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ARTICLE

A pro-inflammatory gut mucosal cytokine response is
associated with mild COVID-19 disease and superior induction
of serum antibodies
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The relationship between gastrointestinal tract infection, the host immune response, and the clinical outcome of disease is not well
understood in COVID-19. We sought to understand the effect of intestinal immune responses to SARS-CoV-2 on patient outcomes
including the magnitude of systemic antibody induction. Combining two prospective cohort studies, International Severe Acute
Respiratory and emerging Infections Consortium Comprehensive Clinical Characterisations Collaboration (ISARIC4C) and Integrated
Network for Surveillance, Trials and Investigations into COVID-19 Transmission (INSTINCT), we acquired samples from 88 COVID-19
cases representing the full spectrum of disease severity and analysed viral RNA and host gut cytokine responses in the context of
clinical and virological outcome measures. There was no correlation between the upper respiratory tract and faecal viral loads.
Using hierarchical clustering, we identified a group of fecal cytokines including Interleukin-17A, Granulocyte macrophage colony-
stimulating factor, Tumor necrosis factora, Interleukin-23, and S100A8, that were transiently elevated in mild cases and also
correlated with the magnitude of systemic anti-Spike-receptor-binding domain antibody induction. Receiver operating
characteristic curve analysis showed that expression of these gut cytokines at study enrolment in hospitalised COVID-19 cases
was associated negatively with overall clinical severity implicating a protective role in COVID-19. This suggests that a productive
intestinal immune response may be beneficial in the response to a respiratory pathogen and a biomarker of a successful barrier
response.
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INTRODUCTION

Whilst SARS-CoV-2 is primarily considered a respiratory patho-
gen, a growing body of evidence shows that the virus is also
capable of directly infecting gut mucosal tissue. The susceptibil-
ity of gut mucosal tissues to SARS-CoV-2 infection was hypothe-
sized based on observations of high levels of expression of

Furthermore, the presence of replication-competent virus in
human fecal samples provides evidence of the potential for
active viral replication in the gastro intestinal (Gl) tract in vivo’.

Although it is now well-established that Gl infection with
SARS-CoV-2 is a feature of COVID-19, the clinical implications of
gut infection remain less well-defined. Although GI symptoms

SARS-CoV-2 entry receptors angiotensin-converting enzyme 2
(ACE2) and tpye Il transmembrane serine protease (TMPRSS)
on duodenal and ileal enterocytes'?. Indeed, histological evi-
dence confirmed SARS-CoV-2 entry into ACE-2-expressing small
intestine enterocytes from hospitalized patients with COVID-19
early in the pandemic®. Since then, small intestine organoid
models and cultured gut explants have shown the high level
of sensitivity of human gut tissue to SARS-CoV-2 infection®®.

including diarrhoea, nausea, and vomiting are common in
COVID-19°"" it remains unclear whether these are directly associ-
ated with gut infection or are the result of other phenomena such
as effects of infection-induced systemic cytokines. Existing litera-
ture on the subject is somewhat paradoxical, with studies show-
ing a lack of correlation between detection of viral RNA in fecal
samples and both the presence of Gl symptoms and overall clin-
ical outcome'®'?, Furthermore, there are conflicting reports on
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the relationship between presence of Gl symptoms and overall
clinical outcome of infection'*'”. Prolonged viral shedding in fecal
samples has been observed after resolution of symptoms and
clearance of virus from the upper respiratory tract (URT), suggest-
ing a complex, non-linear association between presence of virus
in the Gl tract and symptomatology'®"".

The systemic immune response has been shown to be a key
determinant in the clinical outcome of SARS-CoV-2 infection,
with dysregulated serum cytokines responses associating with
the most severe outcomes'®?°. However, the relationship
between the gut immune response, severity of Gl symptoms
and overall clinical, and virological outcomes of infection remain
to be determined. Here we leverage two prospective human
cohorts to study a group of 88 individuals representing the full
spectrum of COVID-19 outcomes to determine whether gut
mucosal immune responses are associated with favorable clini-
cal outcomes and optimal induction of systemic antibody
responses.

