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A unique serum IgG glycosylation signature 
predicts development of Crohn’s disease and 
is associated with pathogenic antibodies to 
mannose glycan

Inflammatory bowel disease (IBD) is characterized by chronic inflammation 
in the gut. There is growing evidence in Crohn’s disease (CD) of the existence 
of a preclinical period characterized by immunological changes preceding 
symptom onset that starts years before diagnosis. Gaining insight into this 
preclinical phase will allow disease prediction and prevention. Analysis of 
preclinical serum samples, up to 6 years before IBD diagnosis (from the 
PREDICTS cohort), revealed the identification of a unique glycosylation 
signature on circulating antibodies (IgGs) characterized by lower 
galactosylation levels of the IgG fragment crystallizable (Fc) domain that 
remained stable until disease diagnosis. This specific IgG2 Fc glycan trait 
correlated with increased levels of antimicrobial antibodies, specifically 
anti-Saccharomyces cerevisiae (ASCA), pinpointing a glycome–ASCA 
hub detected in serum that predates by years the development of CD. 
Mechanistically, we demonstrated that this agalactosylated glycoform 
of ASCA IgG, detected in the preclinical phase, elicits a proinflammatory 
immune pathway through the activation and reprogramming of innate 
immune cells, such as dendritic cells and natural killer cells, via an 
FcγR-dependent mechanism, triggering NF-κB and CARD9 signaling and 
leading to inflammasome activation. This proinflammatory role of ASCA 
was demonstrated to be dependent on mannose glycan recognition and 
galactosylation levels in the IgG Fc domain. The pathogenic properties 
of (anti-mannose) ASCA IgG were validated in vivo. Adoptive transfer 
of antibodies to mannan (ASCA) to recipient wild-type mice resulted in 
increased susceptibility to intestinal inflammation that was recovered in 
recipient FcγR-deficient mice. Here we identify a glycosylation signature in 
circulating IgGs that precedes CD onset and pinpoint a specific glycome–
ASCA pathway as a central player in the initiation of inflammation many 
years before CD diagnosis. This pathogenic glyco-hub may constitute a 
promising new serum biomarker for CD prediction and a potential target  
for disease prevention.
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activation and inflammation15,16. Human IgG isolated from serum is 
composed of multiple glycoforms owing to the addition of a diverse 
repertoire of glycan structures on the IgG crystallizable fragment (Fc) 
region, a conserved domain responsible for modulating IgG effector 
functions through interactions with Fcγ receptors (FcγRs) on immune 
cells17. The presence of post-translational modifications in IgGs has 
been suggested to shape their activity and function18. Over 30 differ-
ent glycan variations have been detected on circulating IgGs in healthy 
individuals19, which reflects a tremendous heterogeneity in the IgG Fc 
glycome. Individuals diagnosed with IBD were shown to display altered 
glycosylation of IgG Fc antibodies that were associated with disease 
severity compared to healthy individuals20,21. The role of this IgG gly-
come heterogeneity or switching among the population in defining risk 
for the transition from healthy tissue to intestinal inflammation and IBD 
development years before diagnosis remains completely unknown.

Taking advantage of the unique preclinical PREDICTS cohort22, with 
multiple longitudinal samples many years preceding IBD diagnosis, we 
identified a serum glycome signature on circulating antibodies (IgGs) 
detectable up to 6 years before CD diagnosis. This IgG glycome signa-
ture was specific for CD and was not observed in preclinical samples of 
UC. We further demonstrated that the altered IgG Fc glycome signature 
(specifically the agalactosylated IgG2 H3N4F1 glycoform), detected in a 
preclinical phase, was positively correlated with the presence of ASCA, 
unlocking a unique glycome–ASCA hub that predicts CD development 
years before diagnosis. In addition, we demonstrated that the preclinical 
ASCA IgG glycoform was able to activate innate immune cells toward 
a proinflammatory phenotype via an FcγR-dependent mechanism, 
promoting NF-κB signaling as well as CARD9 expression and inflamma-
some activation in dendritic cells (DCs). These pathogenic properties of 
ASCA were confirmed by adoptive IgG transfer to wild-type (WT) mice 
that subsequently developed an increased susceptibility to intestinal 
inflammation, which was hampered in recipient FcγR-deficient mice.

Results
Changes in IgG Fc glycosylation predate CD diagnosis
Serum samples from individuals with CD, individuals with UC and 
healthy control (HC) individuals from four different time points 
(approximately 6, 4 and 2 years before diagnosis and at the time of 
diagnosis; Supplementary Table 1) were retrieved from the US Depart-
ment of Defense serum repository. The glycosylation profile of the Fc 
region of IgG was evaluated by nano-liquid chromatography–tandem 
mass spectrometry (nano‐LC–ESI–MS; Supplementary Fig. 1a). Glycan 
structures were grouped according to their glycan traits (Supplemen-
tary Table 2). Specific glycoforms of IgG Fc, containing predominantly 
less complex N-glycan structures, were consistently detected in the 
circulation in all preclinical CD samples up to 6 years before diagnosis 
(Fig. 1a). Individuals that later developed CD displayed a distinct and 
unique IgG Fc glycoprofile, characterized by an overall Fc agalacto-
sylation of serum IgG1, IgG2 and IgG4 (predominantly the H3N4F1 

Inflammatory bowel disease (IBD) is a complex chronic gut inflamma-
tory disorder, comprising Crohn’s disease (CD) and ulcerative colitis 
(UC), which predominantly affect young people in their most produc-
tive and active period of life. Despite several advances in IBD research, 
the etiology of IBD remains unclear, and there is still no cure1,2. Individu-
als undergoing the most advanced medical therapies frequently fail to 
achieve remission, losing response over time or displaying intolerance 
to treatments3. Therefore, efforts need to be directed toward under-
standing the earlier events that occur before disease onset so that 
targeted interventions can be developed.

In IBD, and predominantly in CD, like in other immune-mediated 
diseases, there is mounting evidence of a preclinical phase that starts 
years before diagnosis and is characterized by immunological changes 
that precede symptoms and perhaps even mucosal injury4. Having a 
better knowledge of this preclinical period may increase the potential 
for improved understanding of disease pathogenesis and improved 
therapies as well as disease prediction and prevention.

Antibodies to Saccharomyces cerevisiae (ASCAs) have been widely 
associated with IBD and are the most accurate biomarker of CD5. ASCAs 
target mannose glycans, which are a common polysaccharide compo-
nent of the fungal cell wall, such as in Candida albicans, but they are 
also found on other microorganisms, such as bacteria, viruses and host 
glycoconjugates6. In fact, the structural similarity between glycans on 
microorganisms and those of host surface glycoconjugates may create 
a glycan mimicry between microorganisms and host cells. This may 
lead to the generation of glycan-specific antibodies that cross-react 
with human glycoantigens, thereby contributing to the development of 
immune-mediated diseases6. Initial results from the Proteomic Evalua-
tion and Discovery in an IBD Cohort of Tri-service Subjects (PREDICTS) 
cohort revealed that pathways involving protein glycosylation, the innate 
immune response and the complement cascade were the most predictive 
markers and were detected in the sera of individuals with CD before clini-
cal onset7. This evidence set the groundwork for investigating whether 
and how changes in glycosylation may constitute a primary event that 
triggers chronic inflammation associated with IBD development.

Glycosylation is a major post-translational modification that con-
sists of the addition of carbohydrate structures (glycans) to essentially 
all cells8. Numerous studies demonstrate that glycosylation is substan-
tially altered in major diseases, such as cancer, and in immune-mediated 
diseases, including IBD and lupus8–14. We have previously demonstrated 
that alterations in cellular glycosylation can trigger proinflammatory 
responses associated with increased susceptibility to severe forms 
of intestinal inflammation and early-onset colitis8,10. Together, these 
results highlight the key role of glycans in gut immunity and specifically 
in IBD immunopathogenesis.

