on the top annotate clusters identified by 
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consensus clustering (Cluster), response to biologics (Response), maintenance 

(Maintenance), gender (Gender), age (Age), Calprotectin in log(x+1) scale 

(Calprotectin)and CRP in log(x+1) scale (CRP). (B) Proportion of Female/Male and 

proportion of Responder, Loss of Response and Non-Responder for different clusters. (C) 

Distribution of Age, Calprotectin in log(x+1) scale and CRP in log(x+1) scale for different 

clusters. P-values from wilcoxon test are reported. 
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Figure 3 
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Figure 3_(A) Overall capacity of the combined Fc IgG glycans for loss of response to 

infliximab and adalimumab, comparing with C-reactive protein (CRP) and calprotectin. The 

association is showed for the combination of all glycan traits (all directly measured glycans 

for each IgG subtype have been taken into account). (B) Overall capacity of the different 

types of glycosylation (agalactosylation, bisecting, sialylation and fucosylation) in Fc IgG 

(per IgG subtype) to correlate with loss of response to infliximab and adalimumab. Area 

under the curve (AUC) of the plotted ROC curves are highlighted. 
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Figure 4 

 

Figure 4_Kaplan Meier curves shows the profile of glycosylation of the IgGs during time 

(days) of therapy, in which the event is the loss of response to infliximab or adalimumab. 

Each glycan type has been stratified based on median value of each glycan profile 

proportion (lower than the median is scored as 0 – colored in red - and higher than the 

median is scored as 1 – colored in blue). In red are samples presenting lower levels of the 

median and in blue the ones with higher levels. For infliximab, 177 samples from 40 patients 
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were included (25 patients have only sample); For infliximab, 128 samples from 22 patients 

were included (7 patients have only sample). Time is at days after therapy initiation.  
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Supplementary Figures 

 

Figure S1 

 

Figure S1_Kaplan Meier curves showing the profile of mono- and digalactosylation in Fc 

IgGs during time (days) of therapy, in which the event is the loss of response to infliximab 

or adalimumab. Each glycan type has been stratified based on median value of each glycan 

profile proportion (lower than the median is scored as 0 – colored in red - and higher than 

the median is scored as 1 – colored in blue). In red are samples presenting lower levels of 

the median and in blue the ones with higher levels. For infliximab, 177 samples from 40 

patients were included (25 patients have only sample); For infliximab, 128 samples from 22 

patients were included (7 patients have only sample). Time is at days after therapy initiation. 
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Figure S2 

 

Figure S2_Kaplan Meier curves showing the glycan profile traits of Fc IgGs during time 

(days) of infliximab, in which the event is the loss of response to the therapy. Each glycan 

trait has been stratified based on median of the intensity value (lower than the median is 
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colored in red and higher than the median in blue). In red are samples presenting lower 

levels of the median and in blue the ones with higher levels. For infliximab, 177 samples 

from 40 patients were included (25 patients have only sample); For infliximab, 128 samples 

from 22 patients were included (7 patients have only sample). Time is at days after therapy 

initiation. 
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 Figure S3 

 

Figure S3_ Kaplan Meier curves showing the glycan profile traits of Fc IgGs during time 

(days) of adalimumab, in which the event is the loss of response to the therapy. Each glycan 

trait has been stratified based on median of the intensity value (lower than the median is 
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colored in red and higher than the median in blue). In red are samples presenting lower 

levels of the median and in blue the ones with higher levels. For infliximab, 177 samples 

from 40 patients were included (25 patients have only sample); For infliximab, 128 samples 

from 22 patients were included (7 patients have only sample). Time is at days after therapy 

initiation. 
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Tables 

 

Table 1. Characterization of the Crohn´s disease (CD) cohort in terms of clinical and biochemical parameters. All samples are from CD patients 

under infliximab or adalimumab in maintenance phase. The cohort includes 177 samples from 40 patients under infliximab and 128 samples 

from 22 patients under adalimumab. The samples from CD patients were collected at different time points during maintenance therapy. With 

the exception of 2 patients, all secondary non-responders entry after losing response to the therapy. All information was retrieved at the time 

of sample collection. The time since diagnosis until sample collection is referred in years of follow-up, and the time since infliximab or 

adalimumab initiation is referred in months after therapy. Physician’s global assessment (PGA) was used to determine disease activity using 

the cut-off of 4. Patients were classified as responders or secondary non-responders to the biologic therapy that are subjected at the time of 

sample collection. 
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Infliximab 

 
Adalimumab 

 
Patients (N= 40) Samples (N= 177) 

 
Patients (N= 22) Samples (N= 128) 

n (%) Median [IQR] n (%) Median [IQR] 
 

n (%) Median [IQR] n (%) Median [IQR] 

Age (in 

years old) 
  40 43,5 [31-52] 177 50 [43-55] 

 

22 47,5 [36,5-53,8] 128 49 [36-56] 

Years of 

follow up 
  40 11 [4,3-18] 177 17,9 [6,9-19,5] 

 

22 17,8 [11-24,1] 128 
20,4 [14,8-

24,5] 

Months 

after 

therapy 

  40 29,2 [9,4-83,8] 177 
61,2 [30,7-

119] 

 

22 18,9 [7,1-53,4] 140 
28,7 [16,3-

54,9] 

Gender 
F 20 (50) - 101 (57,1) - 

 
13 (59,1) - 53 (41,4) - 

M 20 (50) - 76 (42,9) - 
 

9 (40,9) - 75 (58,6) - 

HBS index   17 2 [1-4] 151 2 [1-4] 
 

17 2 [0-3,5] 135 2 [1-4] 

Clinical 

symptoms 

Remission 14 (35) - 127 (71,8) - 
 

14 (63,6) - 105 (82,0) - 

Activity 3 (7,5) - 24 (13,6) - 
 

3 (13,6) - 18 (14,1) - 

Missing data 23 (57,5) - 26 (14,7) - 
 

5 (22,7) - 5 (3,9) - 

Response 

to biologics 

Responder 31 (77,5) - 95 (53,7) - 
 

9 (40,9) - 51 (39,8) - 

Secondary 

Non 

Responder 

9 (22,5) - 82 (46,3) - 

 

13 (59,1) - 77 (60,2) - 

CRP (mg/L)   16 1,64 [0,9-13,6] 146 2,97 [1,4-5,5] 
 

16 2 [1-5,3] 131 2,2 [0,9-5,5] 

Calprotectin 

(µg/g) 
  11 355 [51-760] 141 214 [72-605,5] 

 

12 260 [107-710,1] 125 254,5 [96-554] 



Chapter V – Part I 

179 
 

Supplementary Tables 

 

Table S1_ Distribution of samples per patient and therapy. 

  Infliximab   Adalimumab   

  Nº Samples Nº Patients   Nº Samples Nº Patients   

  1 25   1 7   

  2 4   2 1   

  4 1   3 1   

  5 1   6 1   

  12 2   7 1   

  13 1   8 3   

  15 3   9 3   

  16 1   10 3   

  18 1   11 2   

  19 1         

              

Total 177 40   128 22   
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Table S2_ Formula for the calculation of the glycan profile of each immunoglobulin G (IgG) 

subclass. 

 

Agalactosylation Monogalactosylation Digalactosylation Sialylation 
Bisecting 

GlcNAc 
Fucosylation 

Ig
G

1
 

 G0 + G0F + G0N 

+ G0FN 

 G1 + G1F + G1N + 

G1FN 

 G2 + G2F + G2N + 

G2FN 

G1S + G1FS + 

G1FNS + G2S 

+ G2FS + 

G2FNS + 

G2NS 

G0N + G0FN 

+ G1N + 

G1FN + 

G1FNS + 

G2N + G2FN 

+ G2FNS + 

G2NS 

G0F + G0FN + 

G1F + G1FN + 

G1FS + 

G1FNS + G2F 

+ G2FN + 

G2FS + 

G2FNS 

Ig
G

2
&

3
 

 G0 + G0F + G0N 

+ G0FN 

 G1 + G1F + G1N + 

G1FN 

 G2 + G2F + G2N + 

G2FN 

G1S + G1FS + 

G1FNS + 

G1NS + G2S + 

G2FS + 

G2FNS + 

G2NS 

G0N + G0FN 

+ G1N + 

G1FN + 

G1FNS + 

G1NS + G2N 

+ G2FN + 

G2FNS + 

G2NS 

G0F + G0FN + 

G1F + G1FN + 

G1FS + 

G1FNS + G2F 

+ G2FN + 

G2FS + 

G2FNS 

Ig
G

4
 

 G0 + G0F + G0N 

+ G0FN 

 G1 + G1F + G1N + 

G1FN 

 G2 + G2F + G2N + 

G2FN 

G1FS + 

G1FNS + G2S 

+ G2FS + 

G2FNS + 

G2NS 

G0N + G0FN 

+ G1N + 

G1FN + 

G1FNS + 

G2N + G2FN 

+ G2FNS + 

G2NS 

G0F + G0FN + 

G1F + G1FN + 

G1FS + 

G1FNS + G2F 

+ G2FN + 

G2FS + 

G2FNS 

G – Galactose; F – Fucose; N – Bisecting; S – Sialic acid 
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Glycosylation of IgG as a blood biomarker to predict immunogenicity 

to anti-TNF in Crohn´s Disease patients. 

 

1,2Márcia S Pereira, 3Francesca Petralia, 4Jerko Štambuk, 4Elham Memarian, 4Genadij 

Razdorov, 4Mislav Novokmet, 4Frano Vučković, 4Irena Trbojevic-Akmacic, 5Luís Maia, 

1Vanda Pinto, 1,6Inês Alves, 5,2Ricardo Marcos-Pinto, 5Paula Lago, 4Gordan Lauc, 7Jean-

Frederic Colombel, 1,6*Salomé S. Pinho. 

 

1Instituto de Investigação e Inovação em Saúde (I3S) / Institute of Molecular Pathology 

and Immunology of the University of Porto (IPATIMUP), Porto, Portugal 

2Institute of Biomedical Sciences of Abel Salazar (ICBAS), University of Porto, Porto, 

Portugal 

3Department of Genetics and Genomic Sciences, Icahn Institute of Genomics and 

Multiscale Biology, Icahn School of Medicine at Mount Sinai New York, New York, USA 

4Genos Glycoscience Research Laboratory, Zagreb, Croatia 

5Department of Gastroenterology, Porto Centre Hospital, Porto, Portugal 

6Faculty of Medicine, University of Porto, Porto, Portugal 
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Introduction 

In the last decades, we are assisting the development of a significant variety of novel 

therapies targeting several pathways and molecules that have been revolutionizing the 

treatment of patients with Inflammatory Bowel Disease (IBD). Anti-tumor necrosis factor 

(anti-TNF) therapies remain the first line treatment in the majority of IBD patients. 

Nevertheless, almost half of the patients lose response over time (secondary loss of 

response (SLR)) or become intolerant to anti-TNFs, requiring alternative agents. The 

loss of response to anti-TNF can be accompanied by the formation of anti-drug 

antibodies due to immunogenicity issues related with the drug, being a major cause for 

treatment failure and non-response to therapy (1).  

The mechanisms underlying formation of anti-drug antibodies is not fully understood. 

Recently, an association between HLA-DQA1*05 carriage and the development of 

antibodies against anti-TNF agents were reported (2). 
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Glycosylation is a highly-regulated post-translational mechanism characterized by the 

addition of carbohydrate structures (glycans) to proteins and lipids of essentially all cells. 

The diversity of the glycome (biological repertoire of glycans in an organism) is enormous 

reflecting their multiple biological functions in key cellular and molecular mechanisms of 

homeostasis and disease, including cancer and IBD (3-5). 

Human immunoglobulin G (IgG) isolated from plasma is comprised of multiple 

glycoforms and different glycans variations have been detected on circulating IgGs in 

IBD patients (6). Whether this IgG glycome heterogeneity is associated with likelihood of 

developing immunogenicity to biologic therapies remains completely unknown. 

The main aim of this study was to evaluate whether changes in plasma IgG glycosylation 

are correlated with the development of anti-drug antibodies to anti-TNF therapies and 

thus with the risk of developing immunogenicity. 

 

Methods 

We performed a glycoproteomics study to measure plasma IgG-Fc subclass-specific 

glycopeptides in Crohn´s disease (CD) patients under anti-TNF maintenance therapy 

and correlated our findings with the development of anti-drug antibodies and thus 

immunogenicity. This observational study includes 40 CD patients under therapy with 

infliximab (n=21) or adalimumab (n= 19) for a total of 251 blood samples that were 

analyzed at different time points during maintenance therapy. Samples were collected 

with a median [interquartile range] of 61 [31-119] and 29 [16-55] months after infliximab 

and adalimumab initiation, respectively. At each visit, blood samples were collected (at 

trough) just before the administration of the biologic. The serum infliximab or 

adalimumab drug levels and anti-drug antibody levels were analyzed by Elisa (LISA-

Tracker, Theradiag which is able to detect antibodies in presence of the drug). 

Phenotypic characterization of the cohort is presented in Supplementary Table 1. 

Immunogenicity was defined as an anti-drug antibody (ADA) titer ≥ 9 µg/ml for infliximab 

and ≥ 4 µg/ml for adalimumab using a drug-tolerant enzyme-linked immunosorbent 

assay. Drug trough levels were measured and were considered adequate when being ≥ 

3 µg/ml for infliximab and ≥ 5 µg/ml for adalimumab (7, 8). Using the algorithm for 

reactive therapeutic drug monitoring for patients with loss of response and based on 

measurements of anti-TNF levels and ADA, three groups of patients were classified 

accordingly: 1) patients with low levels of the drug and the presence of ADA that needed 

to be switched were classified as “YES”; 2) patients with low levels of the drug and 

negative for ADA (despite increase of anti-TNF dose and/or decrease of intervals 

between infusions), were classified as “NO_a”; 3) patients with adequate levels of the 

drug and negative for ADA were classified as “NO_b”.  
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IgGs were isolated from human plasma using affinity chromatography on protein G and 

measurements were performed using liquid chromatography coupled to Compact mass 

spectrometer (Bruker Daltonics, Bremen, Germany) as described previously [6]. Quality 

control resulted in 19 IgG1 glycoforms, 20 IgG2&3 glycoforms and 18 IgG4 glycoforms. 

Derived glycan traits describing levels of agalactosylation, sialylation, bisecting GlcNAc 

and core fucosylation were calculated for each IgG subclass. The glycans profiles of 

Infliximab and Adalimumab were jointly analyzed. Specifically, each glycan abundance 

was first adjusted for covariates such as gender and age, as well as for drug therapy. In 

order to assess the association between immunogenicity issues and glycan profile, 

glycans profiles were modeled as a function of immunogenicity score via linear model. 

The p-values and Benjamini-Hochberg adjusted p-values are reported (Supplementary 

Table 2). Given that for Adalimumab more patients developed immunogenicity, we also 

report the association between glycans profile and immunogenicity specifically for 

Adalimumab alone. Similarly to the joint analysis, glycan profiles were first adjusted for 

covariates such as gender and age. Then, glycans profiles were modeled as a linear 

function of immunogenicity index. 

 

Results 

From n=40 CD patients under maintenance therapy with infliximab or adalimumab 37.5% 

of the patients had a loss of response to the drug. A total of 252 samples were analyzed 

and among them, 6/252 were classified as “YES”; 46/252 as “NO_a” and 200/252 as 

“NO_b” according to our definition above. IgG-Fc glycosylation profile was significantly 

associated with the development of anti-drugs antibodies (ADA) to infliximab and 

adalimumab (Figure 1; Supplementary Figure 1; Supplementary Table 1). Specifically, 

decreased levels of sialylation in IgG4 were associated with the development of 

immunogenicity to anti-TNF therapy. Moreover, increased levels of bisecting N-glycans 

together with low fucosylated glycans in IgG2&3 were associated with immunogenicity 

to anti-TNFs. The same was observed specifically for adalimumab (Supplementary 

Figure 1). An overall increased galactosylation of IgGs was also observed to be 

associated with the development of anti-drug antibodies to anti-TNF therapy (Figure 1).  

 

Discussion 

This is the first exploratory study revealing plasma IgG glycome as significantly 

associated with immunogenicity to anti-TNF therapy. We demonstrated an overall 

decrease on the complexity of N-glycans in plasma IgGs, verified by a decrease of 

terminal sialylation, decreased fucosylation and presence of bisecting N-glycans on IgG, 

significantly associated with the development of anti-drug antibodies to anti-TNF therapy. 
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We also showed that presence of galactose on Fc IgG is consistently associated with 

development of immunogenicity. The decrease on terminal sialylation and fucosylation 

associated with immunogenicity to anti-TNF therapy is in accordance with a pro-

inflammatory function of low sialylation/fucosylation on IgGs (9, 10). Particularly, the 

absence of sialylation promotes the anti-inflammatory activity of IgG by promoting 

antibody-dependent cellular cytotoxicity (ADCC). Presence of sialylation in IgG 

stimulates the upregulation of the inhibitory Fcγ receptor IIB (FcγRIIB) (11). Moreover, 

the binding to activating FcγRIIIa was also shown to be enhanced with the presence of 

galactosylated IgGs inducing ADCC and complement mediated cytotoxicity (12-15). 

Taken together, this unique IgG glycome profile, mainly low proportion of sialylated and 

fucosylated glycoforms, as well as elevated GlcNAc bisecting and presence of galactose 

were found to be associated with the likelihood of developing immunogenicity.  

In summary, changes in plasma IgG glycome may constitute a new non-invasive 

biomarker able to predict the development of immunogenicity to anti-TNF. Prospective 

studies on larger sample size are needed to evaluate whether the plasma IgG glycans 

profile of the patients is printed before the therapy initiation and if it is also associated 

with immunogenicity to other biologic drugs. 
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Figure 1 

 

Figure 1_Glycosylation profile of IgG-Fc associated with the development of anti-drugs 

antibodies to infliximab and adalimumab in CD patients. Abundance adjusted by age, 

gender and drug therapy is shown. To detect association, glycans profile in Fc IgG 

subclass was modeled as function of immunogenicity after adjusting for covariates such 

as age and gender and type of drug via a linear model. In this analysis n=150 and n=102 

samples for infliximab and adalimumab were analyzed jointly. Significance was 

considered with a p-value lower than 0.05 and FDR < 15%. 
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Supplementary Material 

 

Methods 

 

Sample preparation and IgG glycosylation analysis 

Immunoglobulin G (IgG) was isolated from a human plasma using affinity 

chromatography on protein G as described previously (16). Briefly, human plasma (100 

uL) was diluted seven times with 1X PBS and loaded onto Protein G (BIA Separations, 

Ljubljana, Slovenia). Bound IgG was washed with 1X PBS and eluted using a 0.1 M 

formic acid. Eluted protein was immediately neutralized with 1 M ammonium bicarbonate. 

IgG was trypsinized to obtain glycopeptides which were purified using solid phase 

extraction as described previously (17). In short, 200 ng of trypsin (Promega, Fitchburg, 

WI, USA) was added to 20 µg of IgG and incubated overnight at 37°C. Glycopeptides 

were purified on Chromabond C-18 stationary phase (Marcherey-Nagel, Düren, 

Germany). Samples loaded to stationary phase were washed three times with 0.1 % TFA 

and finally eluted using 20 % ACN. Samples were immediately dried completely using a 

vacuum centrifuge. Separation and measurements were performed using liquid 

chromatography coupled to Compact mass spectrometer (Bruker Daltonics, Bremen, 

Germany). IgG Fc glycopeptides were separated on nanoACQUITY system (Waters, 

Milford, MA, USA) which was coupled to Compact using Apollo ion source (Bruker) 

equipped CE sprayer (Agilent, Santa Clara, CA, USA) or on ACQUITY M-class (Waters, 

Milford, MA, USA). M-class instrument was coupled to Compact using CaptiveSpray ion 

source equipped with NanoBooster (Bruker). Acetonitrile was introduced into nitrogen 

flow to increase ionisation of glycopeptides. Samples were reconstituted in 20 µL of 

ultrapure water and 4 µL were loaded onto Acclaim PepMap100 C8 (5 mm×300 μm i.d.) 

trap column (Thermo Fisher Scientific, Waltham, MA). On the trap column, glycopeptides 

were washed 1 min with 0.1% TFA (solvent A) at a flow rate of 40 μL/min. Separation of 

IgG subclasses was based on  differences in their tryptic peptide backbone  and was 

performed on a Halo C18 nano-LC column (150 mm×75 μm i.d., 2.7 μm HALO fused 

core particles; Advanced Materials Technology, Wilmington, DE, USA) in a 3.5 min 

gradient from 18% to 28% solvent B (80% ACN). Flow rate was 1 μL/min and column 

temperature was 30°C. Mass spectra were recorded with 2 averages at a frequency of 

0.5 Hz in a mass range from m/z 800 to m/z  2000. Collision energy and ion energy were 

set at 5 eV. Argon was used as collision gas. M-class ACQUITY UPLC system was 

operated under MassLynx software version 4.1 (Waters) while Compact and 

nanoACQUITY were controlled by HyStar software, version 4.2 (Bruker). With use of 
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MSConvert tool (ProteoWizard version 3), all raw data was converted into mzXML file 

format prior data extraction with LacyTools version 1.0.1. Relative intensities of extracted 

glycopeptide were calculated for each IgG subclass and correction for batch effects was 

performed. Quality control resulted in 19 IgG1 glycoforms, 20 IgG2&3 glycoforms and 18 

IgG4 glycoforms. Derived glycan traits describing levels of agalactosylation (G0 + G0F 

+ G0N + G0FN), monogalactosylation (G1 + G1F + G1N + G1FN), digalactosylation (G2 

+ G2F + G2N + G2FN), sialylation ([G1S + G1FS + G1FNS + G2S + G2FS + G2FNS + 

G2NS] for IgG1; [G1S + G1FS + G1FNS + G1NS + G2S + G2FS + G2FNS + G2NS] for 

IgG2&3; [G1FS + G1FNS + G2S + G2FS + G2FNS + G2NS] for IgG4), bisecting N-

acetylglucosamine ([G0N + G0FN + G1N + G1FN + G1FNS + G2N + G2FN + G2FNS + 

G2NS] for IgG1 and IgG4 and [G0N + G0FN + G1N + G1FN + G1FNS + G1NS + G2N 

+ G2FN + G2FNS + G2NS] for IgG2&3) and core fucosylation (G0F + G0FN + G1F + 

G1FN + G1FS + G1FNS + G2F + G2FN + G2FS + G2FNS) were calculated for each 

IgG subclass. 

 

 

Supplementary Figure 

 

 

 

Supplementary Figure 1_ Glycosylation profile of IgG-Fc associated with the 

development of anti-drugs antibodies to adalimumab in CD patients. Abundance 

adjusted by age and gender. To detect association, glycans profile in Fc IgG subclass 

was modeled as function of immunogenicity after adjusting for covariates such as age 

and gender via a linear model. In this analysis n=102 samples were analyzed. 

Significance was considered with a p value lower than 0.05 and FDR < 15%. 
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Supplementary Tables 

 

Supplementary Table 1_ Characterization of the Crohn´s disease (CD) cohort in terms 

of clinical and biochemical parameters. All samples are from CD patients under infliximab 

or adalimumab in maintenance phase. The samples from CD patients were collected at 

different time points during maintenance therapy. All information was retrieved at the 

time of sample collection. The time since diagnosis until sample collection is referred in 

years of follow-up, and the time since infliximab or adalimumab initiation is referred in 

months after therapy. Physician’s global assessment (PGA) was used to determine 

disease activity using the cut-off of 4. Patients were classified as responders or 

secondary non-responders to the biologic therapy that are subjected at the time of 

sample collection. Immunogenicity issues were classified as “Yes” – presence of anti-

drug antibodies (ADA: > 9 µg/ml for infliximab and > 4 µg/ml for adalimumab) and low 

levels of the drug (<3 µg/ml for infliximab and 5 µg/ml for adalimumab); “No_a” - low 

levels of the drug and no presence of ADA; “No_b” – no presence of ADA and high levels 

of the drug. 
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Patients under anti-

TNF therapy 

Samples from 21 CD 

patients under 

infliximab 

Samples from 19 CD 

patients under 

adalimumab 

N (%) 
Median 

[IQR] 
N (%) 

Median 

[IQR] 
N (%) 

Median 

[IQR] 

Age (in years 

old) 
  40 

48,5 [37,3-

53] 
150 

51 [43-

57] 
102 

49,5 [36,8-

56] 

Years of follow 

up 
  40 

17,3 [7,9-

21,7] 
150 

18,3 [7,7-

19,6] 
102 

20,8 [14,2-

24,7] 

Months after 

therapy 
  40 

19,8 [7,0-

65,1] 
150 

66,8 

[35,4-

136,7] 

102 
24,5 [14,2-

51] 

Gender 
F 22 (55,0) - 90 (60) - 42 (41,2) - 

M 18 (45,0) - 60 (40) - 60 (58,8) - 

HBS index   31 2 [0-4] 143 2 [1-4] 100 3 [1-4] 

Clinical 

symptoms 

Remission 26 (65,0) - 
119 

(79,3) 
- 84 (82,4) - 

Activity 5 (12,5) - 24 (16,0) - 16 (15,7) - 

Missing 

data 
9 (22,5) - 7 (4,7) - 2 (2) - 

Therapy 

Infliximab 21 (52,5) - - - - - 

Adalimuma

b 
19 (47,5) - - - - - 

Response to 

biologics 

Responder 25 (62,5) - 74 (49,3) - 41 (40,2) - 

Secondary 

Non 

Responder 

15 (37,5) - 76 (50,7) - 61 (59,8) - 

CRP (mg/L)   31 
2,0 [0,9-

5,9] 
140 

3,0 [1,5-

5,5] 
98 

1,9 [0,6-

5,5] 

Calprotectin 

(µg/g) 
  23 

355 [93-

763] 
135 

214 [72-

605,5] 
96 

276 [93,8-

539,3] 

Drug level 

(µg/ml) 
  40 

7,2 [1,1-

10,9] 
150 

5,1 [3,1-

7,4] 
102 

9 [4,1-

18,4] 

Ab anti-drug 

(µg/ml) 
  40 

0,5 [0,3-

1,8] 
142 

0,6 [0,3-

1,1] 
100 

0,5 [0,4-

1,1] 

Immunogenicity 

issues 

Yes 4 (10,0) - 2 (1,3) - 4 (3,9) - 

No_a 12 (30,0) - 22 (14,7) - 24 (23,5) - 

No_b 24 (60,0) - 126 (84) - 74 (72,5) - 
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Supplementary Table 2_ P-values comparing glycans of baseline (immunogenecity = 

Yes) to glycans profile in No_a and No_b group. For each glycan, -log10 of p-values 

times the sign of association with baseline is reported. Highlighted in bold are the 

associations with marginal p-values < 0.05 and FDR < 0.15. 