RESULTS
Cohort and clinical data
We obtained paired clinical data and faecal samples from 88
COVID-19 cases with varying degrees of severity, ranging from
asymptomatic to fatal infection. Of these, 45 were community
cases recruited via the Integrated Network for Surveillance, Trials
and Investigations into COVID-19 Transmission (INSTINCT) study,
two of which were admitted to hospital during the study. In
total, 43 were hospitalised patients recruited via the Interna-
tional Severe Acute Respiratory Infection Comprehensive Clinical
Characterisation Collaboration (ISARIC4C) study. In INSTINCT, the
National Health Service Test and Trace contact tracing system
and UK Health Security Agency infrastructure were used to
recruit recently symptomatic COVID-19 cases and their house-
hold contacts. INSTINCT samples were collected from May
2020-March 2021 when the pre-alpha and alpha (B.1.1.7) strains
were predominant in the UK. Longitudinal URT, blood, and fae-
cal samples were collected over a period of 28 days from the day
of enrolment. Faecal samples were collected on day 7 and day
28 post-enrolment (Fig. TA). Samples from asymptomatic, persis-
tently polymerase chain reaction (PCR)-negative, and seronega-
tive cohabitants of COVID-19 cases were recruited in INSTINCT
and used as uninfected controls. Faecal samples from the 43
hospitalised patients in the ISARIC4AC study were collected on
the day of hospitalisation. ISARIC4C samples were collected from
March 2020-August 2020, in this time the pre-alpha strain was
the predominant circulating variant in the UK. Time between
symptom onset and day of collection of first faecal sample
(INSTINCT D7, ISARIC4C DO) was not significantly different
between cohorts allowing us to compare these samples across
cohorts. INSTINCT mean duration from symptom onset to sam-
ple collection = 8.8 days (IQR 2.0). ISARIC4AC = 6.9 days, (IQR 5.0).
Faecal samples from both cohorts were processed in the same
manner for downstream cytokine profiling and viral E gene PCR.
Severity groups (SG) were assigned based on the WHO ordinal
scale for clinical improvement as described by Thwaites et al.
(Fig. 1B)'°. Serially PCR negative, seronegative control participants
were assigned to severity group 0 (SGO), ambulatory community
cases were assigned SG1 and 2 and the hospitalised cases span
SG3-8 wherein SG3 equates to minimal treatment and SG8
equates to death. The INSTINCT cohort comprises SGO,1+2 with
two participants in SG3. ISARIC4C comprises the remainder of
SG3-8. Unsurprisingly, the highest SG contained significantly older
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patients (Fig. 1C). However, severity stratification by biological sex
showed a similar number of participants in each severity group,
suggesting that age but not sex is an important factor in the
severity grouping in these cohorts (Fig. 1D). Bristol stool scores
for fecal consistency varied widely across the cohorts; higher
scores tended to be observed in the highest SG (Fig. 1E).

Mild COVID-19 cases have a pronounced pro-inflammatory
gut mucosal cytokine response

Luminex-based cytokine profiling was used to investigate the
relationship between gut cytokine production and clinical out-
comes of SARS-CoV-2 infection. Hierarchical clustering based
on concentrations of 25 cytokines measured in faecal samples
yielded three defined patient clusters (Fig. 2A). Cluster 1 consists
of participants with mild COVID-19 in the lower SG that have a
pronounced faecal cytokine response. Cluster 2 contains primar-
ily participants who are hospitalised and have severe disease.
Cluster 3 consists primarily of individuals with asymptomatic
or mild COVID-19. Contingency testing showed that SG were
not independent of cluster assignment (x2, p < 0.05) showing
that the distribution of SG was not equal in each of the three
clusters. On the other hand, onset groups were independent
of cluster assignment (x2, p > 0.05), indicating that cluster
assignment is not driven by number of days from symptom
onset to sample collection (data not shown). Non-clustered nor-
malised cytokine expression in gut samples acquired from
INSTINCT and ISARIC stratified by individual symptom group
supports the conclusion that gut cytokine expression level varies
by COVID-19 disease severity (Supplementary Fig.1).

Principal component analysis of cytokine data from early-
timepoint ISARIC4C and INSTINCT shows tight clustering of
SG5-8 cases and sparse distribution of SG1-4 cases, indicating
a heterogenous gut cytokine response in mild COVID-19 disease
(Fig. 2B). This is supported empirically by Permutational multi-
variate analysis of variance (PERMANOVA) of cytokine data
against SG, which showed that the variance is not uniform
between SG (f-statistic = 3.051, r* = 0.097, S5Q = 210.81,
df = 3, p < 0.05). Analysis of dispersion of severity groups from
the group centroid (Fig. 2C) showed that both SG1+2 and
SG3-4 had significantly higher distance to centroid values com-
pared to SG5, 6+7. SG3+4 also had a significantly higher distance
to centroid than SG8. Investigation of individual cytokines con-
firmed that pro-inflammatory cytokines were evident at higher
concentrations in the gut of mildly ill cases compared to severely
ill cases (Fig. 2D and Supplementary Fig. 2). Cytokines present in
mildly ill cases include chemokine (C-C) motif ligand 2 (CCL2),
Granulocyte macrophage colony-stimulating factor (GM-CSF),
which are associated with myeloid recruitment and differentia-
tion, as well as lipocalin and S100A8, which are generally used
as measures of intestinal inflammation clinically.