A growing body of evidence has highlighted the prominent role 
of glycans in the regulation of humoral immune responses. IgG anti-
bodies are the predominant antibody class in the circulation and are 
key effectors of the humoral immune system as they trigger leukocyte 

Fig. 1 | Alterations in IgG Fc glycosylation precede CD development and 
are associated with complicated disease. a, Total IgGs from serum samples 
from n = 251 individuals with CD and n = 250 HC individuals at different time 
points (preclinical phase: 1–2, 4–6 and 6 years before CD diagnosis and at CD 
diagnosis matched for HCs) were isolated and analyzed by mass spectrometry. 
The association between glycan traits measured at different time points and CD 
onset is shown. The size of the bubble corresponds to the P value from two-sided 
t-tests from a logistic regression model (–log10 scale) after adjusting for sex, race 
and age, whereas bubble color corresponds to odds ratio. Only associations 
significant at a 10% false discovery rate are reported. b, Association between 
different glycan traits and the development of CD complications (depicted as 
days to CD complication development) assessed by Kaplan–Meier analysis.  
P values from two-sided log-rank tests are reported. c, Spearman’s correlations 
between serologic markers and glycan traits associated with CD onset. 
Correlations are reported considering only individuals with CD for different time 

points before diagnosis. d, Spearman’s correlations between serologic markers 
and glycan traits associated with CD onset. Correlations are reported considering 
only HC individuals for different time points before diagnosis. e, Estimated 
coexpression networks based on individuals with CD capturing the association 
between glycan traits and serologic markers. f, Box plot of IgG2 H3N4F1 stratified 
by ASCA IgA (ASCAA) and ASCA IgG (ASCAG) positivity for individuals with CD for 
different time points before diagnosis. The number of individuals with CD in f for 
each time point is 200 at diagnosis (Dx), 116 at –1 to –2 years, 165 at –2 to –4 years 
and 201 at –6 years before diagnosis. In the box plot, the bottom and top hinges 
correspond to the first and third quartiles (the 25th and 75th percentiles), with 
median levels represented by a horizontal line. The top (bottom) whisker extends 
from the hinge to the largest (smallest) value no farther than 1.5× interquartile 
range from the hinge. Data beyond the end of the whiskers are defined as outliers 
and are plotted individually. P values from two-sided t-tests are reported.
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glycoform; G0F), compared to HC individuals, which exhibited an over-
all increase in digalactosylation of serum IgG Fc (H5N4F1; G2F; Fig. 1a). 
These distinct glycoprofiles of IgG Fc were detected at the farthest time 

point to the diagnosis (Fig. 1a). We also demonstrated that a specific 
agalactosylated IgG2 Fc glycoform (namely H3N4F1), present in the 
sera of individuals with CD up to 6 years before diagnosis, significantly 
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correlated with a complicated CD phenotype at diagnosis, in contrast 
to a digalactosylated IgG Fc glycoform (Fig. 1b and Supplementary 
Fig. 1b). This agalactosylated profile seems to be specific for serum IgG 
because no major alterations were found for agalactosylated forms of 
serum IgA at the preclinical stage (Supplementary Fig. 1c). By contrast, 
the IgG Fc glycoprofile in individuals with UC only changed at the time 
of diagnosis (Supplementary Fig. 2).

We then correlated the levels and profiles of IgG Fc glycans with 
serum antimicrobial antibodies that have previously been described 
in the preclinical phase of CD, namely ASCA, anti-flagellin (Fla2 and 
FlaX) and anti-Escherichia coli outer membrane porin (OmpC)7. We 
observed that the IgG Fc glycosignature that precedes CD development 
clustered with antimicrobial antibodies in a stable and consistent way 
and up to 6 years before diagnosis (Fig. 1c). This correlation between 
the altered serum IgG Fc glycome and antimicrobial antibodies was only 
observed in individuals with CD and not in HC individuals (Fig. 1d). In 
addition, using a network analysis of the association between IgG gly-
coprofiles and serum antimicrobial antibodies in individuals with CD 
at the farthest time from diagnosis (6 years before), we demonstrated 
a unique connection between the IgG2 H3N4F1 glycoform and ASCA 
IgGs, pinpointing a serum glycome–ASCA hub that predates clinical CD 
development (Fig. 1e). Indeed, IgG2 H3N4F1 levels were significantly 
higher among individuals positive for ASCA IgA and ASCA IgG for all 
time points before diagnosis (Fig. 1f), supporting its potential as a 
marker of subsequent CD development.

Preclinical ASCA elicits proinflammatory immune responses
ASCA levels from a subset of samples from the PREDICTS cohort were 
compared to those from individuals with full-blown, established CD 
(Supplementary Table 3). ASCA levels gradually increased throughout 
the preclinical phase of disease until reaching established CD (Supple-
mentary Fig. 1d). The same profile is found for ASCA titers, specifically 
analyzed for a subset of samples (Supplementary Fig. 1e).

To explore whether ASCA IgG Fc glycosylation may contribute to a 
proinflammatory response years before diagnosis, we tested the abil-
ity of ASCA IgG to activate immune cells such as DCs (Supplementary 
Fig. 3a) because DCs express FcγRIIa, which is known to interact with 
Fc glycans on IgG23. The ASCA IgG glycoform from individuals with CD 
before diagnosis induced a clear DC activation, as demonstrated by 
the upregulation of CD86 and FCGR2A expression (the latter of which 
encodes FcγRIIa). This innate immune cell activation induced by the 
ASCA IgG glycoform was found to occur up to 6 years before CD diagno-
sis (Fig. 2a,b). To further validate that the interaction between ASCA IgG 
Fc and DCs was mediated by FcγR, incubation with a FcγRIIa-blocking 

antibody (anti-CD32a) was performed (Supplementary Fig. 3b), and 
a decrease in DC activation was observed (Fig. 2c). To exclude any 
potential effect of IgG aggregation in FcγR binding and activity, we 
measured IgG aggregation after isolation in the different (pre)clini-
cal conditions. No major differences were observed for all the groups 
(Supplementary Fig. 3c,d).

This effect observed in innate immune cell activation was accom-
panied by a significant increase in the production of proinflammatory 
cytokines, such as interleukin-1β (IL-1β), IL-6, IL-8 and tumor necrosis 
factor (TNF), by DCs compared to IgGs from HC individuals (Fig. 2d–h). 
No differences were found in the production of the anti-inflammatory 
cytokine IL-10 (Fig. 2i). Moreover, FcγRIIa blockade resulted in a gen-
eral decrease in cytokine production, particularly IL-6 and TNF, in 
preclinical individuals with CD (Supplementary Fig. 3e–i). Together, 
these results reveal the proinflammatory properties of ASCA IgG gly-
coforms in shaping innate immune cell activation through Fc–FcγRIIa 
interactions during the preclinical phase of CD. The proinflammatory 
properties of ASCAs were also observed in natural killer (NK) cells, with 
increased granzyme B secretion and CD107a surface expression (Sup-
plementary Fig. 4a–c). A slight nonsignificant increase in interferon-γ 
(IFNγ) production was also observed (Supplementary Fig. 4d).

To gain further insights into the immunological remodeling of 
DCs, NK cells and B cell-derived plasma cells that is involved in anti-
body production that occurs in the preclinical phase, we analyzed 
the cell-type signatures from the report by Newman and colleagues24 
using somalogics data generated within our consortium7. This analy-
sis showed that markers associated with activated DCs and NK cells 
were found to be increased at the farthest time points from diagno-
sis in individuals with CD compared to other immune populations 
(Supplementary Fig. 5a,b). We also found that the expression levels of 
markers for plasma cells were significantly increased in the 2- to 4-year 
timeframe before diagnosis, supporting the existence of a potential 
remodeling of B cell-derived plasma cells, within the context of a sub-
clinical inflammation, which may contribute to autoantibody produc-
tion associated with intestinal inflammation (Supplementary Fig. 5c). 
This was complemented by a significant increase in the frequency of B 
cells and plasmablasts observed in first-degree relatives of individuals 
with CD compared to individuals diagnosed with CD, concomitant with 
an increasing trend in the frequency of plasma cells (Supplementary 
Fig. 5d–f and Supplementary Table 4). No major alterations were found 
in IgG-producing plasma cells in these individuals (Supplementary 
Fig. 5g). Together, these results support the remodeling of immunologi-
cal pathways related to immune cell activation occurring during the 
transition from a healthy intestine to intestinal inflammation.