 

 
  Infliximab + Adalimumab Adalimumab 

 
  No_a No_b No_a No_b 

    p value FDR p value FDR p value FDR p vaue FDR 

Ig
G

1
 

Agalactosylation 1,629426 0,903864 0,962607 0,587602 0,693504 0,168841 0,214736 0,089354 

Monogalactosylation -0,36006 -0,22973 -0,05944 -0,01725 0,131258 0,080105 0,407665 0,122429 

Digalactosylation -1,83017 -0,94287 -1,92286 -0,94287 -0,54418 -0,16884 -0,48754 -0,16884 

Fucosylation 0,554532 0,354894 0,05003 0,016606 0,174651 0,080105 -0,08979 -0,04759 

Sialylation -0,5641 -0,35489 -0,25902 -0,14987 -0,66859 -0,16884 -0,24759 -0,09931 

Bisecting 0,872165 0,554745 0,000849 0,000849 0,298333 0,099313 -0,56447 -0,16884 

Ig
G

2
&

3
 

Agalactosylation 1,570671 0,903864 1,337937 0,835992 0,761557 0,168841 0,554421 0,168841 

Monogalactosylation -0,82454 -0,53019 -1,72173 -0,90386 -0,25868 -0,09931 -0,75922 -0,16884 

Digalactosylation -1,88658 -0,94287 -2,42725 -0,94287 -0,58656 -0,16884 -0,81562 -0,16884 

Fucosylation 0,589815 0,354894 1,458231 0,871965 0,486261 0,168841 2,826999 1,094605 

Sialylation 0,091118 0,030822 0,958268 0,587602 -0,27347 -0,09931 0,349705 0,099313 

Bisecting -0,01866 -0,00323 -1,40258 -0,85252 -0,05983 -0,03501 -2,32856 -0,8972 

Ig
G

4
 

Agalactosylation 0,361777 0,229727 0,49028 0,326088 -0,01421 -0,01421 0,208964 0,089354 

Monogalactosylation -0,56594 -0,35489 -1,86636 -0,94287 -0,42579 -0,12476 -1,5836 -0,48342 

Digalactosylation -0,52668 -0,35059 -0,89365 -0,55919 0,177023 0,080105 -0,26984 -0,09931 

Fucosylation -0,07711 -0,02596 -0,01135 -0,00323 -0,50162 -0,16884 0,041768 0,025378 

Sialylation 0,54322 0,354894 1,522314 0,903864 0,240642 0,099313 1,071509 0,184213 

Bisecting -0,13254 -0,0389 -0,90748 -0,55919 0,135248 0,080105 -0,9476 -0,16884 
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The immune system is highly controlled and fine-tuned by glycosylation, through the

addition of a diversity of carbohydrates structures (glycans) to virtually all immune cell

receptors. Despite a relative backlog in understanding the importance of glycans in

the immune system, due to its inherent complexity, remarkable findings have been

highlighting the essential contributions of glycosylation in the regulation of both innate

and adaptive immune responses with important implications in the pathogenesis of

major diseases such as autoimmunity and cancer. Glycans are implicated in fundamental

cellular and molecular processes that regulate both stimulatory and inhibitory immune

pathways. Besides being actively involved in pathogen recognition through interaction

with glycan-binding proteins (such as C-type lectins), glycans have been also shown to

regulate key pathophysiological steps within T cell biology such as T cell development

and thymocyte selection; T cell activity and signaling as well as T cell differentiation and

proliferation. These effects of glycans in T cells functions highlight their importance as

determinants of either self-tolerance or T cell hyper-responsiveness which ultimately

might be implicated in the creation of tolerogenic pathways in cancer or loss of

immunological tolerance in autoimmunity. This review discusses how specific glycans

(with a focus on N-linked glycans) act as regulators of T cell biology and their implications

in disease.

Keywords: N-glycosylation, glycans, T cells, immune response, autoimmunity, self-tolerance

INTRODUCTION

The immune system is highly regulated by a series of stimulatory and inhibitory pathways that are
crucial to maintain a healthy and balanced system. Disruption of the control of this immunological
balance can result in abnormal stimulatory signals associated with the loss of immune tolerance in
autoimmunity or in the creation of aberrant immunosuppressive networks that occur in cancer.
Accumulating evidences have been demonstrating the importance of glycans and glycans binding
proteins [including galectins (1, 2), C-type lectins (3), and sialic acid-binding immunoglobulin-type
lectins (siglecs) (4, 5)] in the regulation of both innate and adaptive immune responses. In fact, all
cells are covered with a dense coat of glycans that constitute a major molecular interface between
cells and their environment. The diversity of glycans presentation at cell surface is enormous,
encoding a myriad of important biological information that remains to be fully characterized.
Glycosylation is the enzymatic process responsible for the attachment of glycans (carbohydrates) to
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proteins or lipids (predominantly via nitrogen (N) and oxygen
(O) linkages), a process that occurs in the Endoplasmic
Reticulum/Golgi compartment of essentially all cells being
mediated by the coordinated action of a portfolio of different
glycosyltransferases and glycosidases enzymes (6). The proper
development and function of the immune system relies both on
the dynamic regulation of the expression of glycan-structures
and glycan-binding proteins, and the interactions between
them (7). This review discusses the role of glycans (with a
focus on N-linked glycans) on T cells biology and function,
including T cell development, activation, differentiation, and
signaling. This dynamic interplay between glycans and T cells
activity controlling both auto-reactivity and self-tolerance will be
presented and discussed (Figure 1).

GLYCANS IN T CELL DEVELOPMENT AND
THYMUS SELECTION

T cells are developed in the thymus where a microenvironment
is set, which enables the selection of T cell receptors (TCRs)
to generate a diverse repertoire of potential antigen recognition
(8). Lymphoid progenitors from the bone marrow enter into the
cortical tissue of the thymus, where they start to expand and
develop (9, 10). Despite the fact that the role of glycosylation in
T cell development and thymus selections still remains to be fully
understood, some important findings highlight the relevance of
glycans in this process (Figure 2).

Role of Glycans in Thymus Seeding and T
Cell Lineage Commitment
The initial step of T cell development, the trafficking of
thymus-seeding progenitors (TSPs) to the thymus, is an active
process that relies on the expression of P-selectin in the
thymic epithelium and its partner, P-selectin glycoprotein
ligand-1 (PSGL-1), expressed by circulating TSPs-derived from
the bone marrow (11). The expression and post-translational
modifications of PSGL-1 are regulated in bone marrow
progenitors. The deficiency of α1,3 fucosylation on PSGL-1,
required for its binding to P-selectin, was shown to be associated
with the impairment of TSPs homing into the thymus (12).
Once TSPs enter the thymus, they develop into early thymocyte
progenitors (ETPs), a subset of the CD4−CD8− double negative 1
(DN1) population, which give rise to multiple lymphoid lineages
(8). The conserved Notch signaling pathway is responsible for
the commitment of DN1 thymocytes to the T cell lineage
(13). The glycosylation profile of Notch receptors (and ligands)
was shown to regulate Notch-dependent intracellular signal
transduction. The lunatic, manic, and radical Fringe are the
glycosyltransferases that modify Notch receptors by transferring
N-acetylglucosamine (GlcNAc) to O-linked fucose glycans of
epidermal growth factor-like (EGF-like) repeats, present in the
extracellular domain of Notch, and described to regulate its cell-
surface signaling and function (14, 15). Loss of the three Fringe
glycosyltransferases leads to a reduced binding of Notch to Delta-
like ligands (DLL), namely DLL4, altering the frequencies of
several T cell subsets in the thymus (16). The first indication

that Fringe-mediated Notch glycosylation was involved in T cell
development was shown when the lunatic Fringe gene, Lfng,
was misexpressed under a lck-proximal promoter (17). This
alteration of the Notch glycosylation profile (lack of GlcNAc
in the EGF-like repeats) resulted in a large B cell population
developed from lymphoid progenitors in the thymus. In fact,
further work showed that Lfng is poorly expressed in CD4+CD8+

double positive (DP) thymocytes, but when ectopically expressed
in that population (under lck-proximal promoter), led to an
increased binding of Notch to its ligands on stromal cells,
blocking DN development, and enabling B cell differentiation
(18). These studies also revealed that changes in the glycosylation
of Notch across T cell development also impacts on its signaling
pathway. At DN stages, the reactions that drive development
are dependent on Notch interactions with DLLs, which exist
at functionally limiting concentrations. The high levels of Lfng
expression in DNs facilitate Notch interactions with DLLs and
the dramatic downregulation of Lfng in DPs coincides with
Notch-independent reactions of T cell development. The final
commitment to the T cell lineage occurs at the DN3 stage, where
a recombination-activating genes (RAG)-mediated productive
rearrangement of the Tcrb leads to the expression of the ß chain
of the TCR (TCRß) and the formation of a pre-TCR signaling
complex (13, 19).

Role of Glycans in Thymocyte ß Selection
Together with Notch and Interleukin (IL)-7, the pre-TCR
signaling initiates ß-selection, by inducing the downregulation of
the RAG complex expression (Rag1 and Rag2) in quiescent DN3
(DN3a), becoming large cycling DN3 thymocytes (DN3b), which
differentiate into DN4 cells. A deficient pre-TCR signaling in lck-
null cells is rescued by Lfng overexpression, but not in a Rag2−/−

background, indicating a pre-TCR dependency for development
(20). Upon ß-selection, it was recently demonstrated that DN4
cells upregulate glucose and glutamine metabolites that enter
into the hexosamine pathway, increasing the production of
UDP-GlcNAc, which is needed to undergo clonal expansion
(8, 21). The UDP-GlcNAc is also the substrate of the O-
GlcNAc transferase (OGT) in the process of O-GlcNAcylation
of intracellular proteins on serine and threonine residues (22).
Recent evidences showed that O-GlcNAcylation regulates the
process of T cell development (23). Using a conditional knockout
mouse model of OGT in the DN stage, it was shown a reduced
population of DPs, indicating either a deficiency on ß-selection
or in clonal expansion of DN4s. The absence of OGT appeared
not to impact self-renewal of DNs, or their differentiation into
DPs, but to promote the failure of the clonal expansion of
DN4, in response to Notch ligands. A feedback mechanism was
proposed in which the metabolic changes (the shift to glycolysis)
that support the DN-to-DP stage of thymocyte differentiation,
controlled by Notch, induces c-Myc expression, which in turn
controls the rate of T cell nutrient uptake as well as the expression
of OGT and consequently the abundance of O-GlcNAc (15). The
O-GlcNAcylation of c-Myc was also shown to increase its stability
(24), further contributing to the feedback loop.

In the stage of post-β selected DN4 thymocytes, it was
seen a 10-fold increase in expression of ST6 β-Galactoside
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FIGURE 1 | Glycans as a major connective chain that controls T cell response in either a tolerogenic or immunostimulatory scenario. Glycosylation appears to be

central in regulating several steps of a T cell’s life. During T cell development, different population of T cells (ETP, early thymocyte progenitor; DN1, 2, 3, and 4, double

negative; DP, double positive; SP, single positive) display specific glycosylation patterns. The normal glycosylation of SP population results in an educated T cell

function. However, by genetic, environmental or metabolic constrains, T cell glycosylation can be compromised re-directing immune system toward an

immunostimulatory or tolerogenic response. Glycans are proposed here as key players in immune-unbalanced diseases, such as autoimmunity and cancer.

α2,6-Sialyltransferase 1 (ST6Gal I) when comparing to the
DN3 population, which resulted in an increase in α2,6-linked
sialic acid (25). Accordingly, in ST6Gal1 deficient mice, the
DN populations were decreased, beginning at the DN1 subset.
Microarray data showed a downregulation of CD96 (receptor
molecule of nectin-1, that plays a putative role in cell migration)
in the DN2 and DN3 populations in the ST6Gal1 deficiency
background, and a disruption of thymopoiesis in these mice was
proposed. Moreover, ST3 β-Galactoside α2,3-Sialyltransferase
1 (ST3Gal I) expression is decreased in most DN and in all
DP, only increasing in single-positive (SP) thymocytes (26). In
ST3Gal1−/− mice, the TCR repertoire was significantly altered,
indicating a role for sialylation in thymocyte selection (27).

Role of Glycans in Positive and Negative
Selection in the Thymus
The ß-selected DN4 cells undergo rapid self-renewal, giving
rise to a clonally expanded population, that differentiate into

DP CD4+CD8+ thymocytes (8). In this developmental stage,
mature TCRαß receptors are formed (28) and the expression
of the co-receptors CD4 and CD8 confer a MHC class II and
class I restriction of TCR activation, respectively. The newly
formed mature TCRs are then screened by thymic epithelial cells
(TECs) by the specificity and binding strength for the MHC
ligands presented. The next developmental process is named
positive selection, where the DP population is enriched for cells
that express an immunocompetent TCR (8, 29). The selected
DPs then commit to the SP CD4+ or CD8+ lineage and go
through a process called negative selection, which eliminates
autoreactive T cells (8, 29). The affinity of the correctly assembled
TCRαβ for the MHC-antigen complexes determines cell survival
and differentiation. Glycosylation modifications of the TCR
may provide an alternative mechanism to control positive and
negative selection by directly affecting the TCR-MHC-antigen
binding, TCR interaction with its co-receptors and the threshold
of activation (30), an issue that is far from being fully elucidated.

Frontiers in Immunology | www.frontiersin.org 3 November 2018 | Volume 9 | Article 2754

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Pereira et al. Glycans as Checkpoints in T Cells Biology

FIGURE 2 | The hallmarks of glycans in T cell biology. N-glycans have a broad effect on the multiple T cell functions with impact both in autoreactivity and in immune

tolerance. Particularly, the complex branched N-glycans catalyzed by beta 1,6-N-acetylglucosaminyltransferase V (GnT-V) (encoded by MGAT5 gene) have been

demonstrated to control different T cells functions by targeting different T cells receptors (such as TCR, CD25, and CD4) and therefore regulating T cell proliferation, T

cell differentiation, T cell signaling as well as the production of inflammatory cytokines. Alterations on GnT-V activity but also in alpha-mannosidase II (α-MII) as well as

in N-acetylglucosaminyltransferase I (GnT-I, MGAT1 gene) and II (GnT-II, MGAT2 gene) activity were shown to compromise T cell homeostasis being associated with

the development of several autoimmune disorders in humans and mouse models (such as EAE, IBD, SLE, TID). The FUT8-mediated core fucosylation of TCR was

associated with hyperactivation of CD4+ T cells (T cells autoreactivity) whereas the modification of the co-inhibitory receptors (CTLA-4 and PD-1) by FUT8-mediated

core fucose results in immune tolerance. The T cell development and T cell self-renewal are controlled by GnT-I-mediated glycosylation and by O-GlcNAcylation
through OGT (O-GlcNAc transferase), respectively.

The subunits of the TCRαβ contain at least 7 potential sites for
N-linked glycosylation and the TCR-CD3 complex is estimated
to have 12N-glycan addition sites that contribute to TCR folding
and functions (31, 32). Indeed, selective removal of conserved N-
glycosylation sites of the constant regions of the TCR, enhanced
its functional avidity (the sensitivity of the T cell response
to other cell which carries the respective MHC-peptide) (32).
However, whether N-glycosylation in the variable regions of
the TCR affect its selection remains to be addressed. Moreover,
low levels of sialylation in DPs are associated with binding to
Major Histocompatibility Complex (MHC) class I (common to
all nucleated cells) and the increased expression of sialic-acid
linkages on differentiated SP CD8+ thymic T cells was shown to
decrease the binding avidity of CD8 for MHC class I molecules,
which acts as a regulation for a TCR affinity dependent negative
selection (33).

Furthermore the deficiency of the Mgat5 gene, that encodes
for a Golgi branching enzyme N-acetylglucosaminyltransferase
V (GnT-V) was shown to markedly increases TCR clustering
and signaling at the immune synapse, resulting in a lower T
cell activation threshold and increased incidence of autoimmune
disease in vivo and in human (30). In a model of positive
selection, it was demonstrated that branching N-glycosylation

dynamically expands the affinity spectrum of positive selection
by differentially controlling both the lower and upper limits
of positively selected TCR-MHC-antigen interactions (34). The
intracellular domains of CD4 and CD8 co-receptors bind
Lck, enhancing TCR responses to low-affinity MHC-antigen
complexes when coupled to the TCR (35). Both co-receptors
have N-glycosylation sites and it was shown that the branching
deficiency in Mgat1f/fLck-Cre+ T cells resulted in decreased
surface expression of CD4 and CD8 receptors (34). The
lack of branched N-glycans in the same genetic background
also decreased TCR threshold signaling (30). These evidences
supported that branching N-glycans display an important role in
the maturation of DN cells and/or TCR selection.

Changes in the expression of O-linked glycans also impact
T cell development by modulating galectin binding. Galectin-1
was shown to induce apoptosis of immature thymocytes through
binding to core 2 O-glycans expressed in CD43 and CD45 (36).
In contrast, CD45 on mature thymocytes bears core 1 O-glycans
as well as N-glycans capped with α2,6-linked sialic acid, which
inhibits galectin-1 binding (36).

Overall, glycosylation appears to play a critical role in the
different stages of thymocyte development and in the generation
of an efficient immune system. Nevertheless, further research is
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needed in order to understand how glycans control each stage
of thymocytes development, differentiation and selection, which
might reveal novels insights on the influence of the glycome in
major diseases, such as autoimmunity and cancer.

GLYCANS IN THE REGULATION OF T CELL
ACTIVITY AND FUNCTIONS

The proper function of T lymphocytes is highly dependent on
their surface receptors, which in turn are highly mediated by
glycosylation. Although O-glycan structures have been shown to
play important roles on immune-associated molecules (37), the
prominent role of N-linked glycans is emphasized in this section
(Figure 2).

As previously mentioned, MHC I is expressed by almost all
nucleated cells and interacts with TCRs on CD8+ T cells; in
turn, MHC II is expressed by professional antigen presenting
cells (APCs) (dendritic cells - DC, macrophages, B cells and
TECs) and is recognized by CD4+ T cells (7, 38). More than
3 decades ago, it was demonstrated that blocking MHC1a
N-glycosylation, through acceptor site mutation, results in
significant increases in intracellular misfolded protein along
with decreases in cell surface expression (39). MHC II is
assembled by two glycoproteins, α and β chains. The α chain
contains N-linked high-mannose and complex glycans whereas
the β chain is only constituted by complex N-glycans (40).
In contrast to the role of MHC I, MHC II glycosylation was
shown to have a particular impact on the effective antigen
binding, as well as in the presentation of microbial carbohydrate
antigens, which consequently influences downstream T cell
responses. This was demonstrated by the depletion of the
Mgat2 gene, which compromisesN-glycan branching, decreasing
carbohydrate antigen presentation by MHC class II and leading
to loss of T cell stimulatory activity (41).

During TCR signal transduction, glycans play a key role
in stabilizing individual molecules in the complexes at the
immunological synapse and by protecting them from the action
of proteases during T cell engagement (31). Additionally, glycans
can also restrict nonspecific protein-protein interactions, like
aggregation of TCRs on the membrane, helping to orient
the interactions of the proteins in the central clusters (31).
Demetriou et al. demonstrated that β1,6-GlcNAc branched N-
glycans structures (catalyzed by GnT-V) regulate T cell activity,
namely in CD4+ T cells by increasing the threshold of T cell
activation, suppressing T cell growth and signaling (30, 42).
Moreover, core-fucosylation, which refers to fucose attached
to the innermost N-acetylglucosamine of N-linked glycans,
catalyzed by α1-6 fucosyltransferase (FUT8), was also shown to
affect T cell activity in immune mediated disorders (42, 43).

The T cell activity is also dependent on glycosylation
of co-receptors, such as the complex formation between
TCR and CD45. Galectin-3 is a key mediator of this
complex, by establishing a molecular lattice through
binding to polylactosamine structures in branched N-
glycans. Consequently, CD45 phosphatase activity induces
downregulation of T cell signaling, preventing T cell activation

(44). Furthermore, CD45 is alternatively spliced into five
different isoforms on human leukocytes (CD45ABC, CD45AB,
CD45BC, CD45B, and CD45RO) (45–47), all decorated with up
to 11 N-glycans in the membrane proximal region. Importantly,
all isoforms present different glycosylation profiles (48, 49), that
change during T cell differentiation and activation (50, 51), as
reviewed in (36). CD28 is another T cell surface glycoprotein
acting as a secondary signaling molecule of T cell activation.
Interestingly, nearly 50% of the molecular mass of CD28
is constituted by N-glycans (52). Previous studies reported
that N-glycosylation of human CD28 can negatively regulate
CD28-mediated T cell adhesion and co-stimulation, namely
the interaction between CD28/CD80. Mutation of all potential
N-linked glycosylation sites of CD28 as well as treatment of
Jurkat cells with inhibitors of N-glycosylation pathway resulted
in a defective CD28 glycosylation with enhancement of the
binding to CD80 expressed on APCs (52). The branching
N-glycosylation of CD25 receptor also modulates its cell surface
retention controlling T differentiation with impact in immune
tolerance. Recently, it was demonstrated that a decreased
UDP-GlcNAc and complex branching N-glycosylation induces
a decreased cell surface retention of CD25 and IL-2 signaling,
promoting a T helper (TH) 17 over induced regulatory T cell
(iTreg) differentiation (53) (Figure 2).

Importantly, the co-inhibitory receptors are likewise
modulated by N-glycosylation. One of the major negative
regulators of T cell response is the cytotoxic T-lymphocyte
protein 4 (CTLA-4), that comprises two N-glycosylation sites
described to modulate its cell surface retention on T cells and
thereby its affinity for CD80/CD28 on APCs (54–56). The
impact of N-glycosylation in the modulation of the inhibitory
functions of CTLA-4 and programmed cell death protein-1
(PD-1) is discussed in more detail in section “Glycans in
tolerogenic/immunosuppressive responses”. Nonetheless, other
co-inhibitory receptors like Lymphocyte-activation gene 3
(Lag-3), mucin-domain-containing molecule-3 (Tim-3), and
T cell immunoreceptor with Ig and ITIM domains (TIGIT)
may also undergo glycans-mediated regulation, as they exhibit
N-glycan-binding sites, however the role of glycans on these
molecules remains to be explored (57).

Taken together, N-glycosylation plays an instrumental role in
the regulation of T cell activation and functions by targeting not
only TCR but also its co- receptors (Figure 2).

GLYCANS AS MODULATORS OF
HYPER-REACTIVE/AUTOIMMUNE
RESPONSES

Autoimmunity is characterized by the loss of self-tolerance and
development of an autoreactive immune response toward the
individual’s own organism. Glycan motifs play a crucial role
in the determination of self/non-self antigens. Specific glycan
structures, expressed by microbial pathogens, are commonly
responsible for the primary activation of the innate immune
system; however, the mechanisms involved in the self/non-self
discrimination, mediated by glycans are far from being fully
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elucidated. Abnormal levels of branched N-glycans have been
associated with exacerbated immune responses inmurinemodels
(58). Particularly, the dysregulation of the N-glycosylation
pathway has been associated with autoimmune-like phenotypes.
The inability to synthetize β1,6-GlcNAc antennae, in Mgat5−/−

mice has been associated with an increased susceptibility to
immune-mediated disorders such as an increased delayed-type
hypersensitivity responses, as well as increased susceptibility to
develop experimental autoimmune encephalomyelitis (EAE) (30,
59) and severe forms of colitis (60). The lack of β1,6 branching
N-glycans favors TCR clustering, leading to a decrease of the
TCR threshold and consequently increased T cell activation
(30) associated with the hyperimmune response observed in
these mice (Figure 2). This hyperimmune phenotype is also due
to an abnormal formation of lattices between TCR-branched
glycosylation and galectins (61, 62). Accordingly, β3 GnT2-
deficient mice show T cell hypersensitivity due to the reduction
of polylactosamine on the N-glycans (ligands of galectins),
similarly to what is observed in Mgat5 deficient mice (30, 61).
Furthermore, absence of α-mannosidase II (which catalyses
the last hydrolysis of the α-mannose), was shown to result
in signs of glomerulonephritis, deposits of glomerular IgM
immunocomplexes and complement component 3 as well as high
levels of anti-nuclear antibodies (63, 64), which is consistent
with a Lupus-like syndrome (Figure 2). Taken together, these
evidences support the role of N-glycosylation in the perspective
of T cell biology.

The role ofN-glycans in antigen presentation and recognition
is still elusive, and in fact abnormal glycoantigen presentation
might also impact T cell activity. Abnormal accumulation
of high-mannose, paucimannose, and agalactosyl bi-antennary
glycans, have been detected in kidney tissue from MRL-lpr
mouse (a well-stablished murine model of SLE) (65). Moreover,
evidences have been showing that Mgat1f/fSyn1-Cre mice, with
Mgat1 deletion at the Synapsin I-expressing cells (abundant in
neural tissues), presented neurological defects, with high levels
of neuronal apoptosis and caspase 3 activation (66). These high
levels of apoptosis are observed in several autoimmune diseases,
which results in activation of immune system (67) (Figure 2).
Although highly unexplored, rare autoimmune diseases are
also associated with N-glycosylation dysfunctions. As example,
idiopathic inflammatory myopathies (IIM) are a group of
rare diseases of autoimmune nature, whose etiopathogenesis is
far from being totally understood (68). Muscle cells surface
is enriched with glycoproteins and several lines of evidence
provide support for a fundamental role of glycosylation in
muscle homeostasis and function (69, 70). Glucosamine (UDP-
N-Acetyl)-2-Epimerase/N-Acetylmannosamine Kinase (GNE)
genetic mutations (a gene that encodes N-acetylmannosamine
(ManNAc) kinase enzyme, responsible for the biosynthesis of
N-acetylneuraminic acid) results in hypo-sialylation of muscle
glycoproteins; the prophylactic supplementation with sialic
acid precursor (ManNAc) was shown to prevent the muscle
phenotype in mice with gene mutations that cause hereditary
inclusion-body myositis (hIBM), a muscle phenotype that
resembles one type of IIM (71). Altogether, these findings
highlight the importance of further studies addressing the role

of N-glycosylation in the perspective of neoautoantigens, since
autoantigens contain a significant amount of glycoantigens due
to the increased number of N-glycosylation sites comparing with
other proteins (72).

The Glycan binding proteins (GBPs) are expressed in the
APCs being characterized by a carbohydrate recognition domain
which specifically recognizes glycan structures present at the
cell surface receptors. This glycan-GBPs engagement results
in either an anti- or pro-inflammatory response (73). C-type
lectins, siglecs, and galectins are examples of GBPs, that are
instructors of immune responses (5, 73). As example, SIGN1R
(expressed by APCs and the analogous of the human dendritic
cell-specific ICAM-grabbing non-integrin - DC-SIGN) signaling
was shown to result in the expansion of IL-10-secreting Treg
cells, preventing the development of autoimmune diseases such
as EAE and type 1 diabetes (T1D) (74). Galectin-1 also plays
an important immune-regulatory role in EAE (75) as mice
deficient in galectin-1 (Lgals1−/−) have increased TH1 and TH17
responses being more susceptible to EAE when compared with
wild type mice (76). More recently, Galectin-1 was shown to
modulate the cytolytic activity of CD8+ T cell. The interaction
of Galectin-1 and Fas ligand seems to be responsible for the
retention of this glycoprotein at the surface of cytotoxic T
lymphocytes hampering the cytolytic ability of these cells (77).
Overall, GBPs-glycoprotein interaction is essential to instruct a T
cell—mediated immune response.

Notably, one of the first evidences addressing the relationship
between the dysregulation of N-glycosylation and human
autoimmunity was observed in multiple sclerosis (MS) patients.
During active, relapse or in very early stages of remission,
peripheral blood mononuclear cells from MS patients display a
significant decrease of the enzymatic activity of Golgi β1,6 N-
acetylglucosaminyltransferase (core 2 GlcNAc-T), compared to
healthy subjects (78). Moreover, MGAT5 polymorphisms were
associated withMS severity (79) together withMGAT1, IL2R, and
IL7R Single Nucleotide Polymorphisms (80–82). Additionally,
in Inflammatory Bowel Disease (IBD), it was also demonstrated
that lamina propria T lymphocytes from ulcerative colitis (UC)
patients exhibited a deficiency in β1,6-GlcNAc branching N-
glycans due to decreased levels of MGAT5 gene expression (83).
Importantly, low levels of branched N-glycans in lamina propria
early at diagnosis were shown to predict UC patients that will
fail the response to standard therapy, thus displaying a bad
disease course (84). The supplementation of intestinal T cells
from UC patients and mouse models with colitis with GlcNAc
promoted the enhancement of β1,6 branching N-glycans on T
cells, suppressing TCR signaling and reducing the production of
pro-inflammatory cytokines such as tumor necrosis factor alpha
(TNFα) and interferon gamma (IFNγ). Pre-clinical studies both
in IBD andMS demonstrated the immunomodulatory properties
of N-glycans in the control of T cell-mediated immune response
(60, 85), paving the way for the development of human clinical
trials, that are currently on going (53, 60). Less explored but
of utmost importance is the study of N-glycosylation profile
in rare autoimmune disorders, since its etiopathogenesis is still
very elusive. Glycosylation changes in muscle-associated human
disease have focused in muscular dystrophies (86) and congenital
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disorders of glycosylation (87). Recent studies have shown that
muscle cell surface glycosylation is finely regulated and subjected
to alterations under inflammatory conditions (88), pointing
to a possible interaction between muscle glycocalyx and the
extracellular milieu, which is particularly enriched in immune
cells and antibodies in IIM patients (89).

Overall, glycans are critical determinants in autoreactive
responses both by directly regulating T cell activity and also
through the creation of abnormal glycoantigens that may unleash
an autoreactive immune response.

GLYCANS IN
TOLEROGENIC/IMMUNOSUPPRESSIVE
RESPONSES

Recent studies have been highlighted that alterations on the
glycosylation pattern of T cells’ receptors, as well as the alterations
of the glycosylation profile of tumor cells (tumor glyco-code), are
implicated in the modulation of the immune response leading
to immunosuppressive pathways, known to occur in the tumor
microenvironment associated with tumor immunoescape (90).

Role of Glycans in the Modulation of
Inhibitory T Cell Receptors
PD-1, as already introduced, is a cell surface inhibitory T cell
receptor responsible for immune-inhibitory responses associated
with the so-called “T cell exhaustion” (91). The expression of
this cell surface receptor, as well as Tim-3, was described to be
positively regulated by the core fucosylation pathway, catalyzed
by FUT8 enzyme (92). The inhibition of core fucosylation
in PD-1 was demonstrated to lead to an anti-tumor immune
response mediated by T cells activation, being a new attractive
target for enhancing anti-tumor immunity in future clinical
settings (Figure 2). This was a pioneer study that supported
the importance of PD-1 post-translational modifications by
glycosylation on T cell-mediated immunosuppression (92).
Additionally, the glycosylation of programmed death ligand-1
(PD-L1), a PD-1 ligand, was described to have an important role
in its cellular stabilization. The interaction of non-glycosylated
PD-L1 with glycogen synthase kinase 3β (GSK3β), a key enzyme
on glycogenesis, leads to the degradation of this molecule (93). In
triple-negative breast cancer cells, it was further shown that the
β1,3-N-acetylglucosaminyl transferase (B3GNT3), involved in
the biosynthesis of poly-N-acetyllactosamine chains, is important
for the interaction between PD-1 and its ligand PD-L1 (94). The
use of an antibody targeting the glycosylated form of PD-L1
resulted in its degradation and internalization, with the blockage
of PD-L1/PD-1 interaction and consequently the inducement
of anti-tumor activity in triple-negative breast cancer in vitro
and in vivo models (94). In accordance, Tregs from healthy
humans and mice were shown to display an increased variability
on its N-glycosylation pattern when compared with CD4+ T
cells. The levels of the complex branched N-glycans were shown
to be correlated with the expression of proteins involved in
Treg suppressive functions, including PD-1, PD-L1, and also
other negative regulators of T cell response, namely CTLA-4

(95). In fact, the CTLA-4 protein, comprises multiple N- and
O-glycosylation sites known to modulate its retention at T cell
surface and consequently affecting its function (56). The TCR
activation is associated with an increased β1,6-GlcNAc branched
N-glycosylation of CTLA-4, which enhances CTLA-4 retention
at the T cell surface and thereby suppresses T cell activation
promoting immune tolerance (96) (Figure 2). Accordingly, the
presence of Thr17Ala polymorphism in human CTLA-4 was
shown to result in the reduction of the N-glycosylation sites
from one to two sites, which limited CTLA-4 retention at T
cell surface (80). Supplementations with GlcNAc and Vitamin D
promoted an enhancement of N-glycans branching expression,
increasing the cell surface retention of CTLA-4, culminating in
immunosuppression (80).

Glycans as Instructors of
Immunosuppressive Responses
Tumor cells aberrantly express different types of glycans
structures when compared with normal counterparts, such as an
increased sialylation, an expression of truncated glycans and an
overexpression of branched N-glycans (97). This alteration in
the cellular glycosylation profile governs several steps of tumor
development and progression, such as tumor cell dissociation,
proliferation, invasion, metastasis, angiogenesis, with recent
evidences pointing toward its effects in tumor immunoediting
and immunosurveillance (98). GBPs expressed on immune cells
are able to recognize altered glycan structures expressed at
tumor cell surfaces instructing either immunostimulatory or
immunoinhibitory responses.

The expression of sialylated glycans, such as Tn antigen
and Lewis antigens, aberrantly expressed in tumor cells,
were described to be recognized by DC-SIGN, expressed
by macrophages and immature DCs, which lead to
immunosuppression (99). The fucose residues present in Lewis
structures (Lewis x and Lewis y), attached to carcinoembryonic
antigen (CEA) (100), were described to trigger the upregulation
of the anti-inflammatory cytokines IL-10 and IL-27 by APCs
and the induction of TH2, follicular (THf), and Treg immune
responses (101, 102). Besides, antigen-containing liposomes
modified with DC-SIGN-binding Lewis b and x resulted
in glycans recognition and internalization through DCs
with consequent activation of CD4+ and CD8+ T cells
(103). Furthermore, macrophage galactose binding lectin
(MGL) was found to be able to recognize Tn antigen and N-
acetylgalactosamine (GalNAc) residues, resulting in an increased
recognition by Toll-like receptor 2, ultimately resulting in the
secretion of cytokines (IL-10 and TNF-α). (104). Its interaction
with terminal GalNAc residues on CD45 glycoprotein negatively
regulates TCR signaling, with consequent decrease of T cell
proliferation and increased T cell death (105). Moreover, by
blocking the tumor-infiltrated macrophages (responsible for
the high levels of IL-10), it was observed an effective CD8+

T cells response, highlighting the importance of combining
anti-tumor immune therapy with conventional chemotherapy
(106). Furthermore, it was recently demonstrated in chronic
infection that IL-10 induces the upregulation of the Mgat5
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gene increasing branched N-glycans on CD8+ T cells, which
in turn decreases T cell activity and allows viral persistence
(107). Despite the different context in which this hypothesis was
studied, Mgat5-mediated branching glycosylation can constitute
a potential mechanism by which IL-10 is suppressing CD8+T
cells in cancer.

In addition, sialylated glycans also play a role in
immunosuppression, mediated by siglecs, a family of lectin
receptors that predominantly exhibit immune-inhibitory
functions. In in vitro and in vivo studies, the binding to
sialylated antigens by siglec-E expressed on DCs promoted
an increase of antigen-specific Treg response and a reduced
numbers of antigen-specific Teff cell response, associated
with tumor growth (108, 109). Indeed, the sialylated tumor
antigens, such as Sialyl-Tn (sTn) and Sialyl-T (sT) expressed in
mucins, namely MUC1, were associated with tumor immune
tolerance. The recognition of MUC1-ST by siglec-9 on tumor-
infiltrating macrophages was shown to initiate inhibitory
immune pathways mediated by MEK-ERK signaling (110).
Moreover, siglec-binding to sTn-expressing mucins, led to the
maturation of DCs and DC-mediated induction of FOXP3+

Treg cells and reduced INFγ-producing T cells (111, 112). A
recent study also demonstrates that siglec-9 expressed by CD8+

tumor infiltrating lymphocytes (TILs) in non-small cell lung
cancer (NSCLC) patients was associated with reduced survival.
Accordingly, siglec-9 polymorphisms were associated with the
risk of developing lung and colorectal cancer. Additionally, the
characterization of siglec-9+ CD8+ TILs revealed that these cells
concomitantly express several inhibitory receptors, including
PD-1, TIM-3, Lag3, and others. In addition, the same study
further reveals that lack of sialic acid-containing glycans in
tumor cells led to a delay of tumor growth and an increased
infiltration of CD3+ and CD8+ T cells (113).

Another important GBP that have been pointed out as
a crucial checkpoint in T cell viability and activity are
galectins. Galectin-1, 3, and 9 were predominantly described
in T cell immunosuppression. Galectin-1, was demonstrated
to be expressed by tolerogenic DCs (75) and CD4+CD25+

T cells (114), triggering T cell apoptosis through binding to
N-glycans and O-glycans on CD45, CD43, and CD7 or by
sensitizing resting T cells to FAS-induced death (115, 116).
The TH1 and TH17 activated cells are susceptible to galectin-
1-induced cell death once these cells express the repertoire
of glycans required for galectin-1 binding, while TH2 cells
are protected via α2,6-sialylation on cell surface glycoproteins,
which was described to preclude galectin-1 recognition and
binding (76). In addition, several tumors have the capacity
to secrete galectin-1 in order to promote immunosuppression,
through a mechanism that involves a bias toward a TH2
cytokine profile and activation of tolerogenic circuits mediated
by IL-27-producing DCs and IL-10-producing type 1 Treg cells
(117). On other hand, galectin-3 has an ambiguous role in
T cell viability: when it is localized at intracellular level, this
protein presents a protective role through a cell death inhibition
pathway that involves B-cell lymphoma 2 (Bcl-2) (118), whereas
extracellular galectin-3 induces cell death in activated T cells,
by binding to glycosylated receptors of T cells through a

distinct way than galectin-1 (115). Moreover, galectin-3 has
the capacity to bind to N-glycans on CTLA-4 prolonging the
inhibitory signals (119), as well as to Lag-3 on the surface of
CD8+ T cells, suppressing its function (120). Finally, galectin-9
abrogates TH1, TH17, and CD8+ T cells through glycosylation-
dependent binding to Tim-3 (121–123), whereas may regulate
pro-inflammatory cytokine production by binding with other
receptors (124).

Altogether, these findings support the relevance of glycans
on T cells-mediated immunosuppressive/tolerogenic pathways
which have relevant implications in tumor progression. Targeting
the abnormal glycosylation pattern of cancer cells constitutes a
promising strategy to instruct an effective anti-tumor immune
response, an issue that needs to be further explored.

GLYCANS AS METABOLIC REGULATORS
OF T CELL FUNCTION

The impact of glycosylation on T cell development and functions
is enormous, as revealed by the critical roles of glycans in
the development and progression of major diseases such as
auto-immunity and cancer, as described herein. In order to
accompany the bioenergetic and biosynthetic demands required
for T cell proliferation and activation, a shift in the T cell
metabolism is required. While naïve T cells are in a metabolic
quiescent state, mainly using oxidative phosphorylation to
maximize ATP production, T cells under clonal expansion or
under differentiation, reprogram their metabolic status to aerobic
glycolysis and glutaminolysis in order to increase the availability
of glycolytic precursors for the biosynthesis of nucleotides,
amino acids and lipids (125–127). During T cell activation,
the hexosamine biosynthetic pathway (HBP—a branch of
the glucose metabolism) is upregulated in order to generate
the nucleotide sugar-donor substrate UDP-GlcNAc, required
for N-glycosylation, O-GlcNAcylation, and glycosaminoglycans
production that are needed for a proper T cell function (128).

Mediators from the glycolytic pathway such as glucose (Glc),
glutamine (Gln), acetyl CoA are known to interfere with the
availability of the UDP-GlcNAc in the cell (129–131). Together
Glc and Gln were shown to increase UDP-GlcNAc in nutrient-
starved T cells. In the same setup, the supplementation of both
Glc and glucosamine (GlcN–a metabolite of the HBP) further
increased the UDP-GlcNAc cellular content, demonstrating
the sensitivity of the HBP to nutrients that enter directly
(GlcN) or through a precursor pathway (Glc in glycolysis)
(130). Despite the general use of the UDP-GlcNAc as a
substrate donor of HBP, there are some glycosyltransferases
that are more susceptible to nutrient changing than others,
such as the case of OGT (132). In fact, the supply with
Glc and Gln are crucial for protein O-GlcNAcylation, that
is important during T cell development, being associated
with T cell malignant transformation (23). Among the N-
acetylglucosaminyltransferases (GnTs) that participate in the
HBP, the less sensitive to nutrient changing (and thus substrate
availability) are GnT1, GnT2, and GnT3, due to lower Michaelis
Constant (Km) levels, meaning that these enzymes require low
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levels of the substrate to synthetize the specific glycans. In
contrast, GnT4 and GnT5 present higher Km and therefore their
activity is highly dependent on the availability of the UDP-
GlcNAc substrate (119, 133). Therefore, these two enzymes
are sensitive to alterations in glucose and HBP metabolism
(as the GlcN or N-acetyl glucosamine–GlcNAc) (62), which
ultimately will interfere in the N-glycan branching biosynthesis
on T cells with impact in their activity, as detailed in section
“Glycans in the regulation of T cell activity and functions” (60).
In fact, supplementation with Glc, Gln, and GlcNAc increases
branching N-glycans on Jurkat cells and resting T cells from
mice (85, 119, 130). Moreover, CD4+ T cells fromMGAT5+/+ or
MGAT5+/−− mice supplemented with oral GlcNAc also results
in up to 40% increase of branchingN-glycans, detected by L-PHA
(130). This enhancement of branching N-glycosylation upon
GlcNAc supplementation was shown to functionally impact on
T cells activity by reducing T cell activation, decreasing TH1
differentiation, and increasing retention of the growth inhibitory
receptor CTLA-4 at T cell surface (85, 130).

Importantly, evidences suggest that the glycolysis and
glutaminolysis compete with HBP pathway for the same
metabolites. Recently, Araujo et al showed that, during
TH17 differentiation the existence of common mediators
shared between HBP, glycolysis (fructose-6-phosphate) and
glutaminolysis (Gln) results in a starvation of the HBP
mediators, translated in a reduction of N-glycan branching
due to the limitation on the UDP-GlcNAc availability (53).
Fueling HBP with GlcNAc switched the cell fate from TH17 to
iTreg differentiation, through stimulation of IL2-Rα signaling
(53). This interplay between metabolic pathways was further
demonstrated by the increase on Glc, Gln, fatty-acids uptake,
and lipid storage upon stimulation of the HBP with GlcNAc
supplementation, suggesting a reprogramming of the cellular
metabolism upon GlcNAc flux (53, 134).

The impact of glycans as metabolic regulators of T cells
is also testified by its effects in ex vivo and in vivo models
of autoimmune diseases. The metabolic supplementation with
GlcNAc in ex vivo human colonic T cells from IBD patients
resulted in an enhancement of the branching N-glycosylation
pathway that was accompanied by a significant reduction of
T cell proliferation, supression of TH1/TH17 immune response
(through decreased production of IFN-γ and IL-17A pro-
inflammatory cytokines) and decreased TCR signaling (60).
Accordingly, the GlcNAc supplementation of mice models with
auto-immune diseases such as EAE, TID, and IBD results in
inhibition of TH1, TH17 immune response concomitantly with
a significant improvement of the clinical symptoms (60, 85).
Treatment with GlcNAc after disease onset also demonstrate
inhibitory effects on the development of the EAE, by reducing the
secretion of INF-γ, TNF-α, IL-17, and IL-22 (85). Interestingly, a
dual role of GlcN (the precursor of GlcNAc) on the progression
of autoimmune disorders was shown, by demonstrating its
impact in preventing TH1-mediated Type I diabetes (through the
reduction of IFN-γ producing CD4+ T cells), but also the GlcN
effects in exacerbating TH1/TH17–mediated EAE symptoms
(trough stimulation of TH17 response) (135). In contrast, another
study showed that GlcN suppresses acute EAE through the

blockage of TH1 and induction of TH2 response (136). GlcN
supplementation was further shown to mediate T cell activation
by decreasing the N-glycosylation of CD25 (IL-2Rα) from CD4+

T cell (135). This down-regulation of N-glycosylation might be
explained by the competition between GlcN and Glc for the same
glucose transporter which might impact in the reduction of the
GlcNAc concentration.

Altogether, alterations on the glucose metabolism and
partially changes in the metabolic flux of HBP have a
direct impact on T cells N-glycosylation profile with major
consequences in their function and activity. Ultimately, the
modulation of the HBP constitutes an important metabolic
target able to control both autoreactive and immunosuppressive
responses known to occur, respectively, in autoimmunity and
cancer.

CONCLUDING REMARKS

The contribution of the glycome as a major regulator of the
immune system is clear. Glycans actively participate in the
cellular and molecular mechanisms underlying the genesis of the
loss of immunological tolerance associated with (auto)immunity,
from one hand, participating also in the creation of tolerogenic
pathways associated with cancer progression, from the other.
The importance of glycans in immune response spans from its
role in the modulation the T cell development; their importance
as a source of glycoantigens presentation; as well as their
role as fine tuners of T cell response. In this context, glycans
can exert a dual role, acting either as immune inhibitory
checkpoints or as immune stimulatory signals. Understanding
in depth the influence of glycans in the immune regulatory
circuits that mediate the pathophysiology of autoimmunity and
cancer will generate a platform with extraordinary potential to
illuminate the identification of novel biomarkers and targets for
the development of efficient immunomodulatory strategies with
applications in the clinical setting.
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General Discussion 

The heterogeneity that characterize IBD is driven by the complex interaction 

between genetic, microbial and environmental factors, which trigger an abnormal 

immune response. The complex mechanisms underlying the pathogenesis of IBD 

explain the differences in disease severity as well as in the therapy outcome of IBD 

patients. As described in Chapter I and Chapter VI, glycosylation is a dynamic process 

that is exhibited in most proteins from immune system and is involved in the regulation 

of cellular immunity, host-pathogen interaction, maintenance of homeostasis as well as 

in the loss of immune tolerance (1-4). Previous work of our group has shown that UC 

patients display a dysregulation on MGAT5 and branched N-glycans expression in 

lamina propria T cells, which is associated with an exacerbated immune response (5, 6). 

In this thesis we focused our attention on MGAT5 - mediated branched N-glycans and 

explore its relevance in the three major points of IBD: genetics, microbiome and immune 

response related with IgG, always envisioning clinical applications. We found that 

dysregulation on branching N-glycans increases the probability to develop a severe 

outcome of IBD, being associated with the need for more aggressive therapies. We 

propose glycan- based biomarkers with the ability to detect this dysregulation early in 

disease course, as well as, a biomarker based on IgG glycome that is associated with 

immunogenicity issues against the drug.  

The histological information obtained from colonic biopsies is routinely performed 

in the clinical practice helping IBD diagnosis and monitoring (7). Taking into 

consideration that a colonic biopsy is a snapshot of the inflammatory state of the patient, 

relevant in situ information can be further explored from biopsies. On this regard, the in 

situ glycosylation-signature is able to provide important molecular information that can 

be translated into clinical and prognostic value. The results presented in this thesis 

(Chapter II) supports the identification of a novel glycobiomarker - based on branched 

N-glycans on inflammatory infiltrate of lamina propria (8) - that might be useful for 

clinicians to take into consideration at the time of UC diagnosis, for a guidance on the 

therapy management. 

Our results (presented on chapter II) suggest that UC patients displaying low 

levels of branching N-glycans early at diagnosis have higher probability to fail standard 

therapy, with the need for a more aggressive drug, such as anti-TNF. Moreover, we 

found that T cells isolated from lamina propria of non-responders to the conventional 

therapy display lower levels of branched N-glycans than T cells from responders. 

Furthermore, in chapter III, we found that UC patients might be genetically predisposed 
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to express low levels of MGAT5 mRNA in both colonic and circulating T cells, in the case 

they possess specific SNPs from the intronic region of MGAT5. This genetic alteration 

might explain the deficiency on branched N-glycans on T cells associated with a 

hyperimmune T cell response (6, 9, 10), which is supported by similar evidences in MS 

that showed the influence of the same SNPs on the levels of branching N-glycans of 

serum T cells (11). Moreover, these functional genetic variants of MGAT5 seem to be 

associated with the therapeutic outcome of the UC patients, specifically with the need to 

step-up to biologics during disease course, similarly to the in situ glycobiomarker. 