Fig. 2 | ASCAs generated years before CD diagnosis can trigger 
proinflammatory immune responses. a, DCs incubated with ASCAs from 
preclinical individuals (Pred_6y, n = 44) and individuals diagnosed with CD 
(Pred_Dx, n = 44; established CD (full-blown), n = 18) displayed increased CD86 
expression (data are normalized to HC individuals; HC, n = 62); MFI, mean 
fluorescence intensity; w/o, without. b, FCGR2A expression is also increased 
in DCs incubated with ASCAs from preclinical individuals (Pred_6y, n = 26) 
and individuals diagnosed with CD (Pred_Dx, n = 26; established CD, n = 11) 
compared to HC individuals (n = 34). FCGR2A expression is shown normalized 
to the expression of the housekeeping (HK) gene 18S. c, CD86 expression on 
DCs was decreased after blockade of FcγRIIa (data are normalized to that of HC 
individuals; control: HC n = 17, Pred_6y n = 17, Pred_Dx n = 15, established CD 
n = 7; with CD32a inhibition: HC n = 16, Pred_6y n = 17, Pred_Dx n = 15, established 
CD n = 7). d–i, ASCAs from individuals before and after diagnosis of CD 
promoted a distinct proinflammatory profile on DCs compared to ASCAs from 
HC individuals (n = 6–36 per group). Data in d corresponds to the fold change 
compared to HC. Data in e show HC (n = 23), Pred_6y (n = 16), Pred_Dx (n = 11) 
and established CD (n = 6). Data in f show HC (n = 35), Pred_6y (n = 33), Pred_Dx 
(n = 29) and established CD (n = 10). Data in g show HC (n = 36), Pred_6y (n = 23), 
Pred_Dx (n = 23) and established CD (n = 10). Data in h show HC (n = 31), Pred_6y 
(n = 23), Pred_Dx (n = 19) and established CD (n = 9). Data in i show HC (n = 12), 

Pred_6y (n = 20), Pred_Dx (n = 25) and established CD (n = 10). j, ASCAs from 
individuals before and after diagnosis with CD show decreased galactosylation 
(by ECA reactivity) compared to ASCAs from HC individuals (n = 3 per group; 
independent replicates). k, Ablation of galactose residues on IgGs from HC 
individuals (HC β-gal; n = 19) leads to increased CD86 expression similar to that 
imposed by ASCAs from individuals with CD (normalized to HC; HC, n = 19; 
Pred_6y, n = 20; Pred_Dx, n = 17). l, CD86 expression on DCs is lower when in 
contact with di-GlcNAc-specific IgGs than ASCAs (normalized to HC mannan; 
mannan: HC n = 17, Pred_6y n = 15, Pred_Dx n = 13, established CD n = 4; di-GlcNAc: 
HC n = 17, Pred_6y n = 17, Pred_Dx n = 12, established CD n = 5). m, DCs cocultured 
with di-GlcNAc-specific IgGs also display a decrease in TNF production (mannan: 
HC n = 8, Pred_6y n = 7, Pred_Dx n = 7, established CD n = 4; di-GlcNAc: HC 
n = 6, Pred_6y n = 9, Pred_Dx n = 8, established CD n = 5). Data in c, l and m were 
analyzed comparing treatments within each group by Mann–Whitney t‐test. Data 
in j and k were analyzed comparing each condition with the control (HC) by one-
way analysis of variance with an uncorrected Fisher’s least significant difference 
test. Data on the remaining graphs were analyzed comparing each condition  
with the control (HC) by Kruskal–Wallis test with an uncorrected Dunn’s test.  
P values are shown in the graphs. Each data point represents the data from a  
single individual (biological replicates).
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Next, our observation that serum IgG2 Fc agalactosylation 
(H3N4F1) was the only IgG glycosignature that specifically correlated 
with ASCAs predicting CD development (Fig. 1e) raised the question 
about the particular impact of the agalactosylated form of ASCAs in 
inducing early immune activation. To address this, we modulated the 
galactose levels on IgGs from HC individuals and evaluated the specific 
impact on DC activation. Levels of ASCA IgG galactosylation were con-
firmed by Erythrina cristagalli lectin (ECA) reactivity, which specifically 
recognizes galactose glycan residues (Fig. 2j). Total IgGs (including 
ASCAs) isolated from HC individuals (‘healthy’ galactosylated Fc profile) 

were digested with β‐galactosidase (β‐gal) to mimic an agalactosylated 
(‘pathogenic’) IgG Fc glycosignature (Supplementary Fig. 4e). Degalac-
tosylated ASCA IgG Fc from HC individuals led to a significant increase 
in DC activation, with CD86 expression reaching similar levels as those 
observed using ASCA IgG from individuals with CD (Fig. 2k). A similar 
activation profile was also observed for NK cells, in which removal of 
galactose from ASCA IgGs from HC individuals resulted in higher gran-
zyme B secretion and LAMP-1 expression (Supplementary Fig. 4b,c).

Together, these findings suggest that reducing levels of galacto-
sylation on ASCA IgG Fc switches its function toward a proinflammatory 
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phenotype by triggering the activation of the innate immune response 
mediated by DCs and NK cells. This highlights a key role of ASCA IgG 
glycosylation as an important inducer of proinflammatory responses 
years before CD diagnosis.

We then explored whether the proinflammatory response was 
dependent not only on ASCA Fc galactosylation but also its specific-
ity for mannose glycan–antigen recognition and not for other glycan 
epitopes. Mannan-unbounded IgGs from preclinical and diagnosed 
CD had no impact on DC activation compared to those from HC 
individuals, demonstrating the specific impact of mannan-specific 
ASCAs in activating DCs (Supplementary Fig. 6a). Furthermore, we 
observed that DC activation was significantly decreased in cocul-
tures with anti-di-GlcNAc (a nonmannose glycan) compared to ASCA 
IgGs (Fig. 2l and Supplementary Fig. 6b,c), as was the secretion of 
TNF and IL-8 (Fig. 2m and Supplementary Fig. 6d). Incubation with 
other microbial patterns, in particular the yeast/bacteria-derived 
β-glucan, demonstrated that antibodies to β-glucan caused no dif-
ferential activation of DCs (Supplementary Fig. 6e). The selective 
activation imposed by ASCA IgGs was also observed for NK cells 
(Supplementary Fig. 4f,g).

Overall, these results support the proinflammatory function of 
the ASCA–glycome hub detected years before disease diagnosis by 
demonstrating that mannan recognition through the IgG Fc agalac-
tosylated profile triggers innate immune cell activation, initiating a 
proinflammatory process years before CD diagnosis.

Preclinical ASCAs reprogram glycan-binding proteins in DCs
To assess, using an unbiased approach, the impact of ASCAs on the 
reprogramming of immunological pathways during preclinical CD, 
RNA-sequencing analysis of DCs cocultured with preclinical ASCA 
IgG glycoforms from different settings (HC, 6 years before diagnosis 
and at diagnosis) showed clear differential gene expression profiles 
compared to DCs incubated with ASCA IgGs from HC individuals and 
individuals with CD at the time of diagnosis (Fig. 3a). We found a signifi-
cant increase in the expression of genes involved in proinflammatory 
signaling pathways, such as TNF, NF-κB and C-type lectin receptor 
pathways (Fig. 3b), up to 6 years before diagnosis compared to DCs 
incubated with ASCAs from HC individuals. Indeed, TNF was found to 
be one of the top genes significantly upregulated by ASCA IgGs in the 
preclinical phase (Fig. 3c), supporting the premise that ASCA IgGs act 
as an early trigger for the transition between a healthy intestine and 
intestinal inflammation. Additionally, one of the pathways shown to 
be upregulated by preclinical ASCA IgGs is the complement cascade 

(Fig. 3b), in particular C1QA and C1QB (Fig. 3c), which matches our 
results demonstrating that ASCA IgGs from individuals with CD exhibit 
an increase in C1q binding (Supplementary Fig. 3j) and agrees with the 
proinflammatory environment imposed by ASCA IgGs in pre-CD. This 
complement activation is apparently independent of galactose levels 
on ASCA IgGs (Supplementary Fig. 3k).

Taking into consideration the data provided by the RNA sequenc-
ing of DCs, we analyzed the impact of ASCA glycoforms on the modula-
tion of DC activation programs. DCs are equipped with glycan-binding 
proteins (C-type lectins), such as DC-SIGN and dectin-2, which enable 
them to recognize glycan structures such as mannose glycans, thus 
shaping their immune response25–27.

Agalactosylated ASCA IgGs from individuals before CD diagnosis 
imposed a significant overexpression of DC-SIGN on DCs at the cell 
surface (Fig. 3d). Dectin-2 also showed a significant overexpression 
on DCs at the time of diagnosis (Fig. 3e). The increased expression of 
these glycan-binding proteins on DCs after interaction with ASCA IgG 
glycoforms appears to occur very early in disease development and 
is maintained until CD onset, likely shaping innate immune function.

The NF-κB signaling pathway (a major downstream player of 
DC-SIGN and dectin-2 and FcγR activation on DCs) was also identified 
as significantly upregulated in the signaling pathway analysis (Fig. 3b). 
We also showed increased phospho-NF-κB activation in DCs cocultured 
with ASCA IgGs, predominantly up to 6 years before diagnosis (Fig. 3f), 
suggesting that the NF-κB signaling pathway is modulated by ASCA IgG 
glycoprofiles in the preclinical phase of CD. This is in accordance with 
the increased production of several cytokines known to be produced 
after NF-κB activation (Fig. 2d–h). For individuals with CD with estab-
lished disease, no major alterations were found (Fig. 3f), which can be 
associated with the fact that these individuals are not naive to therapy, 
and thus the immunomodulatory treatment may be influencing their 
immune behavior.

Importantly, FcγRIIa on DCs can activate the NF-κB pathway and 
its intermediate partners, such as the NLRP3 inflammasome26. Indeed, 
NLRP3 expression in DCs was significantly increased after interac-
tion with ASCA IgGs from individuals with CD up to 6 years before 
diagnosis and was maintained until the establishment of CD (Fig. 3g). 
Accordingly, the increased production of IL-1β by DCs (Fig. 2e) also 
corroborates the activation of the NLRP3 inflammasome. FcγRIIa and 
several C-type lectins expressed on DCs can engage CARD9 for NF-κB 
activation and proinflammatory gene transcription26,28–30. In fact, 
genetic mutations in CARD9 are described in CD, in which predisposing 
variants are associated with increased expression of CARD9 mRNA and 

Fig. 3 | ASCA Fc glycoforms from individuals before CD diagnosis shape the 
expression of proinflammatory signaling pathways and glycan-binding 
proteins in DCs, leading to NLRP3 and CARD9 expression. a, Heat map of 
the relative expression values (z score of each gene across samples) for the top 
six upregulated KEGG pathways found in DCs cocultured with ASCA IgGs from 
individuals at the preclinical phase (Pred_6y, n = 4) versus ASCA IgGs from HC 
individuals (n = 5). In addition to Pred_6y and HC individuals, the heat map 
also shows the expression of these genes in DCs cultured with ASCA IgGs from 
individuals at diagnosis (Pred_Dx, n = 5). Only differentially expressed genes are 
shown, excluding genes belonging to more than one pathway. b, Dot plot of the 
overrepresentation analysis (KEGG ontology) for Pred_6y versus HC. The plot 
represents the top six enriched pathways (false discovery rate < 0.05), excluding 
human disease pathways. The diameter of the dot indicates the number of 
upregulated genes (false discovery rate < 0.05) belonging to the pathway. The 
color code indicates the adjusted P value for the pathway. Overrepresentation 
uses a hypergeometric test corrected for multiple testing using the Benjamini–
Hochberg method to determine the statistical significance of the upregulated 
differentially expressed genes in each Gene Ontology term. c, Volcano plot 
depicting differentially expressed genes in DCs cocultured with ASCAs from 
Pred_6y (n = 4) versus HC (n = 5) individuals. Red dots represent genes expressed 
at higher levels in Pred_6y individuals. Black dots represent genes below  
the cutoff of significance (| log2 (fold change) | ≥ 0.5 and adjusted  

P values of ≤0.05). DESeq2 uses negative binomial generalized linear models for 
the differential analysis of count data and the Wald test with multiple correction 
(Benjamini–Hochberg method) for significance testing. The log2 (fold change) 
values were shrunken with the apeglm method to increase the signal-over-
noise ratio of the effect size. d, ASCAs from preclinical (Pred_6y, n = 30) and 
at-diagnosis CD samples (Pred_Dx, n = 30; established CD, n = 16) can induce 
the surface expression of DC-SIGN on DCs (HC, n = 36). e, DCs display increased 
expression of dectin-2 after incubation with ASCAs from individuals with CD 
(Pred_Dx, n = 35; established CD, n = 15; HC, n = 43); no major alterations were 
found for Pred_6y (n = 31). f, DCs cultured with ASCAs from preclinical samples 
show increased expression of phospho-NF-κB (HC, n = 8; Pred_6y, n = 8; Pred_Dx, 
n = 8; established CD, n = 5; independent replicates). g, ASCAs from preclinical 
individuals and individuals with established CD promoted the upregulation of 
NLRP3 expression in DCs (HC, n = 29; Pred_6y, n = 26; Pred_Dx, n = 30; established 
CD, n = 11). h, Similar profiles were found for CARD9 expression (HC, n = 29; 
Pred_6y, n = 23; Pred_Dx, n = 29; established CD, n = 9). Data are presented as 
mean ± s.d. and were analyzed comparing each condition to the control (HC). 
Data presented in f were analyzed by paired one-way ANOVA with uncorrected 
Fisher’s least significant difference test compared to HC and are shown as 
mean ± s.d.; data on the remaining graphs were analyzed by a Kruskal–Wallis test 
with an uncorrected Dunn’s test. P values are shown in the graphs. Each data point 
represents the data from a single individual (biological replicates).
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activation of the immune response31,32. We showed that CARD9 expres-
sion was significantly increased in DCs cocultured with ASCA IgGs 
(Fig. 3h). This increase in expression was more robust after stimulation 
with preclinical ASCAs (Fig. 3h), suggesting the relevance of ASCA 
IgG glycans in early DC activation and in triggering of inflammatory 
processes, whereas other pathways may have greater contributions 
in fully established CD.