However, results should be validated in a larger and more recent cohort. It would be 

interesting to evaluate whether these SNPs might influence T cell activation. In fact, 

these genetic variants seem to predispose UC patients to a higher pro-inflammatory 

scenario, due to its association with a pro-inflammatory phenotype of IgG glycome. Once 

Fc from IgG only contains biantennary N-linked glycan, the influence of MGAT5 SNPs, 

which catalyze the formation of tetra antennary complex N-glycans, can not be direct. 

We suggest that IgG glycosylation profile could be mediated by T cell hyperactivation. 

Indeed, under inflammatory conditions, T cell hyperactivation (which can be triggered by 

a deficiency on MGAT5-mediated branched glycosylation) may induce B cell activation 

and plasma cells to produce pro-inflammatory IgGs with agalactosylation (12). 

Accordingly, increased agalactosylation on IgG from UC patients had been shown to be 

associated with higher severity of the disease, specifically with higher disease extension 

and with need for colectomy (13), being also shown to be increased in UC patients 

treated with anti-TNF when comparing with those under azathioprine/6-mercaptopurine 

(13). Furthermore, naïve and memory B cells were reported to express MGAT5-mediated 

branched N-glycans at the surface, replete with poly-N-acetyllactosamine (poly-

LacNAc), which serve as binding sites to many galectins (14, 15). Galectin-9 were found 

to be highly binding to both naïve and memory B cells. Interestingly, galectin-9 was found 

to regulate BCR signaling, antagonizing naïve B cell activation (14, 15). It would be worth 

to explore whether MGAT5 SNPs might be interfering with B cell N-glycosylation and 

whether UC patients display this deficiency. 

The genetic variants that we identified as being associated with lower levels of 

MGAT5 mRNA expression in circulating T cells, were located in intronic regions of the 

glycogene. Data from our group support the existence of an enhancer activity of the 

regions containing the studied SNPs, particularly in the thymus and brain, using zebrafish 

as model. This activity is lost in the presence of the genotypes associated with lower 

mRNA levels, suggesting the SNPs as potential sites for transcription factors binding 

(data developed in a master thesis of the group). UC patients with predisposition to 
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exhibit a deficiency in MGAT5 expression T cell might display an impairment in T cell 

development, once branching N-glycans were already demonstrated to be important in 

both positive and negative T cell selection in the thymus, thus impairing responsiveness 

and self-tolerance of T cells (16). Also, the association with the inability of UC patients 

to respond to the standard therapy indicate an incapacity to control T cell growth and the 

threshold of T cell activation, which imposes a preferential effector T cell-mediated 

immune response. In fact, branching N-glycans in T regulatory cells were demonstrated 

to be crucial for its suppressive activity against CD4+ and CD8+ T cells (17), supporting 

that the deficiency on MAGT5/branching N-glycan will also impair immune tolerance.  

In addition to the intronic SNPs, we also identified genetic variants in regulatory 

regions of MGAT5, as 3’UTR, that were associated with patients who developed a severe 

UC. 3’UTR are targeted by microRNAs, leading to translation repression and/or 

degradation of the mRNA (18). SNPs within the site of microRNA recognition might 

impact on its repressive regulation, or create a new seed site for the molecule, thus 

inducing degradation. Despite the functional effects of these SNPs were not explored, 

our results suggest that genetic variants of MGAT5 might be implicated in the 

predisposition of an individual to be unable to ensure the branched N-glycan demanding 

of a specific cell in a certain condition. Thus, genetic variants on MGAT5 might impact 

on T cell glycosylation and consequently on its activity, being also associated with 

disease severity of the patients. These results suggest the importance of a genetic 

screening of MGAT5 as a way to extrapolate possible MGAT5 gene regulation issues, 

which might indicate higher predisposition to develop a severe disease.  

In addition to these evidences, in chapter IV we further showed for the first time 

that deficiency in MGAT5 increases susceptibility to develop a severe DSS-induced 

colitis in mice potentially due to the predisposition of a dysbiotic scenario. We observed 

low abundance of bacteria belonging to Firmicutes phyla, mainly Laschnospiraceae 

family and a Ruminococcaceae genera, which are shown to be under-represented in IBD 

patients (19-22). These bacteria are producers of short chain fatty acids that serve as 

carbon source for intestinal epithelial cells and induce Treg cells (23, 24). The natural 

dysbiotic condition of a mice lacking MGAT5 might result from or promote the 

characteristic hyperactivated profile of the T cells (6, 9, 10). Whether dysbiosis 

contributes to the initiation of IBD or is a secondary change caused by intestinal 

inflammation and/or medication is still unclear. The threshold of activation of the T cells 

and its capacity to control activation are lower in Mgat5-/- mice than in wt (6, 9, 10). Thus, 

the basal micro-environment that microbiota inhabit is more stringent, only remaining the 

most resistant and the more adapted to an inflammatory- related scenario. 
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How is the microbiota of individuals predisposed to express lower levels of 

MGAT5 and branched N-glycans? Is their microbiota more susceptible to external 

factors? Upon antibiotic exposure, are they able to restore microbiota composition 

properly? Normal colon is possibly in a continuous state of low-grade inflammation due 

to the microbial flora. It is tempting to suggest that host predisposition to display altered 

branching N-glycans might confer a risk to develop IBD, once they might display a more 

reactive immune response that may hamper the restore of microbiota upon challenged. 

It would be interesting to evaluate the microbiome composition of IBD patients carrying 

the risk alleles of MGAT5 gene in order to understand whether these patients are more 

prone to possess a dysbiotic condition. Also, and considering the findings in DSS- 

induced colitis model, IBD patients with a deficiency in MGAT5 expression might benefit 

from fecal microbiota transplantation (FMT), once we verified that Mgat5-/- co-housing 

with WT decrease the susceptibility to develop a severe disease and recover faster than 

singe housing Mgat5-/-. 

A promisor finding was the discovery of a community of bacteria that are able to 

induce branching N-glycans on T cells from the host, controlling the T cell immune 

response. The bacteria behind this mechanism belong to Firmicutes phylum, including 

bacteria that is known to be benefic for host homeostasis and IBD disease outcome, as 

those from Laschnospiraceae family (25, 26). This mechanism and the bacteria behind 

it need to be further explored; however, our results suggest that host might be taking 

advantage from the UDP-N-acetyl-D-glucosamine (GlcNAc), the substrate of GnT-V 

enzyme, released by bacteria once there is an enrichment of the bacteria with GlcNAc 

biosynthesis capacity. In fact, rectal administration of GlcNAc in DSS- induced Mgat5-/- 

mice were shown to decrease colitis severity and to induce branching N-glycans 

production in colonic T cells (6). The improvement of the IBD symptoms in children 

refractory to treatment were also observed when GlcNAc was giving orally or rectally 

(27). A probiotic containing higher abundance of bacteria with capacity to produce UDP-

N-acetyl-D-glucosamine biosynthesis would improve self-tolerance in IBD patients who 

display deficiency in MGAT5 or branching N-glycans expression. Taking advantage for 

the fact that branching N-glycosylation can be changed upon metabolic supplementation 

directly or indirectly by microbiota and that this supplementation ameliorates colitis 

symptoms and slows-down the T cell immune response, it would be worthy to consider 

as an option in patients displaying a deficit in MGAT5 expression or branching N-glycans. 

The explosion of a new era of targeted-specific drugs that aimed to overcome the 

ineffectiveness of the standard medication, give rise to a panoply of IBD clinical choices 

(28, 29). Anti-TNF therapy (mainly infliximab and adalimumab) remains as a first-line 
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biologic agent given the elevated efficacy to control of immune response. However, the 

effectiveness of anti-TNF therapy is not transversal to all IBD patients, given that some 

do not respond and others lose response over time (30).  

In chapter V, in this case in Crohn's disease, we identified a distinct N-glycan 

profile in the constant fraction of the IgG suggestive of being associated with loss of 

response to Anti-TNF and the development of immunogenicity against the drug. The IgG 

effector function is dictated by the glycan profile that the Fc fraction of the IgG possess, 

which might switch from anti-inflammatory to pro-inflammatory function, usually 

associated with increased antibody-dependent cellular cytotoxicity or complement-

mediated cytotoxicity (31-35). Less elongated N-glycans from IgG (low galactosylation, 

sialylation and high bisecting), associated with pro-inflammatory IgG function, has been 

observed in IBD patients in comparison with healthy individuals (13, 36-39). However, 

not all patients carry the same glycan profile, which might reflect the highly heterogeneity 

among IBD patients in terms of disease clinical and therapeutic outcomes. 

We verify that the profile of IgG glycosylation is distinct in secondary non-

responders to infliximab and adalimumab. A low proportion of sialylated IgGs along time 

of therapy, which is associated with IgGs that loss the anti-inflammatory function (40, 

41), was observed in secondary non-responders to both anti-TNF therapies. The 

increased production of pro-inflammatory IgGs against microbial elements or 

autoantigens in IBD (42, 43) is a reflection of the increased number of plasma cells in 

the intestinal lamina propria (44), which can be activated in a T cell-dependent manner 

and might impair the control of the disease. The lack of anti-inflammatory activity of non-

sialylated IgG Fc, might be leading to higher clearance of gut microorganisms for 

instance, which might impact on the outcome of the disease. In fact, alterations on 

microbiota have been shown to be associated with refractory CD patients to anti-TNF 

therapy (26). The proinflammatory scenario of the IgG potentiated by the alterations on 

IgG might per se overcome the effectiveness of anti-TNF therapies, explaining the loss 

of response to anti-TNF therapy. 

The development of antibodies against anti-TNF drug may also occur in IBD 

patients and is associated with the reduction of efficacy and a loss of response to the 

drug (45). Biologic therapies carry an intrinsic risk of immunogenicity, which might be 

dependent on intrinsic factors of the drug, as well as, in the genetic background of the 

patient (45, 46). Genetic markers have been identified to be associated with IBD patients 

who developed immunogenicity against the anti-TNF drugs (47, 48). Our results suggest 

an association between IgG Fc glycosylation and immunogenicity issues. The IgG fc 

from patients with elevated levels of antibodies anti-drugs is mainly composed by 
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elevated galactosylation and IgG4 subtype display low sialylation, which is in accordance 

with the profile observed in secondary non responders to adalimumab. The possible 

mechanism behind this association should be explored and the results should be 

confirmed in a bigger cohort. 

IgG glycosylation has been reported to be partially contributed by genetic 

predisposition (49-51). Indeed, we had also identified genetic variants on MGAT5 that 

are associated with lower galactosylation in IgG in the context of UC. The same genetic 

variants seem to predispose UC patients to develop a severe disease, with the need of 

more aggressive therapy to control inflammation. In fact, in rheumatoid arthritis, the low 

levels of galactosylated IgG can be detected years before diagnosis (52). This reinforces 

our results and the importance of IgG glycome as a helpful biomarker in the identification 

of CD patients that will fail anti-TNF response (or infliximab or adalimumab), redirecting 

patients early in disease course for the therapy that will benefit the most. It would be 

interesting to evaluate whether the same observations that we verified in CD patients 

concerning response to adalimumab and infliximab are transversal to UC patients. In a 

positive scenario, would UC patients with the MGAT5 SNPs associated with low 

galactosylated IgG benefit for adalimumab rather than infliximab?  

This study should be validated in a larger cohort, only including one sample per 

patient, preferentially at the same time of therapy duration. Most of the secondary non-

responders’ patients entered in the study already with the failure in response. This does 

not allow to understand whether the profile of glycosylation is printed in patient since the 

beginning, once genetic predisposition might be one explanation behind this phenotype. 

As so, a prospective study including samples from induction phase and maintenance 

phase, as well as, samples before and after loss of response, would be important.  

Taken together, our results support the proposal of a non-invasive marker, a 

specific glycosylation pattern of a subset of IgGs, with the potential to identify secondary 

non-responders or even causing the loss of effect of infliximab and adalimumab. 
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Concluding Remarks 

 

How does this thesis help the clinical practice of IBD patients? All evidences 

reported in this doctoral thesis tapered to the same point: N-glycosylation is a critical 

process in IBD, which is frequently dysregulated in lamina propria lymphocyte and 

circulating T cells and IgGs. This dysregulation might trigger a hyperimmune activation 

and microbiome alterations, which might underlie the immunopathogenesis of IBD. 

With this thesis we identified in situ and serum glycan-based biomarkers with high 

potential to be included in clinical practice of IBD patients, mainly in therapy decision-

making process. We believe that the findings of this thesis will lead to the refinement of 

the clinical management of patients with IBD: 

- At diagnosis, patients might be guided for a step-up or step-down therapy, 

depending on the levels of MGAT5 mediated branching N-glycans in colonic 

lamina propria; 

- Patients carrying specific genetic variants on MGAT5 are more prone to 

harbor MGAT5 transcription alterations in T cells associated with T cell 

hyperactivity and concomitantly a pro-inflammatory IgG glycome, suggesting 

their guidance to a more portent therapy as biologics; 

- Branching N-glycans mediated by MGAT5 are involved in the interplay 

between host and microbiome, being important for the maintenance of a 

homeostatic microbial community; 

- IgG glycome seems to be able to stratify patients according to their response 

to anti-TNF and to be associated with immunogenicity issues, which might be 

useful in a proactive therapy drug monitoring. 

 

The early detection, either by MGAT5 genetic screening or by determination of 

the levels of branching N-glycans in situ or IgG glycome, at diagnosis, it would be a 

valuable tool for therapy decision. Summing up, N-glycans might be used as promising 

biomarkers to be used in the clinical practice of IBD. 
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A B S T R A C T

The diversity of glycans expression within a cell or an organism is enormous and the amount of relevant biological information that each glycan structure encodes is
far from being clarified. The importance of glycans in health and life sciences is highlighted by their multiple functional implications in different cellular and
molecular biology processes with impact in homeostasis and diseases, such as cancer and inflammatory conditions. Glycans actively participate in the regulatory
circuits that govern both innate and adaptive immune response. Changes in the glycans repertoire occur during the transition from normal to inflamed conditions and
the aberrant expression of glycans dictates either pro-inflammatory or anti-inflammatory responses. This review summarizes how glycans integrate the regulatory
networks of immune response with a focus on gut immunity.

1. Introduction

Inflammation is a complex biological process that occurs as a
normal host response to tissue damage inflicted by infections or other
stimuli. An inadequate resolution of inflammation and/or an unchecked
inflammatory reaction can evoke chronic inflammation, predisposing
the host to various diseases, including chronic immune-mediated dis-
orders, such as intestinal inflammation and cancer.

A compelling body of evidence has demonstrated that glycans
(carbohydrates or sugar chains) integrate into the canonical circuits
that govern immune response as demonstrated by the fact that altera-
tions in the cellular glycosylation repertoire have remarkable effects in
the development and progression of different immune-mediated dis-
orders [1,2].

The intestinal mucosa is considered a major physical and biological
barrier that supports the bodýs immune system. The glycanś composi-
tion of the gut mucosa is considered a key factor that guides the es-
tablishment of the microbial community [3], shaping the course of
immune response both in homeostasis and in disease.

This review summarizes the importance of glycosylation as a fun-
damental player in gut immunity, discussing how changes in the mu-
cosal glycome, with a focus on N-linked glycans, impact in the reg-
ulatory circuits that triggers either a pro-inflammatory or anti-
inflammatory response.

2. Glycosylation as a major biological barrier of the gut mucosa

Glycosylation is a well-orchestrated post-translational process that
occurs in essentially all cells. It is characterized by the addition of
carbohydrate structures (glycans or sugar chains) to proteins or lipids
through the synchronized action of a diverse repertoire of glycosyl-
transferase and glycosidase enzymes. The genes encoding the portfolio
of those enzymes contribute to more than 1–2% of the total human
genome which results in a huge diversity of glycosylation modifications
in which the same protein or lipid can exhibit different glycoforms and
consequently different biological functions [4].

The glycan composition of the gut mucosa is determined by dif-
ferent sources, such as endogenous microorganisms (i.e. their capsules),
glycans influx from breast milk and diet, and the host mucus (rich in
heavily glycosylated proteins such as mucins) [3]. Secreted mucus is
considered a carbon and energy source when dietary fibers are not
sufficiently available [5,6]. Glycans can also derive from the process of
mucin glycan foraging, as a strategy of mucin-degrading bacteria to
utilize host glycans as a nutrient source [7–9].

In fact, one important component of the intestinal glycocalyx is the
oligomeric mucus gel-forming glycoprotein Mucin 2 (MUC2) which is a
major intestinal mucin produced by goblet cells. Curiously, alterations
of MUC2 glycosylation are associated with inflammation [10,11]. The
core 3–derived O-glycans also play an important role in the intestinal
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barrier, as C3GnT-deficient mice revealed a reduction of MUC2 glyco-
protein expression with a consequent impairment of mucosal integrity
and susceptibility to develop colitis and colorectal adenocarcinoma
[12]. The protein misfolding of intestinal MUC2 was shown to induce
ER stress which impacts gut homeostasis leading to inflammation
[13–15]. The IL-10 expression was shown to prevent MUC2 protein
misfolding and ER stress maintaining MUC2 production by goblet cells,
and consequently preserving the intestinal mucus barrier [16]. Ad-
ditionally, few studies exist on the importance of C-mannosylation of
mucins, that occurs in the first tryptophan (Trp) of the consensus
aminoacids Trp-X-X-Trp motif in proteins of the Cys-D domain of mu-
cins [17]. This unique type of glycosylation appears to play an im-
portant role in MUC5AC and MUC5B normal development and secre-
tion, representing another mechanism in the regulation of mucus layer
formation [18–20].

The glycosylation of intestinal epithelial cells (IECs) has been shown
to be important in the modulation of the host immune response. An
elegant study demonstrated that expression of α-1,2 fucose on the
apical side of IECs protects against pathogenic bacteria being essential
in the maintenance of the commensal microbiota [21] (Fig. 1). This
process of fucosylation was found to be mediated by group 3 innate
lymphoid cells (ILC3s), which constitutes the most recently identified

component of the innate immune system [22]. It was demonstrated that
commensal and pathogenic bacteria as well as bacterial products (li-
popolysaccharide (LPS)) stimulate ILC3s to produce IL-22 which in turn
induces α-1,2 fucosylation of IECs. Accordingly, inactivating poly-
morphisms of fucosyltransferase (FUT) 2 (non-secretor status) were
associated with inflammatory diseases [23,24].

Another component of the gut mucosa are the Paneth cells (PCs),
secretory epithelial cells that act as guardians of small intestinal crypts,
controlling the microbiome. They are also functionally and structurally
involved in formation of the stem cell zone of small intestinal crypts and
in the morphogenesis of the crypt-villus axis (CVA). The crypt com-
partment harbors abundant mannose rich glycoproteins whereas the
mature villus zone contains mainly complex-type glycoproteins [25].
Recently, Rouhanifard and colleagues [26] applied an in situ glycan
editing method [27] using crypt organoids in order to study the impact
of glycosylation on stem cell proliferation and differentiation in a
complex multicellular system. They demonstrated that abundant
terminal N-acetyllactosamine (LacNAc) of PCs contribute to the reg-
ulation of stem cell behavior. The in situ glycan editing, that blocks
LacNAc (which is highly expressed in PCs) promotes hyperproliferation
phenotype of adjacent Lgr5+ (leucinerich-repeat-containing G-protein-
coupled receptor 5) stem cells [26]. These evidences support the

Fig. 1. Impact of glycosylation in gut homeostasis
and inflammation. During the transition from normal
to inflamed gut mucosa changes in the glycans re-
pertoire occur. The aberrant expression of specific
glycans that accompany intestinal inflammation im-
pacts not only in the hostś immune response but also
in the microbiota content and functions. Glycans
composition namely in mucins are crucial to main-
tain the protective function of the intestinal barrier
against pathogenic microbiota. Particularly, the α-
1,2 fucosylation catalyzed by FUT2 in epithelial cells
is crucial in maintaining commensal microbiota
protecting against pathogenic microorganisms. The
loss of mucosal integrity results in pathogens inva-
sion concomitantly with a cascade of inflammatory
events mediated by dendritic cells, macrophages,
neutrophils and later by T cells. These pathogenic
microorganisms can took advantage from host’s gly-
cans, through glycosidases activity as strategies to
“escape” recognition by hostś immune system. This
selective process gives rise to dysbiosis that in in-
testinal disorders, such as in IBD, is characterized by
a decreased in microbiota diversity (less Firmicutes
and more Proteobacteria) and a higher Fungi ratio of
Basidiomycota/Ascomycota. At the level of lamina
propria, glycosylation alterations are known to reg-
ulate T cell-mediated immune response. In home-
ostasis, the expression of β1,6 GlcNAc branched N-
glycans, catalyzed by GnT-V is crucial to control T
cell receptor (TCR) function and signaling. On this
process, specific carbohydrate recognition proteins
such as galectins (Galectin-3) recognizes the elon-
gated chain (polylactosamine) of the branched N-
glycans forming a “lattice” that precludes the TCR
clustering and in this way control the threshold of T
cell activation. Other galectins, such as Galectin-1
and Galectin-2, are also important in controlling T
cell-mediated immune response towards a T reg-
ulatory response. Importantly, in homeostatic condi-

tions, the profile of IgG glycosylation released in the serum has been described to exhibit predominantly galactosylated and terminal sialylated N-glycans in the Fc
portion. In intestinal inflammation, specific alterations on the expression of glycans, particularly the upregulation of α1-6 fucosyltransferase (FUT8) with over-
expression of core fucose and the downregulation of MGAT5 gene with decreased expression of GnT-V-mediated branched N-glycans negatively impact in T cell
response. This altered expression of N-glycans (branched and core-fucosylated) lead to T cell hyperactivation and signaling of intestinal T lymphocytes, being also
associated with a T cell differentiation towards Th1 and Th17 immune responses. In addition, the expression of galectins 4 and 8 further stimulate T cell proliferation
in colitis. Moreover, in intestinal inflammation (such as in IBD) the expression profile of serum IgG is different from homeostasis, being predominantly characterized
by agalatosylation.
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instrumental role of glycosylation in the maintenance of mucosal
homeostasis through controlling growth and differentiation of stems
cells, as a critical event for intestinal epithelial layer self-renewal.

Gut mucosa is also composed by other cell type, such as microfold
cells (M cells). They are found in the gut-associated lymphoid tissue of
the Peyer's patches in the small intestine, and in the mucosa-associated
lymphoid tissue of other parts of the gastrointestinal tract. These cells
are known to initiate mucosal immunity responses and are also in-
volved in the transport of microbes and particles across the epithelial
cell layer from the gut lumen to the lamina propria where interactions
with immune cells can take place [28]. The role of glycans in M cells is
still poorly characterized. Fucosylation mediated by FUT1 was shown to
act as an exclusive and reliable marker of these type of cells [29]. Given
the functional role of M cells in intestinal mucosa immunity, the study
of its glycosignature is worth exploring.

Overall, glycosylation is a central regulatory mechanism of gut
homeostasis being implicated in many different processes, spanning
from epithelial self-renewal, maintenance of integrity of intestinal
mucus barrier to control of gut immunity.

3. Glycosylation in the regulatory circuits of the gut immune
response

Changes in cellular glycosylation occur during the transition from
normal to inflamed conditions. This altered expression of glycans
during inflammation has major implications in the regulation of both
innate and adaptive immune responses [30–32].

3.1. Innate immunity

Glycans are key mediators of innate immune response due to their
interaction with a particular family of receptors called C-type lectin
receptors (CLRs) that bind to carbohydrates in a calcium-dependent
manner. CLRs, such as dendritic cell specific intracellular adhesion
molecule-3 (ICAM-3) grabbing nonintegrin (DC-SIGN) (that binds
mainly to high-mannose but also to fucose moieties) [33,34], sialic
acid-binding immunoglobulin-type lectins (siglecs) and macrophage
mannose receptor (MMR), are expressed in various innate immune cells
including DCs and macrophages. These CLRs are involved in glycan-
mediated pathogen recognition and internalization of antigen for
loading on Major Histocompatibility Complex (MHC) class I and II
molecules inducing a T cell response [35–38]. The sialylation of anti-
gens was shown to induce antigen-specific tolerogenic immune re-
sponse through recognition by DCs with consequent induction of T
regulatory (Treg) cells and suppression of IFN-γ production [39].
Conversely, the sialic acid composition of the gut mucosa (glycocalyx)
was associated with dysbiotic conditions. The sialic acid catabolism was
reported to mediate intestinal inflammation concomitantly with the
expansion of E. coli during colitis. The overgrowth of E. coli that occurs
in colitis was demonstrated to be dependent on the sialic acid release
from the hostś glycans after sialidase activity [40]. The dependence of
E. coli on sialidases secreted by Bacteroides spp. (abundant in intestinal
inflammation) contribute to the overgrowth of E. coli and thereby to
dysbiosis in patients with colitis [41]. In line with this, it was proposed
that sialidase inhibitors can constitute a glycan-mediated strategy to
decrease E. coli outgrowth preventing dysbiosis and thereby controlling
the severity of colitis [40].

Moreover, higher galactosylation of N-glycans on mucus proteins
were associated with increased ratio of Firmicutes/Bacteroidetes in
healthy conditions, conferring protection against TNF-induced systemic
inflammation and DSS-induced colitis [42].