Anti-mannan IgGs increase susceptibility to mouse colitis
To further validate the pathogenic properties of ASCA IgGs in 
inflammation initiation and disease development, we performed a 
proof-of-concept experiment to evaluate the ability of anti-mannan to 
trigger IBD in vivo. WT mice were immunized with mannan to stimulate 
the production of anti-mannan (ASCA-like) IgGs (Fig. 4a). Mannan 
immunization resulted in significantly increased levels of serum ASCA 
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Fig. 4 | Antibodies to mannan impose an increased susceptibility to colitis 
in mice. a, WT mice were inoculated subcutaneously with mannan to promote 
the generation of antibodies to mannan (ASCA-like). Control mice were injected 
with PBS. Total IgGs were collected from both groups, and recipient mice were 
inoculated twice with 100 µg of total IgGs (ASCA enriched or from PBS-injected 
mice (control)), while colitis was chemically induced by administration of 2% DSS 
in drinking water; i.p., intraperitoneal. b, Mice inoculated with ASCA IgGs (n = 6) 
display increased susceptibility to colitis by showing increased DAI compared to 
PBS IgG-inoculated mice (n = 6). Data are presented as mean ± s.e.m. c, ASCA IgG-
inoculated mice (n = 6) also display shortening of the colon compared to control 
animals (n = 5). d, ASCA-inoculated mice (n = 6) display increased frequencies of 
MHC class II+ cells in the colonic tissue after the induction of colitis compared to 
control animals (n = 6). e, BMDCs from WT mice were cocultured with  

mannan-specific IgGs (mouse ASCA IgGs; n = 4) or nonspecific IgGs (mouse 
PBS IgGs; n = 4), and MHC class II expression (activation) was assessed by 
fluorescence-activated cell sorting (FACS). f, FcγR-KO mice inoculated with ASCA 
IgGs (n = 4) showed decreased susceptibility to colitis compared to WT mice 
(n = 4). Data are presented as mean ± s.e.m. g, FcγR-KO mice (n = 4) displayed 
decreased levels of IL-1β in the supernatants of colonic explants compared to WT 
mice (n = 3). Scatter dot plots are presented as mean ± s.d. Data presented in b 
and f were analyzed by two-way ANOVA with a Šídák’s post-test, data presented 
in c were analyzed by two-tailed Mann–Whitney test, and data in the remaining 
graphs were analyzed by two-tailed unpaired t-test. P values are shown in the 
graphs. In e, each data point represents a technical replicate. For the remaining 
figures, each data point represents the data from a single individual (biological 
replicates).
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IgGs (Supplementary Fig. 7a). No significant alterations in intestinal 
permeability after mannan immunization were observed (Supple-
mentary Fig. 7b). Serum was collected from immunized mice, and 
ASCA-enriched IgGs were isolated (along with PBS-immunized IgGs 
from the control group). Analysis of the serum IgG glycome showed 
that no major differences were found in terms of IgG glycan composi-
tion between immunized and nonimmunized mice (Supplementary 
Fig. 7c). Moreover, no differences were observed in circulating ASCA 
IgGs after dextran sulfate sodium (DSS) treatment for colitis induction 

(Supplementary Fig. 7d). This was expected because WT mice, with 
no basal genetic alterations in terms of glycosylation machinery on 
B cells, were used for mannan immunization and ASCA production. 
ASCA-enriched IgGs were then transferred into recipient C57BL/6 WT 
mice, followed by DSS-induced colitis (Fig. 4a).

Mice inoculated with ASCA IgGs displayed higher susceptibility to 
and severity of colitis than mice in the control group (Fig. 4b). Indeed, 
ASCA-treated mice developed an early disease onset and exhibited 
a more severe phenotype with a higher disease activity index (DAI; 
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H3N4F1; G0F) was identified as significantly associated with antimicrobial 
antibodies, in particular ASCAs. These antibodies to mannan, even those from 
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profile of immune cells toward proinflammation. ASCAs were also demonstrated 

to modulate the expression of glycan-binding proteins (GBP) on the surface of 
DCs. Moreover, these antimicrobial antibodies found 6 years before diagnosis 
induced phosphorylation of NF-κB, as well as the expression of NLRP3 and 
CARD9. This work identified a new biomarker for CD prediction, as this altered 
glycoform of IgG Fc is detected in the circulation many years before disease 
diagnosis. Additionally, we detailed an axis mediated by ASCA IgG glycoforms 
that mechanistically is able to trigger an inflammatory event.
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Fig. 4b and Supplementary Table 5) and a more marked shortening of 
the colon (Fig. 4c). Analysis of lamina propria leukocytes demonstrated 
an increase in the expression of major histocompatibility complex class 
II+ (MHC class II+) DCs (Fig. 4d), suggesting the impact of ASCA IgGs on 
the activation profile of DCs in vivo. Additionally, coculture of ex vivo 
ASCA IgGs from mannan-immunized mice with bone marrow-derived 
DCs (BMDCs) from WT mice showed a similar increase in the expression 
of MHC class II (Fig. 4e). A similar trend in activation imposed by ASCA 
IgGs was found in NK cells, with increased expression of granzyme B 
(Supplementary Fig. 7e). The frequency of IFNγ-producing NK cells 
was also increased; however, this finding did not reach statistical sig-
nificance (Supplementary Fig. 7f).

To explore the biological effect of ASCA IgGs on imposing an 
inflammatory environment in an Fc–FcγR-dependent manner, we used 
a mouse model deficient for FcRγ (Fcgr1/Fcgr2/Fcgr3/Fcgr4-KO; here-
after referred to as FcγR-KO). WT and FcγR-KO mice were inoculated 
with ASCA IgGs isolated from mannan-immunized mice, and colitis was 
induced. FcγR-KO mice inoculated with ASCA displayed a significantly 
reduced susceptibility to colitis, with decreased DAI values compared 
to WT mice (Fig. 4f and Supplementary Fig. 7g) and lower levels of 
IL-1β in the supernatants of colonic explants (Fig. 4g). TNF levels were 
also decreased, despite not reaching statistical significance (Sup-
plementary Fig. 7h). Overall, we demonstrated the relevance of ASCA 
IgG Fc–FcγR interactions in imposing a proinflammatory environment 
associated with intestinal inflammation, supporting the pathogenic 
effects of ASCA IgGs in vivo.

We further assessed whether oral supplementation with mannan 
would promote similar susceptibility to colitis. Oral immunization 
with mannan was not effective in inducing increased serum ASCA IgG 
levels compared to nontreated mice (Supplementary Fig. 8a,b), and, 
expectedly, no major alterations were found in colitis susceptibility 
(Supplementary Fig. 8c) nor colon length (Supplementary Fig. 8d), 
demonstrating that increased levels of ASCA IgGs are intricately related 
to increased susceptibility to colitis. Overall, our data suggest that 
ASCA IgGs may not only act as a classical biomarker for IBD but also 
play a key role in the inceptive stages of initiation of a proinflammatory 
response in the gut, potentially triggering a more aggressive inflam-
matory response.

Discussion
Recent evidence obtained from the PREDICTS cohort revealed that 
changes in glycosylation pathways can be detected in serum years 
before CD diagnosis, with protein glycosylation being among the top 
three markers/pathways that appeared to be activated in the preclini-
cal phase7. Moreover, we previously demonstrated that changes in the 
expression of complex branched N-glycans at the surface of the gut 
mucosa regulate the immune response associated with IBD immu-
nopathogenesis8,10,12,33. We also recently described that neutralizing 
antibodies to granulocyte–macrophage colony-stimulating factor 
(GM-CSF) were found to be specific for a glycosylated form of GM-CSF, 
which is detectable years before CD diagnosis34.

A seminal observation in the 1990s described that glycan struc-
tures from S. cerevisiae, specifically mannosylated glycans, elicit an 
antibody response associated with CD development35. Elevated levels 
of antibodies to yeast glycans (that is, ASCAs) are still the most sensitive 
and specific serologic marker for CD and are detectable years before 
diagnosis36. Accordingly, findings from the Crohn’s and Colitis Canada 
Genetics Environment Microbial Project cohort (a study on first-degree 
relatives of individuals with CD) showed that ASCAs are highly predic-
tive of CD development and can be detected years before diagnosis37. 
In addition, data from the PREDICTS cohort also showed that ASCA 
levels predict complicated disease at diagnosis38.

Here, we disclose the proinflammatory properties and 
disease-initiating capacity of an altered serum IgG glycome years before 
diagnosis. We identified a specific glycome–ASCA hub that appears to 

act as an early event that triggers innate immune response activation, 
reprogramming immunological pathways toward inflammation many 
years before clinical CD diagnosis (Fig. 5). Importantly, this glycome–
ASCA pathway was validated in vivo, in which the adoptive transfer 
of ASCA IgGs led to early-onset disease and a remarkable increased 
susceptibility to colitis.

We also pinpointed a precise agalactosylated IgG signature in 
CD (IgG2 H3N4F1) as one of the top IgG Fc glycan traits that uniquely 
connects with increased ASCA levels up to 6 years before diagnosis. 
Although our understanding of the regulation of protein glycosyla-
tion is limited, recent studies demonstrated that gene networks that 
regulate glycosylation of different proteins can be very different39.  
A large study on over 12,000 individuals identified 27 genetic loci that 
associate with IgG glycosylation, including some that are known risk 
factors for IBD40. Therefore, specific glycovariants on IgG that associate 
with IBD development are revealed in this study.

We demonstrated that ASCA IgG is more than a bystander bio-
marker of IBD and plays an effective immunomodulatory function 
in the initial steps of inflammation years before CD diagnosis. We 
showed that ASCA IgG glycoforms interact with DCs and NK cells 
through Fc–FcγR interactions, instructing a proinflammatory 
response. Mechanistically, this interaction was demonstrated to 
reprogram DCs toward a proinflammatory phenotype, promoting 
the expression of genes associated with several proinflammatory 
signaling pathways such as TNF, NF-κB and C-type lectin receptor 
signaling pathways. Concomitantly, it also led to increased expression 
of glycan-binding proteins such as DC-SIGN, together with increased 
NF-κB signaling and NLRP3 and CARD9 expression and increased pro-
duction of IL-1β and IL-8. Remarkably, this proinflammatory response 
imposed by ASCA IgG glycoforms is mannose glycan specific, depend-
ent on galactosylation levels of ASCA IgG Fc and, even more impor-
tantly, occurs in a preclinical phase (Fig. 5). The in vivo pathogenic 
effect of ASCA-like IgGs was also demonstrated. This susceptibility is 
considerably ameliorated in FcγR-KO mice, supporting the biological 
relevance of ASCA Fc–FcγR interactions in triggering the inflamma-
tory process. Overall, our results highlight the pathogenic properties 
of ASCAs in preclinical CD.

Agalactosylated IgGs have been associated with many 
immune-mediated and infectious diseases, such as coronavirus dis-
ease 2019 (refs. 15,16,41–43), which is consistent with our results. In 
addition, the effect of ASCA Fc–FcγRIIa interactions associated with DC 
activation and modulation of glycan-binding proteins may represent 
a synergistic mechanism imposed by ASCA IgG Fc glycoforms toward 
equipping DCs with proinflammatory functions, an issue that should 
be further explored.

Together, here, we identified an immunological program under-
lined by an ASCA–glycome hub that occurs years before CD diagnosis 
and can trigger an inflammatory response associated with the transi-
tion from healthy tissue to intestinal inflammation. This study not only 
highlights a new preclinical biomarker of CD development associated 
with CD pathogenesis but also helps define a new target for future 
preventive strategies for IBD and other immune-mediated diseases.
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Methods
Cohort description and selection criteria
This study was approved as nonhuman subjects research (PJT 19-08) 
by the Naval Medical Research Command. Serum samples from 251 
CD, 249 UC and 250 HC cases were retrieved from the US Department 
of Defense Serum Repository. From almost all individuals (741 of 750), 
four serum samples were retrieved comprising four specific time 
points, one corresponding to the nearest sample available closest 
to diagnosis (approximately 1 year; identified here as Dx) and three 
more samples collected before the diagnosis of IBD and separated by 
approximately 2-year intervals. Complicated disease was categorized 
as previously described38. Samples from HC individuals with no medi-
cal record of IBD, rheumatoid arthritis, celiac disease or colon cancer 
were selected to match the individuals with IBD and were collected as 
controls (Supplementary Table 1)22. As a positive control for established 
disease, 33 serum samples from individuals with established CD were 
obtained at Centro Hospitalar Universitário Santo António, Porto 
(Supplementary Table 3). For the analysis of plasma cells, peripheral 
blood mononuclear cells (PBMCs) from individuals with CD (collected 
at the time of diagnosis (inaugural disease)), first-degree relatives of 
individuals with CD and HC individuals were obtained both at Centro 
Hospitalar Universitário Santo António, Porto, Hospital Beatriz Ângelo, 
Loures, and Hospital da Luz, Lisbon (Supplementary Table 4). Ethical 
approval was obtained from the Ethical Committees of all hospitals.

Isolation of IgG from human and mouse sera and ASCA 
quantification in human samples
Human and mouse serum samples were thawed and centrifuged 
at 1,620g for 10 min. Samples were then diluted in PBS and filtered 
through 0.45-μm Supor AcroPrep 96-well filter plates. Serum samples 
were applied to the protein G plate and washed to remove unbound 
proteins. IgG was eluted from protein G using 0.1 M formic acid  
(pH 2.5) into a 96-deep-well plate and immediately neutralized with 
1 M ammonium bicarbonate.

ASCA levels and titers (serial dilutions) were measured in human 
serum samples using a QUANTA Lite ASCA IgG enzyme-linked immu-
nosorbent assay (ELISA; QUANTA), according to manufacturer’s 
instructions.

Glycopeptide preparation and nano-LC–ESI–MS
Human and mouse IgGs were treated with TPCK-treated trypsin (Pro-
mega) and purified using solid-phase extraction on C18 beads (Chroma-
bond, Macherey-Nagel). IgG glycopeptides were eluted into a 96-well 
PCR plate with 200 μl of 20% acetonitrile by centrifugation at 105g for 
5 min. Eluates were dried by vacuum centrifugation and stored at –20 °C 
until analysis by MS. For human IgA, plasma samples were transferred 
into corresponding wells of Orochem filter plates containing 40 µl of 
IgA beads slurry (Thermo Scientific, IgA Affinity Matrix). Following 
1 h of incubation and several steps of washing with 1× PBS and MilliQ 
water, captured IgA was eluted with 100 mM formic acid. Samples were 
then dried in a speedvac at 60 °C for 2.5 h and resuspended in 25 mM 
ammonium bicarbonate for the subsequent reduction and alkylation. 
For the nano-LC–ESI–MS of human IgG, human IgA and mouse IgG 
N-glycopeptides, purified tryptic human IgG, human IgA and mouse IgG 
glycopeptides were analyzed on a Waters Acquity M Class UPLC system. 
The detected glycopeptides are presented in Supplementary Table 2 
and in accordance with previous reports44–46. Detailed methodology 
can be found in Supplementary Information.

Degalactosylation of human IgGs and dot blot analysis
IgGs from each individual were incubated with β1,4-galactosidase S 
(New England BioLabs), according to manufacturer’s instructions. 
The efficiency of sugar removal was verified by lectin dot blot. Briefly, 
100 ng of IgG was placed on a nitrocellulose membrane and incubated 
for 1 h at room temperature. After, nonspecific sites were blocked with 

4% bovine serum albumin (BSA) in PBS and 0.05% Tween 20 for 1 h 
before incubation with biotinylated ECA (diluted in blocking buffer 
with 0.1 mM CaCl2; Vector Laboratories) for 1 h. After lectin incubation, 
the membrane was incubated with streptavidin conjugated with horse-
radish peroxidase (HRP) for 30 min. All incubations were performed 
at room temperature. Dots were then detected using ECL reagent  
(GE Healthcare, Life Sciences).

IgG aggregation assay
IgG aggregation was assessed using a protein aggregation assay kit 
(Abcam), according to manufacturer’s instructions. Detailed meth-
odology can be found in Supplementary Information.

Isolation of PBMCs
PBMCs were obtained from buffy coats from healthy donors as well 
as peripheral blood from inaugural individuals with CD (collected at 
the time of diagnosis) and first-degree relatives of individuals with 
CD. The separation of PBMCs was achieved by density centrifugation 
using Lymphoprep (density of 1.077 g ml–1; Stem Cell Technologies). 
Anticoagulated blood was diluted in PBS (ratio of 1:1), slowly layered 
onto Lymphoprep (ratio of 1:2) and centrifuged on a gradient at 900g 
for 30 min at room temperature. After centrifugation, the interface 
containing PBMCs was transferred to a conical centrifuge tube and 
washed with PBS. For isolation of natural killer cells, detailed methodol-
ogy is provided in Supplementary Information.