The anti-fungal innate immunity is also dependent on the poly-
saccharides components of fungal surfaces, such as α- and β-glucans,
chitin, and both N- and O-linked glycoproteins [43].

The antimicrobial peptides (AMPs) are also essential components of
the gut innate immunity. Glycosylation may offer a means to tailor an

AMP to a precise molecular target. Interestingly, N-linked glycosylation
has been shown to be effective in modifying the serum half-life and
bioavailability of peptides and other compounds [44,45]. For example,
Enfuvirtide is an AMP, acting as a novel antiretroviral drug in which
glycosylation with sialic acid residues extends its half-life more than 10-
fold, without affecting its sensitivity towards the target [46]. Several
reports have been showing the importance of AMPs (some of them
glycosylated) in the regulation of gut microbial community and in gut
immunity, which highlights their importance in gut homeostasis
[47–49].

Complement cascade is also a potent innate immune mechanism
which plays an important role in maintaining the homeostasis of in-
testinal barrier [50]. C-mannosylation is highly present in the com-
plement alternative pathway (namely in properdin and membrane at-
tack protein complex), which is the first encoded response to
extracellular stimuli [51].

3.2. Adaptive immunity

Protein glycosylation can also influence the adaptive immune re-
sponse. The MHC I and II can display glycosylated peptides that are
recognized by T cells, supporting the impact of glycans in the mod-
ulation of T helper (Th) cells (by MHC II) and cytotoxic T cells (by MHC
I) responses [52]. Recently, it was demonstrated that cytotoxic immune
response, mediated by CD8+ T cells, during chronic viral infection is
mediated by branching N-glycans [53]. The induction of IL-10 by
chronic infections, such as those mediated by human immunodeficiency
virus (HIV) and hepatitis C virus (HCV), was shown to restrict CD8+ T
cell activation and function through enhancement of branched N-gly-
cans expression on T cell surface. In chronic infection, higher levels of
IL-10 increases the threshold of T cell receptor (TCR) activation indu-
cing, via STAT3, an increased expression of MGAT5 gene leading to
enhanced branched N-glycans on glycoproteins, including TCR.
Thereby decreasing CD8+ T cells antigen sensitivity through branched
N-glycosylation, enables the pathogen to outpace the immune response
and establish viral persistence [53]. This enhancement of branched N-
glycans promotes the formation of lattices through galectin-3 binding,
which precludes the capacity of TCR and CD8 co-receptor to interact.
The disruption of galectin binding might restore T cell function indu-
cing the control of chronic infection [53].

Indeed, this important functional relationship between branched N-
glycans and T-cell mediated immune response was also documented in
CD4+ T cells in the context of autoimmune disorders [54–56]. In fact, a
compelling body of evidence has been pointing toward the importance
of complex branched N-glycans catalyzed by N-acetylglucosaminyl-
transferase V (GnT-V) in controlling T cell activity and functions in
different immune-mediated disorders as demonstrated in mouse models
of Multiple sclerosis (MS), Type I diabetes [54,57,58] and Ulcerative
Colitis (UC) [55,56]. Particularly, the GnT-V-mediated branched gly-
cosylation of intestinal T cells was found to play a role in UC patho-
genesis. Patients with UC exhibit, at the level of intestinal mucosa, a
deficiency in the expression of branched N-glycans on the TCR that was
associated with disease severity. This decreased expression of branched
N-glycans was found to be due to a reduced transcription of MGAT5
glycogene in intestinal T lymphocytes (Fig. 1) [55]. Nevertheless,
whether this dysregulation of MGAT5/GnT-V-mediated glycosylation
on T cells is a cause or consequence of intestinal inflammation in UC
remains unclear. Evidences suggest that GnT-V-mediated branching N-
glycans are implicated in the development of Th2 over Th1 responses
[59], further showing an impact in the differentiation of induced Treg
cells over Th17 differentiation [60].

Importantly, the metabolic supplementation of mouse models of
experimental autoimmune encephalomyelitis (EAE), type I non-obese
diabetic mice, colitis mouse model and T cells with N-acet-
ylglucosamine (GlcNAc) resulted in the enhancement of β1,6 GlcNAc
branched N-glycans on T cells catalyzed by GnT-V activity. This
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enhanced branching glycosylation on T cells was shown to increase the
threshold of T cell activation, suppressing T cell growth and inhibiting
Th1 differentiation which resulted in a decreased disease severity
[56,57,61]. These results demonstrate that GnT-V-mediated branching
N-glycosylation plays a key role in the regulation of T cell activity and
signaling in immune-mediated disorders.

Besides the TCR, the enhancement of branched N-glycosylation can
also modify other receptors like CD4 and CD8 co-receptors as well as
the growth inhibitory receptor CTLA-4 [54,58,59]. Moreover, CD45
and CD25 are also potential targets of branched N-glycosylation mod-
ifications with impact in the regulation of T cell-mediated immune
response [60,62].

The branched N–glycans can be further modified and elongated
with poly–N–acetyllactosamine (repeats of Galβ1,4GlcNAcβ1,3) that
can be capped with sialic acid, fucose, galactose, N-acet-
ylgalactosamine, and sulfate [63]. This poly–N–acetyllactosamine
structure is the preferred ligand for galectins, a family of soluble con-
served carbohydrate-binding proteins, forming galectin–glycan struc-
tures termed “lattices” [30]. This molecular complex contributes to
restrict the interactions between receptors and co-receptors on immune
cells regulating intracellular signaling pathways, apoptosis, prolifera-
tion and migration [64]. For instance, the production of these poly-
lactosamine extensions in T cells glycoproteins is central to the control
of the immune response [65]. Accordingly, β3GnT2-deficient mice
show a T cell hypersensitivity due to the reduction of polylactosamine
on the N-glycan similarly to the observations in MGAT5-deficient mice
[54,65]. Moreover, in mice lacking specific N-acetylglucosaminyl-
transferases (GnTs) enzymatic activity (due to genetic knockout of
MGAT2 and MGAT5), the disruption of the branching N-glycosylation
pathway produces fewer LacNAc branches glycans due to reduction of
UDP-GlcNAc consumption at medial Golgi. This unused UDP-GlcNAc
was shown to be driven forward to trans Golgi where β3GnTs enzymes
appears to produce bioequivalent poly-LacNAc structures. Accordingly,
the authors proposed that loss of LacNAc branches is balanced by in-
creased production of linear LacNAc polymers, as a Golgi self-correcting
ability to control cell surface LacNAc density and thereby the galectin-
glycoprotein lattices, as a way to control homeostasis [66].

In fact, galectins can be found in activated T and B cells, being
significantly upregulated in activated macrophages and Treg cells
[67,68]. These carbohydrate-recognizing proteins have been implicated
in a wide range of key biological processes including: regulation of host-
pathogen interactions; innate and adaptive immune responses; acute
and chronic inflammation, and immune tolerance [69].

Interestingly, galectins family can play an opposite role in immune
response as they can act as negative or positive regulators of T cell
function. Galectin-1 and -3 are known to suppress inflammation and T
cell response [54,70,71]. Galectin-1 is described to negatively regulate
Th1 and Th17 effector cells by inducing cell death [70]. Galectin-3 has
been described to limit TCR clustering due to lattice formation in
MGAT5-expressing cells controlling thereby the threshold of T cell ac-
tivation [54,72]. Similarly, galectin-2 also exhibits a suppressive effect
by inducing apoptosis of lamina propria T lymphocytes attenuating
acute and chronic mouse colitis [73]. In contrast, galectin-8 and

galectin-4 act in opposite way. When binding to T cells, galectin-8
promotes T-cell proliferation, possibly through unique interactions with
CD45 [74]. Galectin-4 mediates CD4+ T cells stimulation (through IL-6
production) leading to exacerbation of T cell-mediated chronic colitis
[75]. These opposite responses mediated by different galectins are not
yet fully clarified, deserving further investigation.

Interestingly, an association between environmental factors (sun-
light/vitamin D3 and metabolism) combined with multiple genetic
variants (IL17RA, IL2RA, MGAT1 and CTLA-4) was described to dys-
regulate Golgi N-glycosylation with impact in MS development and
severity [76]. These observations support the impact of branched N-
glycosylation in development and progression of autoimmune disorders
at a genetic level. Accordingly, GWAS studies revealed that MGAT5
polymorphisms cooperatively with MGAT1 and interleukin-2 and -7
receptor variants were associated with susceptibility to MS [77,78].
Preliminary evidences also point towards an association between
MGAT5 genetic variants and UC severity [79] which support the pro-
minent role of MGAT5 (and other glycogenes) in determining genetic
susceptibility to immune-mediated disorders.

In addition to genetics, the epigenetic alterations of key glycogenes
in a tissue/cell-specific manner were also implicated in immune-
mediated disorders, such as IBD [80].

Another important type of glycosylation with impact in T cell-
mediated immune response is core fucosylation which refers to fucose
attached to the innermost N-acetylglucosamine of N-linked glycans,
catalyzed by α1-6 fucosyltransferase (FUT8). A dysregulation of FUT8
was described to be associated with IBD pathogenesis [81]. In mouse
models of induced colitis, T cells were found to display an increased
expression of core fucosylation when compared with healthy mice.
Moreover, the Fut8−/− mice developed a less severe colitis than Fut8+/

+ mice, and T cells from Fut8−/− mice produced lower levels of Th1
and Th2 cytokines. Accordingly, colonic samples from IBD patients also
revealed that inflamed mucosa exhibited higher levels of core fucosy-
lation comparing to non-inflamed mucosa and healthy colon (Fig. 1)
[81].

Several examples exist in literature testifying the role of genetic
alterations of glycosylation (modelled in different mice models) in
triggering the activation of immune-mediated responses, with a focus
on intestinal inflammation (Table 1).

It is important to highlight that the extrapolation of data from mice
to human have some caveats [86,87] being fundamental the clinical
validation (in human clinical samples) for translational applicability of
the findings.

Protein O-GlcNAcylation has been also implicated in T cell self-re-
newal, differentiation and proliferation [88]. It consists in the addition
of O-GlcNAc moieties to serine or threonine residues of nuclear and
cytoplasmic proteins by the O-GlcNAc transferase (OGT) through UDP-
GlcNAc [89]. The mechanisms underlying T cells activation were
shown to be accompanied by increased nutrients uptake (glucose and
glutamine) that increases UDP-GlcNAc availability enhancing OGT ac-
tivity and O-GlcNAcylation of multiple proteins such as c-Myc. The
glycosylated form of c-Myc was shown to be an important factor that
controls the nutrients uptake and UDP-GlcNAc production thereby

Table 1
Examples of genetic alterations of glycosylation associated with intestinal inflammation.

Type of alterations Colitis association Intestinal feature References

Core 3−/− Susceptible to DSS Mucins were more susceptible to proteolysis; Loss of mucus barrier [12,82]
Core 1−/− Spontaneously develop colitis Mucins were more susceptible to proteolysis; Loss of mucus barrier [82]
FX−/−

(fucosylation deficiency)
Develop colitis Altered the composition of the fecal microbiota, epithelial barrier dysfunction and altered epithelial

proliferation
[83]

MUC 2−/− Spontaneously develop colitis Associated with epithelial barrier dysfunction [84]
FUT 8+/+ Develop severe colitis Increased TCR signaling and production of inflammatory cytokines [21]
MGAT5−/− Develop severe colitis Increased TCR signaling and production of inflammatory cytokines [56]
Humanized FUT 1 Spontaneously develop colitis Influence on T cell development [85]
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modulating O-GlcNAcylation, and thus constituting a key factor in the
regulation of T cells activity and their precursors. The loss of OGT en-
zyme was shown to block T cell progenitor renewal, controlling per-
ipheral T cell clonal expansion and suppressing malignant transforma-
tion [88].

Complex O-glycans have been also demonstrated to be important in
the regulation of T cells trafficking and homing [90]. The capacity for
memory T cells to rapidly traffic into a site of infection for protective
immunity is highly dependent on de novo synthesis of core 2O-glycans.
Stimulation of core 2O-glycans on tumor-specific T cells was suggested
to contribute to enhance T cell trafficking and ultimately improve
cancer immunotherapy [90].

Importantly, the T cell response is also controlled by the interplay
between glycans and the microbiota. As example, glycans in helminths
act as a conserved molecular pattern that instructs DCs functions to
drive Th2-polarized responses [91]. Interestingly, it was postulated that
helminths might have a protective effect by modulating the host im-
mune response. Using colitis-induced mouse models, it was demon-
strated that the helminth, Heligmosomoides polygyrus bakeri prevents
colitis by inhibiting antigen-specific gut T cell response through al-
terations of DCs function [92]. This mechanism of suppression of in-
flammation through helmithś glycans has been explored [93,94] and
recently, it was suggested that IL-4Rα signaling is an important
pathway required for an effective suppression of immune response
[95]. These evidences have been raising the interest in helminthś an-
tigen cell-based therapy [96], which were already tested in small clinic
trials in UC [97]. The importance of helminths in immunity, and par-
ticularly the glycanś component as regulatory elements in inducing
tolerogenicity, is an important topic [98–100] that deserves further
investigation. In fact, it has been suggested that helminths develop
“glycan gimmickry” (as an alternative concept of “molecular mimicry”)
to target DCs, thereby contributing to the modulation of inflammatory
T cell responses towards an anti-inflammatory response [101]. Glycan
gimmickry can be regarded as an active strategy of helminths to use
their glycans to target host glycan-binding proteins to prolong their
survival. Therefore, there is a need to identify novel glycan structures in
parasitic helminths to fully understand this strategy of immune escape.

Taken together, the integration of glycans in the regulatory net-
works that govern both innate and adaptive immune response empha-
sizes their mechanistic importance both in homeostasis and in patho-
logical conditions. The rapid advance of cutting edge (glyco)
technological approaches that can be used to decode the human gly-
come [102–107] will be an asset to disclose how glycans impact in
immunity and autoimmunity, paving the way for the development of
optimized (glyco)biomarkers and novel glycan-based and targeted
specific therapeutic approaches. Importantly, the research community
can take advantage of two major online repositories for reference of all
glycan structures and their proteins of interaction: CaZy (Carbohydrate-
Active enZYmes database) (http://www.cazy.org) and Consortium for
functional Glycomics (http://functionalglycomics.org).

4. GlycoMedicine: A window of opportunity for clinical
applications in different immune-mediated diseases?

The complex mechanisms underlying the pathogenesis of different
immune-mediated disorders, including IBD, MS, type-I diabetes, rheu-
matoid arthritis (RA) and Systemic Lupus Erythematosus (SLE) explain
the substantial heterogeneity of these diseases with respect to disease
onset, course, response to therapies and progression to complications
[108–112]. Consequently, there is a pressing need to identify novel
molecular markers of disease that can be therapeutically targeted. This
tailored approach will certainly improve patientś risk stratification and
prognosis and the success of the therapeutic results [113–115].

In fact, a compelling body of evidence has been supporting the
promising role of glycans as essential elements integrated in the algo-
rithm of the etiopathogenesis of different immune-mediated diseases Ta
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(Table 2, a focus on gastrointestinal disorders), (Table 3, other immune-
mediated diseases), constituting promising prognostic biomarkers as
well as providing a source for the development of new therapeutic
strategies with clinical applications.

The determination of the glycosylation signature associated with the
pathogenesis of immune-mediated diseases have been paving the way
for improving personalized medicine. In fact, glycogenes constitute
important genetic determinants with functional impact in the etio-
pathogenesis of many autoimmune diseases with applications in prog-
nosis and risk stratification, as summarized in Tables 2 and 3. As ex-
ample, the emerging role of glycoconjugates in IBD pathogenesis gave
rise to the creation of an online database called Glycosylation and Gut
Associated Immune Tolerance (GlycoGAIT-https://apps.connexios.
com/glycogait/), in which the profile of the expression pattern of gly-
come can be analyzed under different inflammatory conditions [116].

Furthermore, the analysis of in situ glycosignature has been shown
to provide a plethora of important biological information that can be
translated in relevant molecular parameters with clinical and ther-
apeutic applications [55]. For instance, the levels of expression of
branched N-glycans in intestinal lamina propria appear to be associated
with the therapeutic outcome of IBD patients. At the time of diagnosis,
low levels of branched N-glycans on intestinal inflammatory infiltrate
are able to predict patients that do not respond to standard therapy,
thus needing to step-up to biologics [117]. The predictive capacity of
this glycobiomarker was shown to be independent, and improved when
used together with C-reactive protein (CRP). Importantly, the best
performance (best predictive capacity) of this glycobiomarker was ob-
served in patients displaying a severe endoscopic Mayo subscore (Mayo
3) at diagnosis [117]. These results are in accordance with previous
evidences showing that, low levels of branching N-glycans on intestinal
T lymphocytes are associated with severe disease phenotypes [55].

Alterations in the glycosylation of immunoglobulin gamma (IgG)
have been also associated with the pathogenesis of autoimmune dis-
eases. In fact, N-glycosylation alterations in the fragment crystallizable
region (Fc) of the IgG has been demonstrated to modulate the in-
flammatory functions of the IgG, by altering the affinity to Fcγ receptors
(FcγRs), present in the leukocytes [118–120], interfering with the ac-
tivation of the complement pathway. These alterations can thus trigger
the canonical effector function of IgG as antibody-dependent cellular
cytotoxicity (ADCC) and antibody-dependent cell-mediated phagocy-
tosis (ADCP), as well as, complement-dependent cytotoxicity (CDC)
[118,121]. For instance, the core fucose plays an important role in
regulating ADCC, once the loss of core fucose enhances affinity to the
activating FcγR IIIA [122]. Agalactosylated IgG also displays an in-
creased affinity to activating FcγR III [118,123,124], enhancing anti-
body-dependent phagocytosis [125]. Moreover, terminal sialylation on
Fc glycan also modulates FcγR binding. The presence of α2,6-sialylation
on the Fc glycan significantly reduces FcγR affinity being associated
with anti-inflammatory activity [119,126].

In fact, the analysis of the IgG glycome revealed significant differ-
ences comparing healthy individuals and patients with autoimmune
diseases (Fig. 1), such as IBD [127], RA [128,129], MS [130] and SLE
[131,132] which highlight their importance in susceptibility to auto-
immune disorders, as well as different disease severity scores
[133–137].

The importance of glycosylation in the regulation of effector func-
tion of IgG is also highlighted by the success of glycoengineered ther-
apeutic monoclonal antibodies (mAb) [138,139]. The quality of an
antibody relies not only in the primary structure, charge and purity but
also in the type, quantity and position of glycosylation. The Fc glyco-
sylation influences the clearance rate, pharmacokinetic, pharmacody-
namic and the binding to Fc receptors [140]. Moreover, antigen-
binding fragment (Fab) glycosylation also influences the binding to
antigens and glycan binding proteins [141].

Importantly, the intravenous immunoglobulin (IVIG) administra-
tion, used as an infusion therapy to modulate the immune response in aTa
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variety of chronic inflammatory and autoimmune diseases [142–144],
can also be glycoengineered to potentiate its anti-inflammatory func-
tions. In fact, the anti-inflammatory activity of IVIG results from the
small portion of IgGs that contains sialylated (α2,6-sialylated Fc) IgG
glycovariants in which increased sialylation of Fc showed a 100-fold
increase anti-inflammatory activity in a mouse model of arthritis
[145,146]. Sialylation of IgG was demonstrated to result in Treg cell
expansion as well as suppression of T cell pro-inflammatory response in
models of EAE and experimental colitis [147].

Additionally, the therapeutic effects of specific glycans (as supple-
ments) have been reaching the clinical settings, showing therapeutic
efficacy in the control of MS and IBD, being tested in ongoing clinical
trials on autoimmune disorders (MS and IBD) [56,60] (Table 2).

Conversely, the therapeutic potential of glycans might also be re-
lated with microbiome. For instance, fecal microbiota transplantation
(FMT) (which aims to restore abnormal microbial composition of the
gut by introducing fecal microbiota obtained from a healthy donor into
a diseased individual) is a strategy that has been widely explored in the
context of intestinal inflammation [148,149]. In this regard, the un-
derstanding of the glycophenotype of microbiome might represent an
important target of research that could improve FMT therapeutic
strategy [150–152]. Future studies are warranted to define the role of
donor-recipient matching based on microbial glycoprofile.

5. Concluding remarks

Glycosylation is now considered an important “building block” of
life. Glycans encode a huge diversity of different biological functions
within a cell or an organism with remarkable implications both in
homeostasis and in disease. Particularly, glycans are essential reg-
ulatory elements that finely tune the immune response.

The abundance and diversity of glycan structures that compose the
glycocalix reveal its prominent role at the interface of host-pathogen
interaction in which glycans can bi-directionally regulate microbiota
content and function and the host immune response. This holistic im-
plication of glycans in the mucosal homeostasis and immunity, place
them as fundamental molecules with major implications in the patho-
genesis of immune-mediated diseases.

The detailed identification and characterization of the impact of
aberrant expression of specific glycans will bring to light new me-
chanisms underlying autoreactive and autoinflammatory responses and
consequently new biomarkers of disease as well as novel targeted-spe-
cific therapeutic strategies.
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Mucosal T lymphocytes from patients with ulcerative colitis (UC) were
previously shown to display a deficiency in branched N-glycosylation
associated with disease severity. However, whether this glycosylation
pathway shapes the course of the T cell response constituting a
targeted-specific mechanism in UC remains largely unknown. In this
study, we demonstrated that metabolic supplementation of ex vivo
mucosal T cells from patients with active UCwithN-acetylglucosamine
(GlcNAc) resulted in enhancement of branched N-glycosylation in the
T cell receptor (TCR), leading to suppression of T cell growth, inhibition
of the T helper 1 (Th1)/Th17 immune response, and controlled T cell
activity. We further demonstrated that mouse models displaying a
deficiency in the branched N-glycosylation pathway (MGAT5−/−,
MGAT5+/−) exhibited increased susceptibility to severe forms of colitis
and early-onset disease. Importantly, the treatment of thesemicewith
GlcNAc reduced disease severity and suppressed disease progression
due to a controlled T cell-mediated immune response at the intestinal
mucosa. In conclusion, our human ex vivo and preclinical results dem-
onstrate the targeted-specific immunomodulatory properties of this
simple glycan, proposing a therapeutic approach for patients with UC.

T lymphocytes | T cell receptor | adaptive immune response |
branched N-glycosylation | intestinal inflammation

Inflammatory bowel diseases (IBDs), encompassing Crohn’s
disease and ulcerative colitis (UC), are chronic, relapsing, and

life-long inflammatory disorders of the gastrointestinal tract affecting
mainly young populations. The incidence of IBD is increasing
worldwide, and the disease remains incurable, placing a heavy bur-
den on populations by reducing patients’ quality of life and in-
creasing disability (1). The current therapeutic strategies for IBD are
limited by reduced effectiveness, high costs, and/or side effects. This
scenario highlights the urgent need in the clinic of identifying novel
molecular markers capable of being selectively targeted with new and
optimized therapies. Future progress in IBD monitoring and therapy
mostly depends on the identification of key mechanism(s) mediating
intestinal inflammation that could be therapeutically targeted.
The immune system is tightly regulated by glycosylation, through

the addition of carbohydrate structures (glycans) to key molecules
(proteins) involved in innate and adaptive immune responses (2).
The N-acetylglucosaminyltransferase V (GnT-V) is a glycosyl-
transferase encoded by the human MGAT5 gene that catalyzes
the synthesis of β1,6-N-acetylglucosamine (GlcNAc) branched
N-glycans, which are known to play pivotal roles in many glycopro-
teins in cancer (3–6) and also in T cell activity and function (7, 8). In
homeostasis and self-tolerance, T cell activation [via T cell receptor
(TCR) signaling] induces up-regulation of the MGAT5 gene, which,
in turn, leads to GnT-V–mediated glycosylation of the TCR (9).
Consequently, it can promote growth arrest of T cells early, by raising

T cell activation thresholds via limiting TCR clustering at the immune
synapse (and restricting TCR signaling), and, later, by increasing
surface retention of growth inhibitory receptors such as cytotoxic T
lymphocyte antigen-4 (CTLA-4) (9).
In fact, mice deficient in the MGAT5 gene display an increased

susceptibility to autoimmune diseases (7, 10, 11). These mice lacking
GnT-V function (no synthesis of β1,6-GlcNAc branched N-glycan
structures) display an increased TCR clustering and increased T
helper 1 (Th1) differentiation that result in a hyperimmune response
in mouse models of multiple sclerosis (7, 10). Interestingly, in mouse
models of experimental autoimmune encephalomyelitis (EAE) and
type I diabetes, it was shown that supplementation with GlcNAc
induces increased N-glycan branching, through increasing the hex-
osamine pathway, that was associated with inhibition of T cell
growth and differentiation (12, 13), leading to delayed disease
progression. Moreover, N-glycan branching was also found to reg-
ulate T cell development (14). Recently, it was demonstrated that
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branching N-glycans potentiate the differentiation of induced
regulatory (iTreg) T cells over Th17 differentiation (15). Im-
portantly, and in the setting of human immune-mediated disor-
ders, we have recently found that patients with UC exhibit a
deficiency in branched glycosylation (catalyzed by GnT-V) in
mucosal T cells that was associated with disease severity. Patients
with UC who have severe disease showed the most pronounced
defect on branched N-glycans in intestinal T cells, together with
a significant reduction of MGAT5 gene transcription in these
cells (16).
In the present study, and building upon our previous findings in

patients with UC (16), we have evaluated the impact of glycosylation,
particularly the branched N-glycosylation pathway, in the regulation
of the T cell-mediated immune response in patients with UC. We
further explored whether this mechanism could be therapeutically
targeted in vivo through a simple glycan-based strategy. Our results
showed that metabolic supplementation of mucosal T cells, isolated
from patients with active UC, with GlcNAc led to the enhancement
of branched N-glycosylation on the TCR, controlling T cell activation
and function. Preclinical data further demonstrated that GlcNAc
treatment of MGAT5 null or heterozygous mice developing severe
forms of induced colitis significantly controlled disease severity and
progression due to suppression of the intestinal T cell-mediated
immune response, with good clinical effects when GlcNAc was
topically administered by enemas. Altogether, this study highlights
the potential of glycans as novel immunomodulatory agents in IBD,
warranting validation in human clinical trials.