Isolation of CD14+ cells and generation of monocyte-derived 
DCs
CD14+ monocytes were purified from PBMCs from healthy donors 
using an immunomagnetic positive selection bead kit (Miltenyi Biotec) 
conjugated with a monoclonal antibody to human CD14 (isotype mouse 
IgG2a), according to the manufacturer’s instructions.

CD14+ cells were then cultured in six-well cell culture plates in 
culture medium comprising RPMI-1640 and HEPES (Thermo Fisher 
Scientific) supplemented with 10% fetal bovine serum (FBS), 1% peni-
cillin/streptomycin, 0.1% gentamicin, 50 ng ml–1 human GM-CSF and 
50 ng ml–1 human IL-4 (Peprotech) for 7 days. Cells were maintained at 
37 °C in a humidified incubator with 5% CO2, and medium was replen-
ished every 3 days.

IgG-dependent immune cell activation
Ninety-six-well Nunc MaxiSorp high-binding plates were precoated 
with mannan from S. cerevisiae (Sigma-Aldrich) at 10 µg ml–1 in 50 mM 
carbonate–bicarbonate coating buffer (pH 9.6) overnight at 4 °C. 
Afterward, a blocking step with 5% BSA was performed. Total IgGs 
(6 µg ml–1) were added to plates previously coated with mannan, 
β-glucan or di-GlcNAc (10 µg ml–1) for 90 min at 37 °C in a humidified 
incubator with 5% CO2. To assess the effect of galactosylation, 6 µg ml–1 
total IgGs treated with β-gal was also used. Monocyte-derived DCs 
were suspended in complete RPMI medium and plated in anti-mannan 
IgG-coated wells at 1.5 × 105 cells per well for 6 h. Additionally, for func-
tional blockade of FcγRIIa, cells were preincubated for 1 h at 37 °C with 
5 μg ml–1 InVivoMab anti-human CD32a (FcγRIIA) blocking antibody 
(Clone IV.3) before incubation in anti-mannan IgG-coated plates. After 
incubation, the culture supernatants were collected and frozen at 
–80 °C for further cytokine analysis. Cells were washed with FACS buffer 
and stained for viability and surface markers (Supplementary Table 6). 
All incubations were performed for 30 min at 4 °C. Samples were fixed 
in 2% paraformaldehyde (Sigma-Aldrich), and cells were acquired by 
flow cytometry on a FACSCanto II system using FACSDiva software. Data 
were analyzed using FlowJo version 10.5.3 (Tree Star) using the gating 
strategy shown in Supplementary Fig. 9a. For IgG-dependent NK cell 
degranulation, detailed methodology is provided in Supplementary 
Information, and flow cytometry data analysis was performed using 
the gating strategy shown in Supplementary Fig. 9b.
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Plasma cell characterization in human PBMCs
PBMCs from inaugural individuals with CD (collected at the time of 
diagnosis), first-degree relatives of individuals with CD and HC indi-
viduals were collected, and plasma cell characterization was performed 
by flow cytometry using surface and intracellular markers (Supplemen-
tary Table 6), as described above. Cells were acquired by flow cytom-
etry on a Cytek Aurora system with SpectraFlow v3.2.1, and data were 
analyzed in FlowJo version 10.5.3 (Tree Star) using the gating strategy 
shown in Supplementary Fig. 9c.

Cytokine quantification
NK cells were cultured in a 96-well Nunc MaxiSorp high-binding plate 
precoated with mannan and total IgGs at 2 × 105 cells per well for 48 h at 
37 °C in a humidified incubator with 5% CO2. IFNγ levels in the superna-
tants were quantified by ELISA using a human IFNγ DuoSet ELISA (R&D 
Systems), according to the manufacturer’s instructions.

Supernatants from 6-h DC cultures were analyzed by flow cytome-
try (BD Accuri C6 Plus) using a BD Cytometric Bead Array (CBA) Human 
Inflammatory Cytokine kit (BD Biosciences), following the manufac-
turer’s instructions.

For mouse experiments, TNF and IL-1β levels were measured in 
supernatants from colonic explants (in culture for 24 h) by ELISA using 
commercially available kits (Invitrogen) according to the manufac-
turer’s instructions. Levels of cytokines (measured in pg ml–1) were 
normalized by explant weight (g).

Bulk RNA-sequencing data processing and analysis
Sequenced reads were aligned to the human GRCh38 (Ensembl ver-
sion 94) reference genome using HISAT2 (v2.0.5) with default set-
tings. Counts per gene were generated from the alignment files by 
FeatureCounts (v1.5.0-p3). Differential expression analysis between 
pairwise conditions was conducted in R (v4.1.2) using DESeq2 (v1.34). 
For each comparison, log2 (fold change) results were shrunken using 
the apeglm (v1.23.1) package to remove noise (differentially expressed 
genes with low counts and/or high dispersion values) while preserving 
significant differences.

Overrepresentation pathway analysis was conducted in cluster-
Profiler (v4.11.0.001) to the human KEGG ontology database for the set 
of upregulated and downregulated genes (false discovery rate ≤ 0.05) 
separately. Pathways with an adjusted P value of <0.05 were regarded 
as significant. Bubble diagrams were constructed for the visualization 
of the top six enriched pathways, after excluding those belonging to 
human diseases.

A heat map of the differentially expressed genes between condi-
tions for the top six upregulated KEGG pathways was plotted using 
complexHeatmap (v2.10.0). Volcano plots representing differentially 
expressed genes were generated using ggplot2 (v3.4.0). Data were 
deposited in the European Nucleotide Archive with the dataset identi-
fier PRJEB76671.

C1q (complement) binding assay
C1q binding was assessed by incubation with complement component 
C1q to IgGs added to plates previously coated with mannan (10 µg ml–1) 
for 90 min at 37 °C in a humidified incubator with 5% CO2 and detected 
with HRP sheep anti-human C1q. Detailed methodology can be found 
in Supplementary Information.

Gene expression analysis using quantitative PCR with reverse 
transcription
Total RNA from DCs was extracted using TRIzol reagent (Thermo Fisher 
Scientific). Total RNA was quantified and retrotranscribed to cDNA 
using Superscript IV Reverse Transcriptase (Invitrogen), according to 
the instructions of the kit. cDNA was amplified using Taqman Universal 
PCR Master Mix (Applied Biosystems) and Taqman probes (Supple-
mentary Table 7). Amplification data were acquired with a 7500 Fast 

Real-Time PCR System (Applied Biosystems); 18S was used as the house-
keeping gene. Relative quantification values for gene expression were 
calculated based on the change in cycling threshold (ΔCt) method using 
the following equation: 2–(target gene mRNA expression – housekeeping gene mRNA expression).

Phospho-NF-κB immunoblotting
After 3 h of culture with IgGs, DCs were lysed in RIPA buffer (150 mM 
sodium chloride, 50 mM Tris-HCl, 1% Nonidet P-40, 0.5% sodium 
deoxycholate and 10% SDS) with 1% sodium orthovanadate (Sigma), 
1% phenylmethylsulfonyl fluoride (Thermo Fisher Scientific) and 4% 
cOmplete protease inhibitor cocktail (Roche). Protein lysates were 
separated on 10% resolving polyacrylamide gels. Proteins were then 
transferred to nitrocellulose membranes (GE Healthcare, Amersham) 
and blocked with 4% BSA in Tris-buffered saline with 0.1% Tween 20 
(TBS-T) for 1 h. Membranes were incubated with rabbit anti-human 
phosphorylated NF-κB (93H1, Cell Signaling Technology) diluted 
1:1,000 in 4% nonfat dry milk in TBS-T. For protein loading (control), 
membranes were blocked with 4% nonfat dry milk for 1 h and incubated 
with mouse anti-human vinculin (V284, Santa Cruz Biotechnology) 
diluted 1:500 in 1% nonfat dry milk in TBS-T. Bound anti-phospho-NF-κB 
and anti-vinculin were detected using goat anti-rabbit IgG HRP and 
chicken anti-mouse IgG HRP, respectively. Chemiluminescence was 
determined using ECL prime (GE Healthcare, Amersham).

Animal model of colitis
All mouse procedures were approved by the Institute for Research 
and Innovation in Health (i3S) Animal Ethics Committee for animal 
experimentation under Portuguese regulations (DGAV license number 
009268/2022-06-02). Mice were housed at the Association for Assess-
ment and Accreditation of Laboratorial Animal Care-accredited i3S 
animal facility in a temperature-controlled (20–24 °C) room maintained 
at a humidity of 45–55% under a 12-h light/12-h dark period.

C57BL/6 WT mice aged between 6 and 10 weeks were inoculated with 
12 mg of mannan subcutaneously every 3 days over 5 weeks. The control 
group received PBS by the same route at similar time points. Levels of 
ASCA were monitored after 5 weeks by collecting a small amount of blood 
by the tail vein and analyzing by ELISA (QUANTA Lite ASCA IgG ELISA, 
QUANTA; goat anti-mouse IgG HRP (Bethyl) was used as the detection 
antibody). Sera from mannan-treated and control mice were collected 
upon cardiac puncture at the experimental endpoint, and total IgGs were 
isolated and quantified (as previously described for human samples).

In vivo intestinal permeability was assessed by administration 
of fluorescein isothiocyanate-labeled dextran. Food and water were 
withdrawn for 8 h. Mice were administered 44 mg per 100 g (body 
weight) fluorescein isothiocyanate-labeled dextran (TdB Consultancy; 
4 kDa) by oral gavage. Serum was collected from the tail vein 4 h later, 
and fluorescence intensity was measured by spectrophotofluorimetry 
(excitation: 485 nm; emission: 528 nm).

WT and FcγR-KO (C57BL/6 background) mice aged 10–16 
weeks (recipient) were intraperitoneally injected with 100 µg of 
ASCA-enriched IgG pool or, as a control, 100 µg of PBS-derived IgGs on 
days 0 and 3. At day 0, colitis was induced chemically by treatment with 
2% DSS (36,000–50,000 Da; MP Biomedicals) via the drinking water 
(provided ad libitum) from day 0 to day 7, which was then switched to 
tap water. Mice were monitored daily, and the DAI was assessed accord-
ing to the parameters specified in Supplementary Table 5. Animals were 
killed according to the humane endpoints.

For oral immunization with mannan, mice were treated with 12 mg 
of mannan by oral gavage in the first 3 days of each week over 3 weeks 
(total of nine administrations), followed by DSS-induced colitis.

To isolate lamina propria leukocytes, colonic fragments 0.5–1 cm 
in size were incubated in DMEM supplemented with 1 mM CaCl2, 1 mM 
MgCl2, 1.5 mg ml–1 collagenase IV (Sigma) and 0.4 mg ml–1 dispase 
(Gibco) under agitation at 100 rpm and 37 °C for 40 min. Tissues were 
dissociated and filtered through a 70-µm cell strainer (BD Biosciences). 
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Cell suspensions were resuspended in RPMI-1640 medium supple-
mented with 10% FBS and 1% penicillin/streptomycin and layered on 
Lymphoprep solution at a ratio of 1:2 (Lymphoprep:cell suspension). 
After gradient centrifugation at 800g for 20 min at 20 °C (without 
acceleration or break), immune cells (retained in the interface) were 
collected for staining using the antibodies listed in Supplementary 
Table 6. Cells were acquired by flow cytometry on a Cytek Aurora system 
with SpectraFlow v3.2.1, and data were analyzed in FlowJo version 10.5.3 
(Tree Star) using the gating strategy shown in Supplementary Fig. 9d.

BMDCs and coculture with mouse ASCA IgGs
Bone marrow was extracted from the femurs and tibias of C57BL/6 WT 
mice, and isolated cells were then cultured in RPMI supplemented with 
10% FBS, penicillin/streptomycin (100 U ml–1) and mouse recombinant 
proteins IL-4 and GM-CSF (50 ng ml–1; Escherichia coli, PeproTech). On 
the third day of culture, the medium was replaced, and the cells were 
cultured for additional 4 days. Differentiated DCs were then incubated 
with mouse ASCA IgGs and PBS IgGs (control), similar to the protocol 
described for IgG-dependent human DC activation. Cells were acquired 
by flow cytometry on a Cytek Aurora system with SpectraFlow v3.2.1, 
and data were analyzed using FlowJo version 10.5.3 (Tree Star).

Statistical analysis
Data were obtained from at least two independent experiments and 
processed using GraphPad Prism 10.2.3 (GraphPad Software). Sta-
tistical significance was determined by Kruskal–Wallis test, ANOVA, 
unpaired t-test or Mann–Whitney test, according to normality of the 
samples. For animal experiments, a two-way ANOVA was applied to 
the analysis of DAI. The robust regression and outlier removal test 
was performed to identify outliers, and those values were eliminated 
from the analysis. Flow cytometry data were analyzed using FlowJo v10.  
The number of samples is indicated in each figure legend.

Batch correction of glycan traits. Glycome profiles for 2,991 samples 
were obtained using 40 plates. Batch correction across different plates 
was performed using the Combat function from the ‘sva’ package 
available in R Cran47.

Association between glycan traits and disease onset. The asso-
ciation between each glycan marker and disease onset was assessed 
via logistic regression after adjusting for age, race and sex. Logistic 
regression was estimated for each time point before diagnosis sepa-
rately. P values from logistic regressions were adjusted for multiple 
comparisons via the Benjamini–Hochberg method48, and only markers 
with an adjusted P value smaller than 10% were reported as significant.

Predictive performance. The predictive performance of different 
glycan traits was evaluated based on leave-one-out cross-validation. 
Specifically, for each sample, we used the remaining n – 1 samples to 
fit a logistic regression where the disease status (that is, HC versus CD 
and HC versus UC) was modeled as a function of each glycan trait, sex, 
race and age. The estimated model was then used to predict disease 
status of the left-out sample. The predictive performance of each gly-
can was assessed via area under the receiver operating characteristic 
curve (ROC). Predictive performance was evaluated for each time point 
before diagnosis separately. The R package pROC was used to compute 
area under the ROC values and to plot the ROC49.

Coexpression network analysis. We performed coexpression network 
analysis to identify the associations across glycan traits and antimicro-
bial antibodies for individuals with CD and HC individuals jointly via 
joint random forest50. Coexpression networks were estimated at the 
furthest time point before diagnosis. Permutation-based techniques 
were used to find associations significant at a false discovery rate of 
5% (ref. 50).

Deriving cell-type score from proteomic data. Based on prior 
knowledge of cell-type markers, we leveraged the LM22 signature 
matrix including the expression of different genes for 22 cell types24. 
Leveraging cell-type signatures from this study, we computed 
single-sample gene set enrichment analysis via the R package GSVA51 
(method = ‘zscore’) using proteomic data available for different PRE-
DICT samples. We then correlated the estimated cell-type score with 
CD/HC status via the Wilcoxon rank-sum test.

All analyses were performed using R statistical software (version 
3.6.3, R Foundation for Statistical Computing).

Figure preparation
Some schematic figures were drawn using pictures from Servier Medi-
cal Art, licensed under a Creative Commons Attribution 4.0 Unported 
License (https://creativecommons.org/licenses/by/4.0/).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The RNA-sequencing data have been deposited in the EMBL Nucleo-
tide Sequence Database, European Nucleotide Archive, with the data-
set identifier PRJEB76671. Participant-related data may be subject to 
donor confidentiality. The data displayed in Fig. 1 and Supplementary 
Figs. 1a–c, 2 and 5a–c are available from the corresponding author 
upon request. Reagents, materials and protocols are available from 
the corresponding author upon request. Source data are provided 
with this paper.
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