Results
Ex Vivo GlcNAc Supplementation Increased Branched N-Glycosylation
of T Cells from Patients with Active UC. We have previously dem-
onstrated that patients with UC display reduced branched
N-glycosylation on mucosal T cells (16). To assess the ability of
glycans as repairers of the above-mentioned mechanistic defect, we
herein promoted, ex vivo, the hexosamine biosynthetic pathway (SI
Appendix, Fig. S1A) in purified intestinal T cells by metabolic sup-
plementation with GlcNAc. Previous studies showed that supple-
mentation with GlcNAc increases the availability of the substrate
(UDP-GlcNAc) to Golgi enzymes such as GnT-V, enhancing β1,6-
GlcNAc branching N-glycans, particularly in T cells (13). To test this
hypothesis, T cells (CD3+) were isolated ex vivo from both the in-
testinal lamina propria of fresh colonic biopsies and peripheral
blood of patients with UC who have active disease and were sup-
plemented with increasing doses of GlcNAc. Different GlcNAc
concentrations (40 mM, 80 mM, and 100 mM) were tested, and
40 mM did not reveal major alterations compared with nontreated
T cells (SI Appendix, Fig. S1B). The expression of β1,6-GlcNAc
branched N-glycans on colonic T cells was evaluated by flow
cytometry using Phaseolus vulgaris leukoagglutinating (L-PHA) lectin.
We observed a dose-dependent increase of branched N-glycans on
intestinal T cells upon GlcNAc supplementation across different
patients (Fig. 1A). This increased modification with branched
N-glycans was also observed in T cells isolated from peripheral blood
mononuclear cells of patients with active UC displaying FSChigh and
SSChigh light-scattering parameters, characteristic of activated T
lymphocytes (Fig. 1B). The increased expression of β1,6-GlcNAc
branched N-glycans was detected both on CD4+ and CD8+ T cells
(SI Appendix, Fig. S1 C and D). No effects of GlcNAc treatment in
the proportion of CD4+ and CD8+ T cell subsets in the cultures were
observed (SI Appendix, Fig. S1 E and F), supporting that GlcNAc
supplementation leads to a specific modification with branched gly-
cans on T cells in a dose-dependent manner. Importantly, the en-
hancement of branched N-glycans was only observed in T cells from
patients with active UC (Fig. 1C and SI Appendix, Fig. S1G). T cells
from healthy controls and from patients with inactive disease did not
show alterations in the levels of branched glycans upon treatment
with increasing concentrations of GlcNAc (Fig. 1C and SI Appendix,
Fig. S2), possibly due to the higher baseline branching comparing
with patients with active UC. These results were further confirmed by
other technical approaches. Increased expression of β1,6-GlcNAc
branched N-glycans on a band the same size as the TCR β-chain

(TCRβ) after GlcNAc supplementation was also detected by L-PHA
blotting (Fig. 1C) and by TCR immunoprecipitation using lysates of
lamina propria T lymphocytes (LPLs) purified from patients with UC
(Fig. 1D). Interestingly, this increased branching of N-glycans after
GlcNAc supplementation was found to occur in intestinal T cells
from patients with UC with different Mayo subscores (with Mayo
endoscopic subscores 1, 2, and 3) with a trend association with disease
severity, as depicted in SI Appendix, Fig. S1G. The internalization of
externally given GlcNAc was already demonstrated in cell lines (17).
The specific effects of GlcNAc in enhancing branched glycosylation
on T cells from patients with active UC was further demonstrated by
the reversed effects on L-PHA mean fluorescence intensity when
T cells were treated with the N-glycan branching inhibitors kifu-
nensine (KF) and swainsonine (SW) (SI Appendix, Fig. S3) in T cells
from biopsies and blood of patients with active UC. Moreover, the
specific effects of GlcNAc in the enhancement of branched glyco-
sylation in T cells was further validated by supplementation of T cells
from patients with active UC with other glycan types such as D-
mannose, which revealed no impact in branched N-glycan expression
(SI Appendix, Fig. S3). To further validate these observations, we also
performed imaging flow cytometry showing that TCRα/β+ cells dis-
play an increase of fluorescence intensity due to staining with L-PHA
on the cell membrane. This increase was observed in T cells dis-
playing blast-like morphology (Fig. 1 E and E1). Taken together,
these results demonstrate that treating ex vivo T cells from patients
with active UC with GlcNAc promotes the hexosamine biosynthetic
pathway enhancing β1,6-GlcNAc branched N-glycans on the TCR,
and thus restoring the deficiency on branched N-glycans previously
shown in mucosal T cells from patients with UC (16). Next, we have
determined the specificity of this enhancement of β1,6-GlcNAc N-
glycan branching by analyzing the correspondent GnT-V enzymatic
activity. Interestingly, and in line with our previous observations on
MGAT5 gene transcription (16), T cells from patients with active UC
displayed reduced GnT-V enzymatic activity compared with healthy
controls (SI Appendix, Fig. S4). Our results showed that this reduced
GnT-V enzymatic activity of T cells could be significantly recovered
after metabolic supplementation with GlcNAc (Fig. 2A), which fur-
ther supports the effects of GlcNAc in the enhancement of N-glycan
branching mediated by GnT-V. In the N-glycosylation branching
pathway, the β1,6-GlcNAc branched N-glycan catalyzed by GnT-V
can be further extended with polylactosamine structures (ligands for
galectins), which, in turn, can be terminally sialylated (SI Appendix,
Fig. S1A). Our results showed that GlcNAc supplementation of ex
vivo activated T cells led to increased expression of β1,6-GlcNAc
branched N-glycans (as detected by L-PHA lectin) (Figs. 1E and 2 B
and B1) with a trend of increased extension with polylactosamine
structures, as indicated by staining with the Lycopersicon esculentum
agglutinin (LEL) (Fig. 2 B and B1). Additionally, we determined
whether there was a terminal addition of α2,6-linked sialic acid, rec-
ognized by binding of Sambucus nigra agglutinin (SNA), and/or α2,3-
sialic acid, recognized byMaackia amurensis agglutinin (MAL-II). The
results demonstrated a trend of increase in α2,6-linked sialic acid, and
no consistent alterations in α2,3-sialic acid linkages were detected
(Fig. 2 B and B1). Overall, our results support that ex vivo supple-
mentation of T cells from patients with UC with GlcNAc has the
potential to enhance the branched N-glycosylation on T cells,
remodeling the T cell glycoprofile, which is ultimately expected to
have an impact on the regulation of the immune response.

Shaping the T Cell-Mediated Immune Response in UC Through
Increased Branching N-Glycans. After demonstrating the ability of
GlcNAc supplementation to repair the deficiency of branched
N-glycans on ex vivo T cells, we next evaluated its impact on the
modulation of T cell responsiveness. The metabolic supple-
mentation with GlcNAc of ex vivo activated T cells from naive
patients (without therapy) resulted in significant suppression of
their proliferative response to anti-CD3/CD28 mAb stimulation
(Fig. 3 A and A1). In addition, and importantly, the increased
N-glycan branching on T cells resulted in a significant reduction
in the production of the proinflammatory cytokines TNF-α, IFN-
γ, and IL-17A, which are associated with UC pathogenesis (18),
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in a GlcNAc dose-dependent manner (Fig. 3B), supporting its effect
on the control of Th1/Th17-type immune responses. The effects of
GlcNAc on the suppression of proinflammatory cytokine production
were found to be independent of cell death and/or decreased T cell
proliferation. After normalization of cytokine concentrations to the
respective T cell proliferation index (index of division), we still ob-
served a reduction in the production of proinflammatory cytokines
(SI Appendix, Fig. S5A). Moreover, the percentage of IFN-γ– and
TNF-α–expressing cells among total CD4+ T cells, evaluated by
intracellular flow cytometry, was decreased upon GlcNAc treatment
(Fig. 3B1). The impact of GlcNAc supplementation on other cy-
tokines, such as TGF-β and IL-10, is not significant (SI Appendix,
Fig. S5 B and C). The specific effects of GlcNAc in suppressing
proinflammatory cytokine production is further confirmed by in-
hibitors (KF and SW), which blocked the regulatory impact of
branched N-glycans in T cell function (SI Appendix, Fig. S6). Next,
we have evaluated the expression of the transcription factors (T-
bet, RORγt, Foxp3, and Gata3) in T cells (CD3+) under ex vivo
GlcNAc treatment. The results showed that GlcNAc supple-
mentation was associated with a reduction in the expression of T-
bet and RORγt, which corroborates the negative impact on the
Th1/Th17-type response (Fig. 3 C and C1). The expression of
Foxp3, a transcription factor associated with regulatory T cells as
well as with human activated T cells (18), was also found to be
reduced upon GlcNAc treatment. To gain insight into the mo-
lecular basis of this modulation of the T cell response through
metabolic supplementation with GlcNAc, we analyzed its impact
on the TCR signaling pathway. We observed that GlcNAc sup-
plementation led to an inhibition of the phosphorylation of
ZAP70 and LAT, thereby hindering T cell activity by controlling
the TCR signaling pathway (Fig. 3D). Additionally, we evaluated
whether GlcNAc supplementation had an impact on T cell apo-
ptosis. Our results showed that T cells from patients with active
UC treated with GlcNAc displayed an increased susceptibility to
apoptosis compared with nontreated T lymphocytes as soon as 3 h

after stimulation (SI Appendix, Fig. S7A). This effect was not seen
in T cells from controls and patients with inactive UC, which
demonstrated no differences, or even a trend to decrease apoptosis,
respectively, at the same time points upon GlcNAc supplementa-
tion. This argues against a putative effect of hyperosmolarity in the
observed increase of apoptosis/cell death in GlcNAc-supplemented
T cells from patients with active UC and in controls (16) (SI Ap-
pendix, Fig. S7A). Treatment with the branched N-glycan inhibitors
(KF and SW) did not reverse the effects of GlcNAc in apoptosis (SI
Appendix, Fig. S7B). At 72 h, a significant decrease in branched
glycosylation levels was observed with KF and SW (SI Appendix, Fig.
S3); however, no differences in the apoptosis were detected (SI
Appendix, Fig. S7B). The percentage of cell death was unchanged or
even higher with SW and KF than with treatment with GlcNAc only
(SI Appendix, Fig. S7B1). Taken together, these data collectively
demonstrate that ex vivo GlcNAc supplementation of T cells from
patients with active UC enhances the branched N-glycans and
resulted in a significant suppression of T cell proliferation and TCR
signaling, as well as controlled Th1/Th17-type immune responses.

Treatment with GlcNAc Reduces Disease Severity and Ameliorates
Clinical Signs of Disease in Mice with Colitis. To determine whether
dysregulation of branched N-glycans on TCR occurs in different
experimental mouse models of colitis, we have evaluated two dif-
ferent chemically induced colitis mouse models, the dextran sodium
sulfate (DSS)-induced and 2,4,6-trinitrobenzene sulfonic acid
(TNBS)-induced models (19), in C57BL/6 wild-type mice. In both
models, colitis was successfully induced, and we have observed a
similar impact on the dysregulation of branched N-glycans in the
TCR (SI Appendix, Fig. S8 A and B), which is in accordance with
our previous observations on human patients with UC (16). The
DSS-induced colitis model was selected as the ideal one to proceed
with, since the rectal induction of disease in the TNBS model would
interfere with the enema administration of GlcNAc. After disease

Fig. 1. Ex vivo GlcNAc supplementation of T cells from patients with UC resulted in increased branching N-glycans. (A and B) CD3+ T cells from patients with
active UC were cultured with different concentrations (millimolar) of GlcNAc, and the fold change of mean fluorescence intensity due to L-PHA staining was
determined by flow cytometry. The scatter plots illustrate the mean ± SEM of five biological replicates. One-way ANOVA using the Newman–Keuls multiple
comparison posttest: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. (C) Protein lysates of purified CD3+ T cells under GlcNAc treatment were subjected to L-PHA lectin
blotting to evaluate the expression levels of β1,6-GlcNAc branched N-glycans on a protein band corresponding to the migration profile of the TCRβ. WB,
Western blot. (Inset) Linear regression using mean values per treatment condition. (D) Immunoprecipitation (IP) of TCR followed by β1,6-GlcNAc branched N-
glycan recognition with L-PHA. The density of bands is indicated below each band. (E) Imaging flow cytometry analysis (on an ImageStreamX) of L-PHA
membrane distribution on TCR+ cells after GlcNAc supplementation in T cells isolated from blood of patients with active UC. Representative images of ac-
tivated T cells display blast-like morphology showing colocalization (overlaid images) of TCRαβ and L-PHA staining on the cell membrane. (E1) Bars depict the
mean ± SEM of L-PHA staining intensity on gated TCRαβ+ L-PHAhigh cells from three independent experiments. One-way ANOVA using Dunnett’s multiple
comparison posttest: **P ≤ 0.01. In all experiments, results are normalized to the corresponding untreated condition (0 mM).
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onset using 2% DSS, GlcNAc was administered through two different
routes: orally, by supplementing the drinking water with 0.25 mg/mL
GlcNAc, and/or rectally, using 0.5 mg/mL GlcNAc enemas. With
this approach, we assessed the therapeutic effects of GlcNAc
on disease activity and on the control of intestinal inflammation.
The experiment design is summarized in Fig. 4A. Our results
showed that mice with colitis and treated with GlcNAc exhibited
lower body weight loss (Fig. 4B) and significant improvements in
disease activity index (DAI) (Fig. 4C) in comparison to mice with
colitis not treated with GlcNAc (DSS control). Importantly,
whenever animals received GlcNAc topically by enema adminis-
tration (either alone or in combination with oral GlcNAc), the
body weight changes were lower in comparison to animals receiving
only oral GlcNAc. These results suggest that GlcNAc enemas may
have promising topical effects on the control of disease severity
(Fig. 4 B and C, Insets). Accordingly, macroscopic observation of
the colon showed that mice with colitis displayed visible colonic
edema (swelling of the bowel wall) that recovered upon GlcNAc
treatment (SI Appendix, Fig. S8C). In addition, mice with colitis
displayed extensive lymphocytic infiltrates (Fig. 4D, arrowhead)
presenting with CD3+ cells (Fig. 5A) in the intestinal lamina
propria, together with notable alterations of the glandular mor-
phology. Furthermore, these animals also showed a reduced mucus
layer (produced by glycoproteins at the glycocalyx), a natural bar-
rier that confers protection from microbiota, preventing disease
aggressiveness and progression (20). When animals with colitis were
treated with GlcNAc, there was a decrease in the lymphocytic in-
filtrate and an improvement of the glandular architecture (Fig. 4D),
which is compatible with disease remission (21). To further in-
vestigate the relationship between this overall improvement of
disease severity through GlcNAc treatment and the levels of β1,6-
GlcNAc branched N-glycans on LPLs, we performed L-PHA and
CD3 histochemistry in the formalin-fixed, paraffin-embedded
(FFPE) colonic specimens from the different groups of animals
(Fig. 5A). The results showed that induction of colitis was accom-
panied by a notable intestinal lymphocytic infiltrate in the lamina
propria, including CD3-expressing cells that expressed low levels of
branched N-glycans. When mice were treated with GlcNAc, an

increased expression of β1,6-branched glycans in the inflammatory
infiltrate was observed (Fig. 5A, arrowheads). Importantly, the ad-
ministration of GlcNAc also resulted in increased mucus lining,
with augmented expression of branched glycans in glycoproteins in
the superficial mucus layer, which is compatible with disease re-
mission. Afterward, we investigated whether the TCR was partic-
ularly targeted by the observed enhancement of branched N-glycans
in vivo. The results showed that GlcNAc treatment resulted in in-
creased branching glycosylation on intestinal T cells, particularly in
the TCR (Fig. 5 B and B1). To further address the mechanistic basis
of the clinical efficacy of GlcNAc, we have evaluated the impact on
T cell activity and signaling. Interestingly, LPLs from GlcNAc-
treated mice displayed a decrease in the phosphorylation levels of
ZAP70 and LAT that was more pronounced in mice treated with
GlcNAc enemas (Fig. 5C). This result supports control of T cell
activity through GlcNAc treatment, with effective results in topical/
enema administration. Next, the effects of GlcNAc administration
on the expression levels of T-bet, the transcription factor associated
with proinflammatory Th1 cell polarization, were assessed in situ in
the intestinal lamina propria. We have observed abundant cells
expressing T-bet in lymphocytic infiltrates in mice with colitis that
were markedly reduced in GlcNAc-treated mice (Fig. 5D, Insets).
Furthermore, mice treated with GlcNAc revealed a significant re-
duction of IFN-γ production and a trend in the suppression of IL-
17A secretion, further supporting that the enhancement of
branched N-glycans by GlcNAc treatment controls Th1/Th17-type
immune responses in vivo (Fig. 5E). Taken together, our in vivo
results demonstrate a therapeutic effect of GlcNAc in a colitis-
induced mouse model, revealing the immunomodulatory proper-
ties of this agent in the control of intestinal inflammation and,
consequently, in the control of disease severity and progression.

Deficiency in Branched Glycosylation in MGAT5 Null or Heterozygous
Mice Is Associated with Early-Onset Disease and Increased Severity of
Colitis that Is Suppressed by GlcNAc Treatment. To gain insights into
the targeted-specific therapeutic effects of GlcNAc, we used
MGAT5 null or heterozygous mice that display a deficiency in
branched N-glycosylation, mimicking the mechanistic defect de-
scribed in humans (16). The impact on DSS-induced colitis onset
and severity was assessed in MGAT5 heterozygous (+/−, partial de-
ficiency on branched N-glycosylation) and MGAT5 knockout (−/−,
absence of branched N-glycans) mice. Those genotypes represent
intermediate N-glycans and the loss of one branch (β1,6-branching)
of N-glycans, which may mimic mild/moderate versus severe de-
ficiency on branched glycosylation. Our results showed that after
DSS induction, MGAT5 null or heterozygous mice exhibited in-
creased susceptibility to early-onset disease and to severe forms of
colitis. At day 2 after DSS induction, more that 50% of MGAT5−/−

mice developed both mild and moderate forms of colitis compared
with WT mice, which only developed clinical signs of colitis at day
6 postinduction (Fig. 6A). Moreover, at the end of DSS induction
period (day 7), and based on the DAI, we observed increased sus-
ceptibility to severe forms of colitis in MGAT5 null or heterozygous
mice (Fig. 6A). As depicted in the pie chart in Fig. 6A, on day 7,
more than 50% of MGAT5−/− mice exhibited severe forms of dis-
ease (scores ≥3) and 29% of MGAT5+/− mice developed severe
colitis. In contrast, WT mice presented only mild/moderate forms
of the disease. These results reinforce that MGAT5-mediated
branched glycosylation has a strong impact on UC disease onset
and progression.
Afterward, we tested the effect of GlcNAc treatment on the

control of disease severity in mice with the different MGAT5
genotypes. As shown in Fig. 6 B and B1, MGAT5+/− mice with
colitis and treated with GlcNAc presented lower body weight loss
and lower DAI compared with nontreated controls. With regard
to body weight changes and DAI scores, the same tendency was
observed in MGAT5−/− mice treated with GlcNAc (Fig. 6 C and
C1). Due to their higher susceptibility to colitis, nontreated
MGAT5−/− animals were euthanized on day 10 since they
reached the established humane end points. MGAT5−/− mice,
besides developing a much more aggressive disease phenotype,

Fig. 2. Remodeling of the glycosylation phenotype upon metabolic sup-
plementation with GlcNAc. (A) Impact of GlcNAc supplementation on GnT-V
activity was determined using a pool of lysates from treated vs. nontreated
peripheral blood T cells, in three biological replicates of patients with active
UC, from two independent technical experiments. Student’s t test: **P ≤
0.01. (B) Flow cytometry evaluation of glycophenotype of T cells upon
GlcNAc supplementation. (B1) Scatter plot: fold change of MFI due to
staining with each lectin on T cells, in two biological replicates with different
stages of disease severity (Mayo endoscopic scores 1 and 2), from two in-
dependent experiments. Results are normalized to the untreated condition,
which was taken as 1. Student’s t test: *P ≤ 0.05. NS, not significant.
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were also less responsive to GlcNAc, which makes GlcNAc
therapy in these mice more challenging. Nevertheless, the results
in MGAT5+/− and MGAT5−/− mice (Fig. 6 B–D) showed that
even in these mice, treatment with GlcNAc improved clinical
scores compared with the scores of DSS mice. This beneficial
effect was pronounced whenever GlcNAc was administered
topically by enema (single or in combination with oral adminis-
tration), as evidenced by lower body weight loss and lower colitis
scores compared with DSS mice. Interestingly, when GlcNAc
treatment was initiated earlier in disease course of MGAT5−/−

mice, at day 5, when animals started to develop severe colitis, we
observed a decrease of the colitis scores compared with non-
treated diseased animals (DSS), which supports the benefits
of treating these susceptible animals earlier with GlcNAc, as
demonstrated in Fig. 6D.

GlcNAc Treatment of MGAT5 Null or Heterozygous Mice Attenuates
Disease Progression by Controlling Th1/Th17-Type Immune Responses.
MGAT5 null and heterozygous mice showed disorganization of the
glandular architecture and an increase of inflammatory infiltrates in
the colonic mucosa after DSS-induced colitis that was improved
overall upon GlcNAc treatment (Fig. 7A). Notably, the evaluation
of β1,6-GlcNAc branched N-glycan levels on CD3+ LPLs con-
firmed that the induction of colitis was accompanied by decreased
expression of branched N-glycans in LPLs from MGAT5+/− mice
and by the absence of branched N-glycans in MGAT5−/− mice with
induced colitis (DSS) (Fig. 7A). Interestingly, when mice of both
MGAT5 genotypes were treated with GlcNAc, a recovery of β1,6-
branched glycan expression was observed in the intestinal in-
flammatory infiltrate (Fig. 7A, arrowhead) and in the superficial

mucus layer, which is compatible with mucosal healing. The positive
detection of L-PHA staining in MGAT5 null mice upon GlcNAc
supplementation was unexpected, as these mice lack the GnT-V
enzyme. This positive detection was confirmed at the protein level
by L-PHA blot (Fig. 7B and SI Appendix, Fig. S9A). In fact, the
reactivity of L-PHA in MGAT5−/− mice is the lowest, compared
with heterozygous and WT mice, but it is still positive. These ob-
servations may be in line with redundant effects of other GnTs at
the Golgi (22–24) that, within an activated hexosamine pathway,
may compensate for the absence ofMGAT5 by producing the β1,6-
GlcNAc branched glycans, although with a much lower yield of
synthesis, as we have observed. In an attempt to explore the po-
tential compensatory synthesis of β1,6-GlcNAc branched N-glycans
in MGAT5 null mice, interestingly, we have observed that the
MGAT5b gene [a homologous gene of MGAT5a that codifies the
GnT-IX or GnT-Vb enzyme (25)] is apparently up-regulated in
colonic T cells from MGAT5 null mice treated with GlcNAc
compared with control mice (nontreated mice) (SI Appendix, Fig.
S9B). MGAT5 null mice with DSS-induced colitis do not express
MGAT5b. This preliminary evidence suggests GnT-IX/Vb as a
potential candidate that might compensate for the synthesis of β1,6-
GlcNAc branched glycans in MGAT5 null mice. This issue needs
further investigation. We then assessed the enhancement of
branched N-glycans specifically on T cells after GlcNAc treatment.
MGAT5 null or heterozygous mice treated with GlcNAc showed an
enhanced expression of branched N-glycans in the TCR compared
with nontreated diseased animals (DSS) (Fig. 7 C and D). This
effect was highlighted when animals were treated topically with
GlcNAc enemas (Fig. 7 C andD). To explore the mechanistic effects
of GlcNAc treatment in the T cell-mediated immune response, the

Fig. 3. Control of T cell-mediated immune response through enhancing branching N-glycosylation. (A) Purified CD3+ T cells from fresh biopsies of naive
patients with active UC were labeled with CFSE and cultured with GlcNAc treatment. The gated cells in the histograms correspond to the percentage of live
cells. (A1) Bar plot: the mean percentage of effect ± SEM due to GlcNAc supplementation on T cell proliferation in comparison to untreated cells. Results
include four biological replicates. Student’s t test: *P ≤ 0.05. (B) Cytokine profile assessed by flow cytometry in the supernatants from ex vivo T cell cultures
under GlcNAc supplementation. Bar plots: mean fold change ± SEM of cytokine concentrations (picograms per milliliter) in six biological replicates. Student’s t test: *P ≤
0.05; **P ≤ 0.01. (B1) Evaluation of the percentage of IFN-γ– and TNF-α–producing CD4+ T cells treated vs. nontreated with GlcNAc. Bar plots: mean ± SEM percentage
of CD4+cytokine-producing cells in three biological replicates from two independent experiments. Two-way ANOVA with Bonferroni postcorrection: **P ≤ 0.01. (C)
Expression of the transcription factors (TFs) in CD4+CD45+ T cells isolated from patients with UC and analyzed by flow cytometry. Histogram overlays correspond to the
expression of the indicated TFs observed upon GlcNAc supplementation (gray-shadowed histograms depict the respective unstained control). (C1) Bar plots: mean fold
change in TF mean fluorescence intensity ± SEM in two biological replicates, from two independent experiments. Two-way ANOVA with Bonferroni postcorrection:
*P ≤ 0.05; **P ≤ 0.01. (D) Western blot analysis of TCR signaling, p-ZAP70, and p-LAT assessed in T cell lysates from cultures supplemented with GlcNAc. Bar plots:
mean ± SEM fold change of p-ZAP70 and p-LAT densities normalized to tubulin in five biological replicates, from three independent experiments. Student’s t test: *P ≤
0.05. In all experiments, results are normalized to the corresponding untreated condition (0 mM), which was taken as 1.
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impact on TCR signaling was evaluated in MGAT5 null and het-
erozygous mice. An overall decrease of ZAP70 phosphorylation,
indicative of reduced TCR signaling, was detected in colonic T cells
from GlcNAc-treated mice that was evident when GlcNAc was
administered topically (Fig. 7E). This topical effect was particularly
observed in MGAT5−/− mice, where oral treatment did not affect
TCR signaling. The more marked effect achieved through GlcNAc
enema administration suggests that this molecule may be more effi-
ciently taken up by cells in this way, likely by increasing its local
concentration, thus facilitating its entry into the hexosamine path-
way and usage by glycosyltransferases other than GnT-V (SI Ap-
pendix, Fig. S9A) that may redundantly catalyze the branched
N-glycans. These redundant effects need further investigation. Ad-
ditionally, the evaluation of the Th1 proinflammatory response
revealed that GlcNAc treatment in both genotypes was associated
with reduced proportions of cells expressing T-bet in lymphocytic
infiltrates compared with control mice with colitis (Fig. 7F). Nota-
bly, similar to our observations of GlcNAc treatment in T cells from
patients with UC, colonic explants from MGAT5 null or heterozy-
gous mice treated with GlcNAc indicate a trend for IFN-γ sup-
pression, but with a more pronounced effect in reducing IL-17A.
These results further support the impact of GlcNAc treatment and,
consequently, the enhancement of branched N-glycans in control-
ling Th1/Th17-type immune responses also in the IBD in vivo
model (Fig. 7G). Regarding the impact of GlcNAc on regulatory
T cells, no apparent difference in the numbers of FoxP3-expressing
cells was observed at the intestinal lamina propria comparing non-

treated versus GlcNAc-treated mice of MGAT5wt and MGAT5−/−

genotypes (SI Appendix, Fig. S9C). Nevertheless, further studies are
needed to better characterize the regulatory effects of GlcNAc
treatment in the different components of the immune response, such
as in macrophages (SI Appendix, Fig. S9 D and E), as proposed by
previous reports (26), and other T cell populations. Taken together,
these data support the targeted-specific effects of GlcNAc that were
able to repair the deficiency in branched glycosylation on T cells as-
sociated withMGAT5 deficiency, thus controlling progression of colitis.

Discussion
IBD is characterized by a substantial heterogeneity concerning dis-
ease onset, course, response to therapy, and progression to compli-
cations (e.g., hospitalization, need for surgery, cancer) (1). Moreover,
and despite recent advances in IBD therapeutic resources, a high
proportion of patients remain refractory to conventional treatment,
and approximately half of the patients with UC do not achieve

Fig. 5. Colitis-induced mouse model treated with GlcNAc showed increased
branched N-glycosylation associated with suppression of T cell function. (A)
L-PHA histochemistry and CD3 immunohistochemistry. L-PHA lectin reactivity
showed an increased expression of β1,6-branched structures in the intestinal
inflammatory infiltrate (positive to CD3) as well as an increase in mucus
lining in mice treated with GlcNAc enemas (arrowheads). (Magnification:
63×.) (B) Immunoprecipitation (IP) of TCR followed by β1,6-GlcNAc branched
N-glycan recognition in mouse colon, DSS (DSS-induced colitis) vs. DSS + GlcNAc
treatment (Tx). WB, Western blot. (B1) Scatter plot: ratio of densities of L-PHA
reactivity normalized to that of TCR depicted as the mean ± SEM comparing DSS
(n = 2) mice with DSS + GlcNAc Tx (n = 3) mice. Student’s t test: *P ≤ 0.05. (C) TCR
signaling by Western blot analysis of the phosphorylation levels of ZAP70 and
LAT in LPLs. Values of pZAP70 densities normalized to tubulin are indicated. (D)
Immunofluorescence of T-bet in colonic sections of DSS vs. DSS + GlcNAc Tx.
(Insets) T-bet–expressing cells at intestinal inflammatory infiltrate are highlighted.
(Magnification: 20×.) (E) Concentration of IFN-γ and IL-17A in the supernatants of
24-h colonic explant cultures from DSS and DSS + GlcNAc TxMGAT5wt (n = 5)
mice by ELISA. Plots depict the mean ± SEM of two to three animals per
group. Student’s t test: **P ≤ 0.01. NS, not significant.

Fig. 4. Colitis-induced mouse model treated with GlcNAc displays significant
control of disease severity and recovery from clinical signs. (A) Schematic
representation of the in vivo study performed on C57BL/6 mice. (B and C)
Body weight changes and DAI. (B) Effects of GlcNAc on body weight change
(%) comparing DSS control and GlcNAc-treated animals. Graphs depict the
mean ± SEM. Two-way ANOVA with Bonferroni postcorrection: ***P ≤ 0.001.
(Inset) Discrimination of the effects of GlcNAc on body weight change (%)
using different routes of administration. Scatter plots include the mean ±
SEM. One-way ANOVA with Bonferroni postcorrection: *P ≤ 0.05; ***P ≤
0.001. (C) DAI comparing mice with colitis that were untreated with those
that were treated with GlcNAc. Plots depict the mean ± SEM. Two-way
ANOVA with Bonferroni postcorrection: *P ≤ 0.05; **P ≤ 0.01. (Inset) Dis-
crimination of the effect of GlcNAc on colitis scores using different routes of
administration. Plots depict the mean ± SEM. One-way ANOVA with Bon-
ferroni post correction: ***P ≤ 0.001. (D) Representative histological images
(H&E) of colonic samples from mice [normal colon, DSS (DSS-induced colitis),
and GlcNAc treatment (Tx) (DSS + GlcNAc Enema Tx)]. (Magnification: 40×.)
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sustained remission (27). In addition, issues related to side ef-
fects and failure in therapy response highlight the need for more
effective and targeted-specific drugs (28). We have recently
demonstrated that patients with UC exhibit a deficiency in
branched glycosylation on intestinal T cells due to a transcrip-
tional reduction of the MGAT5 gene that accompanied disease
severity (16).
Herein, we uncovered a prominent role for the branched gly-

cosylation pathway in IBD pathogenesis, by shaping the course of
the T cell response. This pathway is thus an attractive target for
novel therapies. Indeed, we have shown here that checkpoints of
T cell immune response in UC could be modulated by metabolic
supplementation with the simple sugar GlcNAc. We showed that
GlcNAc therapy concomitantly increased branched N-glycosylation
on T cells and down-regulated T cell proinflammatory responses
both ex vivo and in vivo. In line with these observations, it was
previously reported that lack of β1,6-GlcNAc branched N-glycans,
by targeted deletion of the locus encoding GnT-V, results in en-
hanced TCR signaling and increased susceptibility to multiple
sclerosis (7, 10). Moreover, and in accordance with our results, the
increase of N-glycan branching through GlcNAc salvage into the
hexosamine pathway was associated with a decreased threshold in
T cell activation and more stable CTLA-4 surface expression, which
resulted in the inhibition of adoptively transferred EAE (7, 13).
The evidence presented here suggests that GlcNAc supple-

mentation of T cells isolated from patients with active UC resulted
in remodeling of the glycophenotype of T lymphocytes through a
marked increase of β1,6-GlcNAc branched N-glycans and an in-
crease of polylactosamine structures, the ligand for galectins (29),
that can then be terminally sialylated, predominantly with α2,6-
sialic acid residues. This glycan reprogramming on T cells was
shown to translate into key immunomodulatory effects in UC.
Importantly, the enhancement of branched N-glycans on T cells
induced by GlcNAc supplementation led to the suppression of
T cell proliferation; inhibition of T cell signaling; reduced pro-
duction of the proinflammatory cytokines TNF-α, INF-γ, and IL1-
7A; and controlled Th1- and Th17-type responses. Both Th
responses have been associated with IBD pathogenesis (30).
Furthermore, these results are in accordance with a very recent
report using mouse T cell cultures, which showed the ability of
GlcNAc to promote iTreg over Th17 differentiation (15).
The glycosylation of T cells can also have an impact on the sus-

ceptibility to cell death (31). Accordingly, treatment of T cells with
GlcNAc induced an increased susceptibility to apoptosis, which is at
the core of different regulatory processes controlling T cell activa-
tion and expansion, thus avoiding exacerbated inflammation (32).
This effect of GlcNAc on apoptosis was dose-dependent and limited
to T cells from patients with active UC (SI Appendix, Fig. S7B). In
agreement, previous reports have shown that extension with poly-
lactosamine structures, which are ligands for galectins (such as
galectin 1), was associated with proapoptotic effects of CD4+ T cells
(31, 33). Nevertheless, and given that treatment with KF and SW did
not reverse the apoptotic effects induced by GlcNAc in the cells of
patients with active UC, it cannot be excluded that factors other
than branching glycans can also contribute to GlcNAc-mediated
regulation of in vitro T cell apoptosis. Importantly, besides the
TCR, the enhancement of branched N-glycosylation can also
modify other receptors like the coreceptors CD4 and CD8, as well
as the growth inhibitory receptor CTLA-4 (7, 10, 22). Moreover,
CD45 and CD25 are also potential targets of branched glycosyl-
ation modification that can further contribute to the regulation of
the T cell-mediated immune response through branching N-
glycans (15, 34). Immunomodulation through GlcNAc-mediated
enhancement of branched glycosylation, as described here, is a
promising therapeutic approach to restore T cell homeostasis in
IBD (SI Appendix, Fig. S10). Indeed, metabolic regulation of T cell
function has been highlighted by recent research (35) and may be
manipulated to reduce T cell-mediated inflammation (15, 36).
The preclinical data reported here provide the proof of concept

supporting such a therapeutic approach in IBD. Deficiency of the
MGAT5 gene was associated with higher susceptibility to severe

forms of colitis and early-onset disease. These data highlight the
prominent role of branched N-glycosylation in the pathogenesis of
IBD, and are in accordance with previous studies on multiple
sclerosis (11). GlcNAc supplementation improved clinical scores
and was associated with a better disease course in mice developing
the most severe disease phenotype (MGAT5−/−). These immune-
suppressive effects catalyzed by GlcNAc were observed by both
oral and enema administration routes, with promising effects when
mice received GlcNAc topically via enemas. This topical effect of
GlcNAc is in line with the ability of GlcNAc to be more efficiently
taken up by the intestinal mucosa, thereby entering directly into the

Fig. 6. MGAT5 null or heterozygous mice develop early-onset colitis and an
increase in disease severity that is suppressed by GlcNAc treatment. (A)
Evaluation of colitis onset and disease severity in MGAT5 null or heterozygous
mice: C57BL/6 WT (n = 14), MGAT5+/− (n = 23), and MGAT5−/− (n = 11) mice.
Active disease was defined when animals showed a DAI of ≥2, and three stages
of severity were defined: mild (≥2 and <2.5), moderate (≥2.5 and <3), and severe
(≥3). Average results of body weight change (B and C) and DAI (B1 and C1) of
MGAT5+/− (n = 23) andMGAT5−/− (n = 9) mice, respectively, randomly distributed
in controls and GlcNAc treatment groups are shown. DSS-induced colitis (DSS) vs.
DSS treated with GlcNAc treatment (DSS + GlcNAc Tx). Animals showing severe
signs of disease were euthanized (†). (B and B1, Insets) Discrimination of the
efficiency of GlcNAc treatment (colitis scores) with different routes of adminis-
tration upon 4 d of treatment. Graphs correspond to the mean ± SEM of
17 animals (three to seven animals per route of administration). Student’s t test
(B and B1) and one-way ANOVA with Bonferroni postcorrection (B and B1, In-
sets): *P ≤ 0.05*; **P ≤ 0.01; ***P ≤ 0.001. Body weight changes of MGAT5−/−

mice treated through different routes vs. nontreated upon 2 d of treatment (C)
and DAI scores of MGAT5−/− mice treated (n = 7) vs. nontreated (n = 2) (C1) are
shown. (C and C1, Insets) Discrimination of the efficiency of GlcNAc treatment
(colitis scores) with different routes of administration upon 3 d of treatment.
(D) Evaluation of the impact of early oral route (O) + enema route (E) GlcNAc
treatment (starting on the second day of disease onset: 5–6 d after DSS in-
duction) on the colitis scores (DAI of animals per group) of MGAT5−/− mice,
comparing DSS (n = 5) with GlcNAc treated mice (n = 4).
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hexosamine pathway to increase branched glycosylation. Intriguingly,
in MGAT5−/−, with the absence of MGAT5/GnT-V, expression of the
β1,6-GlcNAc branched N-glycans detected by L-PHA lectin histo-
chemistry and blotting was positive and slightly increased with GlcNAc
treatment. This unexpected result may be in accordance with the fact
that several glycosyltransferase-deficient mice exhibit no or only mild
phenotypes due to redundancy or compensation of glycan functions. In
fact, several family members of glycosyltransferases are known to be
functionally redundant (37, 38). This potential redundant effect
observed in MGAT5−/− mice treated with GlcNAc might be due to
the fact that other Golgi glycosyltransferases within an activated
hexosamine pathway triggered by UDP-GlcNAc may compensate
for the lack of this specific glycan structure, thereby guaranteeing
immune homeostasis. One of the candidate enzymes is the homol-
ogous GnT-Vb that may compensate for the synthesis of the
branched glycans; however, further studies are needed to clarify this

issue. Similar examples of the redundancy of glycosyltransferases
were described, such as for FUT8-deficient mice (39). Nevertheless,
this redundant effect observed upon GlcNAc supplementation needs
to be further explored.
The clinical effects of GlcNAc were further evidenced by the

decreased frequency of T-bet–expressing cells in colonic mucosa
of treated mice, together with reduced release of the proin-
flammatory cytokine IL-17A of respective colonic explants.
GlcNAc is a naturally occurring amino sugar for which no ad-

verse effects were reported in humans (40). It is available as a
dietary supplement, and oral GlcNAc administration showed no
toxicity in rats (41). Interestingly, 17 y ago, oral GlcNAc was de-
scribed to promote intestinal lining through mucus production in
children with severe treatment-resistant IBD (21). In that study,
eight of the 12 children studied went into clinical remission, which
could have resulted from the immunomodulatory effects of

Fig. 7. GlcNAc treatment of MGAT5 null or heterozygous mice attenuates disease progression by controlling Th1/Th17-type immune responses. (A) Rep-
resentative histological images (H&E) of colonic sections fromMGAT5+/− andMGAT5−/− [normal colon, DSS-induced colitis (DSS), and GlcNAc treatment (DSS +
GlcNAc Tx)] (Magnification: 20×.) DSS mice displayed visible signs of lymphocytic infiltrate in the intestinal lamina propria (arrowheads). L-PHA histochemistry
and CD3 immunohistochemistry of mouse colon from the different groups. (Magnification: 20×.) (B) Evaluation of branching N-glycans on colonic total cell
lysates from MGAT5wt, MGAT5+/−, and MGAT5−/− mice comparing DSS control with GlcNAc Tx enema by Western blot (WB). TCL, total cell lysate. (C) Protein
lysates from LPLs isolated from the colon of MGAT5+/− mice with DSS (colitis) or treated (DSS + GlcNAc Tx) mice were subjected to L-PHA lectin blotting to
evaluate the expression of β1,6-GlcNAc branched N-glycans on the TCR (39 kDa). L-PHA density normalized to tubulin is indicated for each case, and fold
change differences of DSS vs. DSS + GlcNAc Tx are highlighted. (D) Immunoprecipitation (IP) of the TCR in total cell lysates from MGAT5−/− mouse colon
followed by β1,6-GlcNAc branched N-glycan recognition. DSS vs. DSS + GlcNAc Tx with different routes of administration. (E) Analysis of the phosphorylation
levels of ZAP70 in LPL lysates from colon of MGAT5+/− and MGAT5−/− mice. Values of pZAP70 normalized to actin in MGAT5+/− and MGAT5−/− mice are
indicated. (F) Immunofluorescence of T-bet in MGAT5+/− and MGAT5−/− mice comparing normal colon, DSS, and DSS + GlcNAc Tx mice. (Magnification: 20×.)
(G) Concentration of IFN-γ and IL-17A in the supernatants of 24-h colonic explant cultures from DSS and DSS + GlcNAc Tx MGAT5 heterozygous (n = 10) and
null (n = 10) mice by ELISA. Plots depict the mean ± SEM of two to seven animals per group. Student’s t test: *P ≤ 0.05; ***P ≤ 0.001. NS, not significant.
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GlcNAc proposed here. Taken together, the combined evidence
from both ex vivo and preclinical data provides proof of concept
for the therapeutic use of GlcNAc (either alone or in combina-
tion with other antiinflammatory therapies) as a simple immu-
nomodulatory strategy in IBD. Assessment of this strategy in
clinical studies is currently ongoing. Some of the most relevant
properties associated with GlcNAc treatment are the absence of
side effects, low cost, and possibility of being used as a simple
rescue therapy to avoid unnecessary toxic effects and step-up
therapies in IBD.

Materials and Methods
Patient Selection and Colonic Biopsy Collection. Fresh colonic biopsies were
obtained from 75 patients (three patients in remission) diagnosed with UC
and normal controls (n = 3) who underwent a scheduled colonoscopy (2014–
2017) at the Gastroenterology Department of Centro Hospitalar do Porto–
Hospital de Santo António (CHP-HSA), Porto, Portugal. All participants gave
informed consent, and procedures were approved by the Ethics Committee
of CHP/HSA [233/12(179-DEFI/177-CES)].

Isolation of CD3+ T Cells from Fresh Colonic Biopsies and Blood of Patients with
Active UC: Ex Vivo Culture of T Cells. After mechanical dissociation of colonic
biopsies and blood density gradient centrifugation using Lymphoprep, CD3+

T cells (from biopsies and blood) were magnetically sorted using an EasySep
Human T Cell Enrichment Kit (STEMCELL Technologies) following the manufac-
turer’s instructions. CD3+ T cells were cultured for 72 h with anti-CD3 mAb (clone
OKT3) and soluble anti-CD28 mAb (clone CD28.2) (eBioscience). T cell cultures
were supplemented with GlcNAc (Sigma and Wellesley Therapeutics, Inc.).

Imaging Flow Cytometry. Imaging flow cytometry analysis was performed as
previously described (42).

Flow Cytometry. CD3+ T cells were stained with CD4 and CD8 (BD Biosciences)
and fluorescein isothiocyanate (FITC)-conjugated L-PHA (Vector Laboratories),
as well as with cell surface markers (CD4, CD45), intracellular antigens (T-bet,
RORγt, Foxp3, and Gata3), and cytokine intracellular staining (TNF-α, IFN-γ).
Various antibodies used for staining are described in SI Appendix, Table S1.

Proliferation Assay. CD3+ T cells were purified from colonic biopsies and la-
beled with 5-(and-6)-carboxyfluorescein diacetate succinimidyl ester (CFSE)
using a CellTrace CFSE Cell Proliferation Kit (Invitrogen), as described by
Oliveira et al. (43).

Cytokine Production. Supernatants from colonic T cell cultures were analyzed
by flow cytometry using the BD Cytometric Bead Array Human Th1/Th2/Th17
Cytokine Kit (BD Biosciences) following the manufacturer’s instructions.
Human TGF-β1 quantification was performed using ELISA kits (R&D Systems)
according to the manufacturer’s instructions. The supernatants from mouse
colonic explant cultures were concentrated using Amicon Ultra-2 mL Cen-
trifugal Filters (Merck Millipore), according to manufacturer’s instructions.
The levels of IFN-γ and IL-17A (anti-mouse, Ready-SET-Go! kits; eBioscience)
and TNF-α and IL-6 (anti-mouse; Biolegend) were quantified by ELISA,
according to the manufacturers’ instructions.

Western Blot and TCR Signaling. TCR signaling and L-PHA lectin blot analysis
(44), using T cell protein lysates (extracted with radioimmunoprecipitation
buffer), were performed as described by Dias et al. (16). Incubation of
phospho–Zap-70 [Tyr319/Syk (Tyr352)] rabbit mAb and anti–phospho-LAT
(Tyr191) rabbit mAb (Cell Signaling Technologies) was performed. Goat
anti-rabbit IgG-HRP mAb was used as a secondary antibody, and rabbit IgG
antiactin (Santa Cruz Biotechnology) or mouse IgG antitubulin (Sigma) was
used as a loading control.

Immunoprecipitation. TCR immunoprecipitation, using total cell lysates
obtained from mouse colons or from ex vivo human T cell cultures, was
performed as previously described (16).

Glycophenotype. T cells were incubated with biotinylated L-PHA, biotinylated
LEL, biotinylated SNA, or biotinylated MAL-II (Vector Labs). Lectins were
revealed with FITC-conjugated streptavidin.

Apoptosis Assays. Apoptotic cells were identified by flow cytometry, using an
FITC Annexin V Apoptosis Detection Kit I (BD Biosciences), following the
manufacturer’s instructions.

Enzymatic Reaction and HPLC Analysis. The GnT-V enzymatic activity analyses
in T cells from patients with UC and controls were performed as previously
described by Takamatsu et al. (45).

DSS- and TNBS-Induced Colitis and in Vivo GlcNAc Treatment. Colitis was in-
ducedwith DSS in C57BL/6,MGAT5wild-type, heterozygous, and knockoutmice
(kindly provided by Michael Pierce, University of Georgia, Athens, GA) (19). The
TNBS model was also performed using C57BL/6 mice (19). After disease onset,
DSS mice were treated with GlcNAc (Sigma and Wellesley Therapeutics, Inc.)
(12). LPLs were isolated from mouse colon as previously described (16).

Tissue Immunohistochemistry and Immunofluorescence. FFPE colonic tissue
slides were used for H&E staining and for immunohistochemistry with L-PHA
and anti-CD3 mAb as well as Foxp3 and F4/80, as described, respectively, by Dias
et al. (16) and Teixeira et al. (46). For T-bet immunofluorescence, mouse IgG1 T-
bet–specific mAb (clone 4B10; Santa Cruz Biotechnology), goat anti-mouse
Alexa 594 secondary antibody (Invitrogen), and DAPI staining were used.

Real-Time PCR. Total RNA from isolated LPLs was extracted and the quanti-
tative real-time PCR (qRT-PCR) was performed using TaqMan Gene Expression
Assays (Applied Biosystems), as previously described (16). qRT-PCR was carried
out in triplicates for the target geneMGAT5b (Taqman probe: Mm01252571_m1)
and the endogenous control 18S (Hs99999901_s1) (Applied Biosystems) (16).

Statistics. Statistical significance was assessed by one-way or two-way ANOVA
using a Bonferroni’s, Dunnett’s, or Newman–Keuls multiple comparison post-
test and, where appropriate, by an unpaired Student’s t test (two-tailed) using
GraphPad Prism 5. P values of <0.05 were considered statistically significant.

More details can be found in SI Appendix, SI Materials and Methods.
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Abstract

Inflammation is the driving force in inflammatory bowel disease (IBD) and its link to oxidative

stress and carcinogenesis has long been accepted. The antioxidant system of the intestinal

mucosa in IBD is compromised resulting in increased oxidative injury. This defective antioxi-

dant system may be the result of genetic variants in antioxidant genes, which can represent

susceptibility factors for IBD, namely Crohn’s disease (CD) and ulcerative colitis (UC). Sin-

gle nucleotide polymorphisms (SNPs) in the antioxidant genes SOD2 (rs4880) and GPX1

(rs1050450) were genotyped in a Portuguese population comprising 436 Crohn’s disease

and 367 ulcerative colitis patients, and 434 healthy controls. We found that the AA genotype

in GPX1 is associated with ulcerative colitis (OR = 1.93, adjusted P-value = 0.037). More-

over, we found nominal significant associations between SOD2 and Crohn’s disease sus-

ceptibility and disease subphenotypes but these did not withstand the correction for multiple

testing. These findings indicate a possible link between disease phenotypes and antioxidant

genes. These results suggest a potential role for antioxidant genes in IBD pathogenesis and

should be considered in future association studies.

Introduction

Crohn’s disease (CD) and ulcerative colitis (UC) are chronic inflammatory bowel diseases

(IBD) characterized by inflammation of the intestinal mucosa triggered by the action of
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environmental factors in genetically predisposed individuals [1]. The accepted notion is that

the two major classifications of inflammatory bowel disease (IBD), known as Crohn’s disease

(CD) and ulcerative colitis (UC), are indeed distinct entities and have different causes and dis-

crete mechanisms of tissue inflammation and damage. UC results in inflammation and ulcera-

tions in the mucosal lining of the colon and rectum [2–6]. Crohn’s disease differs in that it

may result in inflammation deeper within the intestinal wall (transmural) and can occur in

any parts of the digestive system (the mouth, esophagus, stomach, duodenum, small intestine,

colon and rectum). Further, CD may also involve other organs outside the GI system through

fistulization [7, 8].

Reactive oxygen species (ROS) have been suggested as key molecules in mediating the tissue

injuries promoted by the inflammatory processes occurring in IBD [9, 10], and oxidative stress

has been recognized as a potential etiological factor for IBD [11]. The detrimental effects of

oxidative stress may be promoted and/or exacerbated by impairments of cellular antioxidant

systems. The activation of inflammatory cells and consequent oxidative stress are mechanisms

that have already been associated with carcinogenic processes, with 25% of all cancer cases

worldwide attributed to chronic inflammation [12]. Recent reports refer 1.9- and 2.4-fold

increased risk for CRC among CD and UC patients, respectively [13].

The antioxidant defence systems protect cells against ROS by regulating their intracellular

concentrations through the activity of a number of enzymes, including superoxide dismutase 2

(SOD2) and glutathione peroxidase 1 (GPX1). These two enzymes integrate a common detoxifi-

cation pathway, in which SOD2 (a tetrameric manganese-containing enzyme expressed in mito-

chondria) first catalyses the dismutation of superoxide anion to hydrogen peroxide and oxygen.

The GPX1 enzyme (a cytosolic and ubiquous selenoenzyme) catalyses the subsequent conver-

sion of hydrogen peroxide to water and oxygen [14]. Their combined action promotes the

detoxification of mitochondrial ROS and a balance is expected to exist between these two

enzymes, as a deranged activity would result in the accumulation of toxic levels of hydrogen

peroxide in the cells [15]. Genetic polymorphisms can modify the activity of these critical

enzymes and thus promote imbalances in the cellular oxidative burden. Diseases such as diabetic

nephropathy, cardiomyopathy, Behcet’s disease, and various cancers have already been associ-

ated with polymorphisms in antioxidant genes [16]. Genetic polymorphisms in SOD2 have also

been referred [17] as a potential mechanism interfering in the pharmaco-response of cells

exposed to methotrexate (MTX), an immunomodulator commonly prescribed to IBD patients,

and an interdependent mechanism of action between SOD2 and GPX1 has been suggested, indi-

cating that these genes could also have an important role for therapeutic management.

Genome wide association studies (GWAS) have identified more than 200 genetic risk loci

for IBD [18, 19] but only few were associated with clinical phenotype [20, 21]. Association

analyses identify 38 susceptibility loci for inflammatory bowel disease and highlight shared

genetic risk across populations [19]. Moreover, several genetic polymorphisms have already

been linked to IBD etiopathogenesis and to response to therapy [22–24]. Based on the

described interactions between inflammation, ROS and oxidative damage, this study aimed to

assess the association between IBD (CD and UC) and polymorphisms in the antioxidant genes

SOD2 (rs4880, c.47T>C, Val16Ala) and GPX1 (rs1050450, c.596C>T, Pro198Leu). The associ-

ation of these polymorphisms with IBD has not been studied before.

Materials and Methods

Population

The study comprised 803 IBD patients (436 CD and 367 UC) and 434 controls (Table 1). The

control group included 434 unmatched samples obtained from unrelated healthy blood donors
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(mean age 47.2±18.7 years; female:male ratio: 1.4:1). This group consisted of permanent resi-

dents in the catchment area of Hospital of S. João (Porto, Portugal), selected during the assem-

bling of the EpiPorto cohort [25]. Enrollment of participants was performed under approval of

Centro Hospitalar S. João ethic committee (Comissão de Ética para a Saúde do Centro Hospi-

talar S. João) and included written informed consent for data and DNA usage, obtained by

Table 1. Clinical characteristics of patients with Crohn’s disease and ulcerative colitis.

Patients characteristics Crohn’s disease ulcerative colitis

n % n %

Total 436 - 367 -

Family history of IBD (yes/no*) 37/348 9.6/90.4 16/231 6.5/93.5

Sex (male/female) 225/211 51.6/48.4 162/205 44.1/55.9

Smoking habits - - - -

Never 189 46.2 222 63.8

Former 108 26.4 91 26.2

Current 112 27.4 35 10.1

Age at diagnosis - - - -

A1 (<17 years) 56 12.8 14 3.8

A2 (17–40 years) 306 70.2 215 58.6

A3 (>40) 74 17.0 138 37.6

Location 436 - na -

L1* (ileal) 195 44.8 na -

L2 (colonic) 60 13.8 na -

L3 (ilealcolonic) 180 41.4 na -

L4 (L14+L24+L34)** (involvement of the upper digestive tract) 47 (10.8) na -

Location na - 364 -

E1* (proctitis + rectosigmoid) na - 134 36.8

E2 (distal) na - 101 27.8

E3 (pancolitis) na - 129 35.4

Behaviour 431 - na -

B1* (nonstricturing, nonpenetrating) 187 43.4 na -

B2 (stricturing) 90 20.9 na -

B3 (penetrating) 154 35.7 na -

P (B1P+B2P+B3P)** (perianal disease) 41 (9.5) na -

Rectal involvement (yes/no*) 99/337 22.7/77.3 228/8 96.6/3.4

Colonic involvement (yes/no*) 229/207 52.5/47.5 198/38 83.9/16.1

Abdominal surgery (yes/no*) 226/208 52.1/47.9 23/342 6.3/93.7

Extraintestinal manifestations (yes/no*) 53/383 12.2/87.8 7/230 3.0/97.0

Previous ongoing corticosteroids (yes/no*) 398/36 91.7/8.3 225/141 61.5/38.5

Steroid dependency (yes/no*) 189/243 43.8/56.3 81/206 28.2/71.8

Steroid resistance (yes/no*) 11/422 2.5/97.5 26/261 9.1/90.9

Need for immunosuppressant (yes/no*) 359/50 87.8/12.2 130/236 35.5/64.5

Response to immunosuppressant (yes*/no) 229/138 62.4/37.6 72/51 58.5/41.5

Response to biologics (yes*/no) 198/42 82.5/17.5 50/19 72.5/27.5

* Represents the reference in the case-case association studies;

** For L4 and P phenotypes the reference is absence of phenotype;

na: not applicable

doi:10.1371/journal.pone.0169102.t001
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trained personnel (nurses and doctors) upon collection. The participants included did not

present any apparent infectious and/or chronic disorders.

The IBD group included 436 CD and 237 UC patients enrolled at Centro Hospitalar São

João, Porto, Portugal; these patients attended their routine IBD specialist medical appointment

and all were prospectively followed-up in a national database from Portuguese IBD group

(GEDII, https://gediibasedados.med.up.pt/). An additional 130 UC patients were enrolled at

Centro Hospitalar do Porto, Hospital de Santo António (CHP-HSA), Porto, Portugal, prospec-

tively followed at the same hospital. The diagnosis of IBD was made according to the ECCO

(European Crohn’s and Colitis Organisation) guidelines for CD [26] and UC [27] diagnosis,

and the Lennard-Jones criteria [28]. Information on patients’ characteristics was obtained,

namely smoking habits, age at diagnosis, years of follow-up, location and behaviour of disease,

extra-intestinal manifestations, rectal and colonic involvement, previous abdominal surgery,

previous corticotherapy, steroid dependency and resistance, need for immunosuppressant,

response to immunosuppressant and response to biologic therapy (Table 1). Location, behav-

iour and age at diagnosis, were classified according to the Montreal Classification [29]. Patients

were defined as steroid-dependent when incapable to reduce steroids below the equivalent of

prednisolone of 10mg per day within three months of starting steroids without recurrent active

disease or disease relapse within three months of stopping steroids. The steroid resistance was

considered as the presence of active disease despite of a prednisolone dose of up to 0.75mg/kg

per day over a period of four weeks [30]. Patients who had treatment with azathioprine, or

methotrexate were considered in the group of ‘need for immunosuppressant’. The ‘response to

immunosuppressant’ was defined as positive when long-term sustained improvement of the

symptoms was achieved, lasting at least one year without any further modifications in the ther-

apeutic regime; the response was considered negative whenever no symptom improvement

was verified after three months of full dose with azathioprine or methotrexate or by decision of

the physician to add steroids or biologic therapy (anti-TNFα) or to refer for surgery. The

‘response to biologic therapy’ was defined as positive when long-term sustained improvement

of the symptoms lasting at least one year without any further modifications in the therapeutic

regimen was observed; failure of the therapeutic regimen was defined by an absence of

improvement of the symptoms of disease and by decision of the physician to add steroids, add

an immunosuppressant, switch to an alternative biologic therapy medication or to refer for

surgery. S1 Table shows the clinical characteristics defining the phenotypes tested for associa-

tion (reference categories used in the association analyses are marked with an asterisk). The

Ethics Committee of both institutions—Comissão de Ética para a Saúde do Centro Hospitalar

São João, and Comissão de Ética para a Saúde do Centro Hospitalar do Porto—approved the

protocol and all patients or their legal guardians gave their written informed consent, comply-

ing with the principles laid down in the Declaration of Helsinki.

SNP selection and genotyping

We identified two potential functional polymorphisms involved in antioxidant pathways–

SOD2 A/G (rs4880) and GPX1 G/A (rs1050450)–whose main effects have already been

described for other conditions. These SNPs have a reported minor allele frequency of� 0.1 for

the European Caucasian population (S2 Table). Patients’ and controls’ genomic DNA was iso-

lated from blood using the QIAcube system and the QIAamp DNA Blood Mini QIAcube Kit

(Qiagen, Venlo, The Netherlands) following the supplier’s instructions. The SNPs were geno-

typed on the complementary DNA strand using TaqMan Pre-Designed SNP Genotyping

Assay (Life Technologies, Carlsbad, CA, USA) (S3 Table). DNA amplification and allelic dis-

crimination were performed according to product specifications with the ABI 7500 Fast real-
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time PCR system (Applied Biosystems, Carlsbad, USA). Cases and controls were randomized

during genotyping and 5% of the samples were genotyped in duplicate to assess the genotyping

error rate. Concordance of genotypes was 100%.

Statistical analysis

Genotyping results were evaluated with the SNPassoc 1.6–0 package in the statistical software

suite R. Compliance of alleles at individual loci with Hardy-Weinberg equilibrium was mea-

sured at the level of the control group using a χ2 test (P-value<0.05). Power calculations con-

ducted before the study indicated there was more than 80% power to detect significant

associations of OR between 1.3 and 2.0 for both SNPs and both disease groups. Calculations

were performed using CaTS software with the following settings: SOD2 (rs4880): MAF = 0.47,

OR = 1.25–2.00, CD and UC prevalence Portugal = 0.07% [31], CD case/control = 340/330,

UC case/control = 370/330; GPX1 (rs1050450): MAF = 0.34, OR = 1.25–2.00, CD and UC

prevalence Portugal = 0.07%[31], case/control = 340/330, UC case/control = 370/330. A post-

hoc power analysis showed that the power to detect significant associations is 100% for both

disease groups since the ORs observed fall within the 1.5–2.0 range (or the equivalent 0.5–1.0

range).

Comparison of genotype frequencies between groups defined by status (patients vs. con-

trols) and clinical characteristics were assessed by unconditional logistic regression (level of

significance set to P-value<0.05) using the SNPassoc library in R and SPSS 23 (IBM SPSS sta-

tistics). The models included adjustment by sex and age. The codominant and recessive mod-

els of inheritance were considered. Odds ratios (OR) with respective confidence intervals (95%

CI) were calculated for the allele (one copy or genotype) with minor frequency. The associa-

tion of SNPs with CD and UC clinical characteristics was subsequently assessed using case-

case analyses (S3 Table). The IBD phenotypes and reference categories are defined in Table 1.

The Bonferroni correction was used to adjust for multiple testing in the analysis of overall

association of SNPs with CD and UC (Table 2) and in the case-case analysis (Table 3). The cor-

rection was applied separately to each disease group.

Results

Genotypic frequencies and overall association with CD and UC

We genotyped two SNPs in antioxidant enzyme genes (SOD2 and GPX1). In the control

group, the frequencies of all SNPs did not deviate significantly from those expected under

Hardy-Weinberg equilibrium (P>0.05). Table 2 summarizes the genotype frequencies for the

SNPs rs4880 in SOD2 and rs1050450 in GPX1, and overall associations with CD and UC (OR,

95% CI and respective P-values).

Based on the two models analysed—codominant and recessive—SNP rs1050450 in GPX1
achieved nominal significant association with UC with P-values of 0.006, in the codominant,

and 0.012, for the recessive model. In the codominant model the homozygous AA showed an

OR (CI) of 1.93 (1.20–3.12) and in the recessive model an OR (CI) of 1.78 (1.13–2.80) is

observed. After correction for multiple testing (Bonferroni correction) the homozygous AA

genotype of GPX1 (rs1050450) withstood the association with UC with an adjusted P-value of

0.037. SNP rs4880 in SOD2 achieved a nominal significant association with CD in both models

analysed, codominant and recessive, with P-values of 0.013 and 0.033, respectively. The homo-

zygous GG showed an OR (CI) of 0.57 (0.37–0.89) in the codominant model and an OR (CI)

of 0.66 (0.45–0.97) in the recessive model. These associations were lost when corrected for

multiple testing. The SNPs were also considered for analysis with CD and UC phenotypes

(genotype frequencies are reported in S4 and S5 Tables, respectively).
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Bonferroni correction for the genotype-phenotype case-case analyses in CD established a p-

value of 0.00063 (Table 3), and none of the associations found could remain significant. Never-

theless, nominal p-values were found significant for some phenotypes, as follows:

Genotype association with CD phenotypes

Under the recessive model (Table 3), we found significant associations between SNP rs4880 in

SOD2 and ‘rectal involvement’ [OR (CI) = 1.83 (1.03–1.98), P = 0.034], and ‘colonic involve-

ment’ [OR(CI) 1.93 (1.15–3.22), P = 0.011]. In the codominant model (Table 3), SOD2 homo-

zygous GG was associated with ‘rectal involvement’ [OR (CI) = 2.08 (1.09–3.96), P = 0.026].

GPX1 homozygous AA associated with ‘response to biologics’ [OR (CI) = 3.10 (1.10–8.70),

P = 0.032], and the heterozygous GA genotype was found significantly associated with ‘loca-

tion (L3 vs L2)’ [OR (CI) = 2.70 (1.39–5.24), P = 0.003],

Genotype association with UC phenotypes

Within UC, under the recessive model we found significant associations between SNP rs4880 in

SOD2 and location (E2 vs E1) [OR (CI) = 0.50 (0.26–0.96), P = 0.032] (data not shown in table).

Combined genotypes and risk profiles

Joint effects of the risk genotypes observed for CD and UC phenotypes have been assessed,

however, no significant associations were found (P>0.05 for all the combinations tested; data

not shown).

Table 2. Genotypic frequencies and overall association of genetic variants in SOD2 and GPX1 with Crohn’s disease and ulcerative colitis.

Locus Model Controls

n = 434

Crohn’s disease

n = 436

OR (95%

CI)

P-

value

P-value

adjusted

Ulcerative colitis

n = 367

OR (95%

CI)

P-

value

P-value

adjusted

SOD2 rs4880 n = 426 n = 435 n = 367

AA* 119 (27.9) 142 (32.6) 1.00 102 (27.8) 1.00

GA 198 (46.5) 214 (49.2) 0.79

(0.55–

1.13)

0.193 1.00 184 (50.1) 1.07

(0.75–

1.51)

0.700 1.00

GG 109 (25.6) 79 (18.2) 0.57

(0.37–

0.89)

0.013 0.077 81 (22.1) 0.89

(0.59–

1.34)

0.547 1.00

A carrier*
vs. GG

317 (74.4)/109

(25.6)

356 (81.8)/79

(18.2)

0.66

(0.45–

0.97)

0.033 0.197 286 (77.9)/81

(22.1)

0.85

(0.60–

1.20)

0.366 1.00

GPX1

rs1050450

n = 428 n = 430 n = 367

GG* 199 (46.5) 191 (44.4) 1.00 146 (39.8) 1.00

GA 187 (43.7) 187 (43.5) 0.96

(0.69–

1.34)

0.802 1.00 164 (44.7) 1.18

(0.86–

1.61)

0.277 1.00

AA 42 (9.8) 52 (12.1) 1.39

(0.80–

2.40)

0.242 1.00 57 (15.5) 1.93

(1.20–

3.12)

0.006 0.037

G carrier*
vs. AA

386 (90.2)/42

(9.8)

378 (87.9)/52

(12.1)

1.39

(0.83–

1.38)

0.210 1.00 310 (84.5)/57

(15.5)

1.78

(1.13–

2.80)

0.012 0.070

* Reference;

ORs and 95% CIs were calculated considering the codominant and recessive models, adjusted for gender and age; bold font indicates nominally significant

results; p-value cutoff = 0.0083 (after Bonferroni correction applied separately to each disease group); SNPs were genotyped on the complementary DNA

strand.

doi:10.1371/journal.pone.0169102.t002

Antioxidant Gene Polymorphisms and IBD

PLOS ONE | DOI:10.1371/journal.pone.0169102 January 4, 2017 6 / 12



Discussion

The characterization of susceptibility genes in IBD is expected to bring benefit for the identifi-

cation of primary pathogenic pathways, and possible environmental drivers, as well as new

therapeutic targets. To clarify whether polymorphisms in antioxidant enzyme genes were asso-

ciated with IBD (CD and UC) we conducted case-control and case-case studies for two SNPs

in antioxidant genes (SOD2 Val16Ala and GPX1 Pro198Leu). To our best knowledge, this is

the first study investigating the association between these genetic variants and IBD pathogene-

sis. Among the already published GWAS studies in IBD the only reference found related to

these two genes is for GPX1 that has been suggested [32] to be in linkage disequilibrium

with macrophage stimulating protein-1 (MST1); the authors propose that SNP rs1050450

(c.596C>T) in GPX1 is the pathophysiologic link between IBD12 locus and IBD, rather than

the macrophage stimulating protein-1 (MST1), as previously described.

In our study the allele A in GPX1 (rs1050450) significantly associated with UC in the reces-

sive model with an ORs of 1.93, and an adjusted P-value of 0.037. Antioxidant enzymes main-

tain cellular redox homeostasis. Glutathione peroxidase (GPX) is a selenoenzyme that

catalyses the breakdown of hydrogen peroxide (H2O2), and other organic peroxides, into

water (H2O) and oxygen (O2). GPX1 is cytosolic and produced in all tissues. The SNP

rs1050450 (or GPX1 Pro198Leu) has been studied extensively in human disease and has

already been linked to cancer risk [33], and oxidative stress related diseases [34]. The Leu198

variant results in a 10% reduced enzyme activity compared with the Pro198 variant [35], inter-

fering with the overall capacity to respond to oxidative damage [34]. Individuals with reduced

GPX1 activity exhibit an increased incidence of oxidative stress-related diseases such as breast,

Table 3. Association of SNPs in the antioxidant system genes SOD2 and GPX1 with Crohn’s disease clinical characteristics.

Locus Ilealcolonic (L3)** Rectal involvement Colonic involvement Responds to biologics

SNP / Model OR P-value OR P-value OR P-value OR P-value

(95% CI) (95% CI) (95% CI) (95% CI)

SOD2 rs4880 AA 1.00 1.00 1.00 1.00

GA 0.82 0.577 1.23 0.457 0.84 0.442 1.48 0.347

(0.41–1.65) (0.72–2.10) (0.55–1.30) (0.65–3.35)

GG 0.71 0.422 2.08 0.026 1.74 0.059 1.08 0.890

(0.31–1.63) (1.09–3.96) (0.98–3.10) (0.37–3.10)

A carrier* vs. GG 0.80 0.546 1.83 0.034 1.93 0.011 0.83 0.682

(0.40–1.63) (1.06–3.16) (1.15–3.22) (0.34–2.03)

GPX1rs1050450 GG* 1.00 1.00 1.00 1.00

GA 2.70 0.003 1.01 0.965 0.86 0.132 1.57 0.26

(1.39–5.24) (0.62–1.63) (0.57–1.30) (0.72–3.43)

AA 1.81 0.250 0.61 0.093 0.62 0.475 3.10 0.032

(0.66–4.95) (0.26–1.40) (0.33–1.16) (1.10–8.70)

G carrier* vs. AA 1.17 0.750 0.60 0.196 0.66 0.175 2.42 0.071

(0.44–3.10) (0.27–1.34) (0.37–1.20) (0.96–6.10)

* Reference; phenotype reference categories were defined as in Table 1;

** Reference category is “colonic” location;

ORs and 95% CIs were calculated considering the recessive and codominant models, adjusted for gender and age;

Bold font indicates nominally significant results;

P-value cutoff = 0.00063 (after Bonferroni correction applied to 80 tests performed in the case-case analysis in the CD group);

SNPs were genotyped on the complementary DNA strand.

doi:10.1371/journal.pone.0169102.t003
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colon, prostate, bladder and lung cancers, coronary artery disease, and also, low bone mineral

density [36] and osteoarthropathy [37].

Studies using genetically altered mice with reduced GPX1 activity have shown a link to

chronic and acute gastrointestinal inflammation [38]. In this study, we found that the variant

with lower activity GPX1 198Leu associates with UC (OR 1.93, P = 0.006). In the CD group, a

3.1-fold increased odds for ‘responding to biologics’ was found for carriers of the homozygous

variant Leu198Leu (P = 0.03). These findings along with the recent observation that SNP

rs1050450 in GPX1 is the pathophysiological link for IBD locus 12 [32], suggest that this gene

is a good candidate as a biomarker for disease and treatment management purposes.

The SOD2 enzyme, also known as manganese superoxide dismutase (MnSOD), is one of

the major antioxidant defence systems against mitochondrial superoxide radicals [39] and

is one of the first in a chain of enzymes to mediate the ROS generated by the partial reduc-

tion of O2 to hydrogen peroxide (H2O2). The MnSOD expression has been suggested as a

potential biomarker in UC for predicting disease activity and severity [40]. While the

valine-containing SOD2 (rs4880) is partially arrested in the inner mitochondrial membrane,

the alanine-containing SOD2 (rs4880) is actively targeted to the mitochondrial matrix

resulting in a 30–40% increase in SOD2 activity for the Ala16Ala variant, due to more effi-

cient transport of the protein into the mitochondrial matrix [41] and to a 4-fold higher and

stable mRNA expression [42]. Crawford et al. (2012) [16] reviewed 79 studies addressing a

potential link between the SOD2 Val16Ala genotype and various diseases or disorders, and

almost half of those studies reported relationships with various types of cancers, e.g. gastric,

lung, prostate, bladder and breast, to diabetes type I, nephropathy, chronic kidney disease,

and to chemotherapy responses. The Ala16Ala genotype is generally associated with a pro-

tective effect, yet important differences are described in the literature, which indicates a

complex role for the presence of risk allele C. Also, it has been suggested that SOD2 16Val

variant is associated with an increased production of pro-inflammatory cytokines [43], and

that its expression can be modulated through NF-kB binding to the promoter region of the

gene [44].

In this study, although significances were lost after correction for multiple testing, nomi-

nal significant associations suggest a potential protective role regarding CD. Also, SOD2
Ala16Ala variant in the CD group presented a 2.08-fold risk for rectal involvement

(P = 0.026), and in the recessive model, it also presented 1.93 odds for colonic involvement,

These findings might indicate that although this variant is uncommon among CD patients,

when present it confers some susceptibility for rectal and colonic involvement. We suggest

that overall, this gene might be implicated in disease location, and the fact that the pro-

inflammatory prone variant (16Val) is more common among CD, the variant 16Ala is asso-

ciated with colonic involvement in CD. Also, the referred putative effects of SOD2 in inflam-

matory pathways, together with the fact that SOD2 expression can be induced by dietary

intake of antioxidants [45], indicate a potential therapeutic targeting for this gene as well as

for dietary intervention benefits.

Conclusion

This aim of this study was to explore possible associations between IBD pathogenesis (CD

and UC) and gene polymorphisms implicated in other oxidative stress conditions, taking

into account several clinical characteristics. We found a significant association between the

variant GPX1 (rs1050450) and UC. This association needs to be tested in an independent

cohort to validate these findings. Genetic association studies support the idea that disease

location is genetically determined and many important loci that could explain disease
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heterogeneity are still undetermined [20]. Also, the work of Hauser et al. [32] recently pub-

lished suggesting a pathophysiological role for GPX1 (rs1050450) is as well suggested with

our findings. Overall, our results point out to a potential role of antioxidant genes in IBD

pathogenesis.
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