To understand whether the lack of cytokines present in sev-
ere cases may be associated with a particular microbiome signa-
ture, we analysed the microbial composition of fecal samples
from the ISARIC4C cohort. SG 5-8 had significantly lower alpha
diversity than the milder cases (Supplementary Figs. 3 and 4A)
though interpretation of this observation is confounded by the
potential effect of antibiotic use. Indeed, a contingency test of
inpatient antibiotic use and SG 5-8 showed that the two vari-
ables were not independent of one another (Fisher’s Exact Test,
p < 0.05) (Supplementary Fig. 4B). Longitudinal data detailing
antibiotic use prior to admission was limited and hence we were
unable to conclusively demonstrate a causative role of antibiotic
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Fig. 1 INSTINCT (n = 45) and ISARICA4C (n = 43) study sample collection schedules and cohort demographics. (A) PCR-negative controls and
ambulatory community COVID-19 cases were collected via INSTINCT. Serial faecal, blood and nasopharyngeal swabs were collected over 28
days. Moderate and severely ill COVID-19 cases were recruited via ISARIC4C. Faecal samples and nasopharyngeal swabs were collected at
enrolment which occurred immediately following hospitalisation. ISARIC4C and INSTINCT sample collection schedules are aligned to show that
comparisons are made between faecal samples collected at DO and D7 respectively. (B) Table showing patient state and descriptor for each
severity group. (C) Participant age and (D) Biological sex and (E) Bristol stool score stratified by symptom severity group. Colours represent
Severity Groups. Results of Kruskal Wallis tests with Dunn’s multiple comparison tests are displayed *p < 0.05, **p < 0.01, ***p < 0.001. ECMO =
extracorporeal membrane oxygenation.

use on the differences in microbiome composition between
groups. In order to study whether the intestinal cytokine
response observed across both ISARICAC and INSTINCT cohorts
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without potential complications from antibiotic use in the most
severe patients, downstream analysis focused on the INSTINCT

cohort.
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Fig. 2 Mild COVID-19 cases have a pronounced pro-inflammatory gut mucosal cytokine response. (A) Hierarchical clustered heatmap of
cytokines from faecal samples in both INSTINCT (n = 45) and ISARICAC (n = 43) cohorts. Further annotated with severity group, age group and
time from symptom onset to sample acquisition group. (B) Principal component analysis showing clustering of cytokines according to severity
group (n = 88). Cytokine loadings associated with PCA shown in Supplementary Fig. 6 (C) Distance of cytokines from the clustered severity
group centroid (n = 88). (D) Concentrations of 8 cytokines in faecal samples stratified by severity groups. Results of Kruskal Wallis tests with
Dunn’s multiple comparison tests are displayed *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Viral burden in the URT and gut are non-correlated

Having observed a pro-inflammatory gut cytokine response in
individuals with mild COVID-19 disease, we sought to under-
stand how SARS-CoV-2 infection in the intestine related to upper
respiratory tract (URT) infection and clinical outcomes in these
individuals. Viral load (VL) trajectories in mild disease were mea-
sured from the upper respiratory tract and faecal samples with
peak URT VL generally occurring at day 0 and abating to mostly
undetectable levels by day 28, suggestive of induction of an
appropriate immune response to effectively control the virus
(Fig. 3A). Similar trajectories were observed in the gut VL for
the majority of samples with a greater VL measured at day 7
compared to mostly undetectable levels at day 28. However,
some samples had a diminished but persistent VL at day 28
and a number of samples displayed undetectable virus in the
gut at day 7 with elevated VLs at day 28 perhaps indicating
some temporal variation in the viral immune response in the
gut (Fig. 3B). VL in the URT and gut were compared at each of
their respective sample timepoints which evidenced no correla-
tion between VLs at later time points (day 14-28), and weak cor-
relation (r < 0.3) at early timepoints, suggesting discordance
between the URT and the gut, particularly at early stages of
symptom onset (Figs. 3C and D).

To stratify and quantitate the clinical outcomes of infection
within the mild end of the spectrum of COVID-19 disease, a
COVID-19 severity associated symptom score (SASS) was
assigned based on symptoms recorded in self-collected partici-
pant symptom diaries as previously described?'*?. Peak SASS
correlated with peak Gl symptom score (GISS) (Fig. 3E). Kendall
correlation matrix analysis was performed to investigate associ-
ations between these clinical outcome measures, longitudinal
URT and fecal VLs, and systemic antibody induction (Fig. 3F).
Unsurprisingly, URT VL measures at DO and D4 correlated with
one another as well as with peak URT VL. In accordance with
the data displayed in Figs. 3C and D, URT VL did not correlate
with faecal VL at early timepoints. A positive association
between D28 faecal VL and D28 URT VL was observed though
it was driven by few data points. No significant positive associa-
tions were observed between any VL measure and SASS, GISS or
antibody induction. To the contrary, a significant negative asso-
ciation between peak URT VL and peak GISS was observed.
Overall, these data are consistent with neither URT VL nor faecal
VL strongly driving systemic or Gl-specific symptoms.

Longitudinal cytokine analysis shows elevated early gut
cytokine production in mild COVID-19 disease

Having established that symptom score, day 28 antibody levels
and VL from these longitudinal faecal samples were not corre-

D. Costigan, et al.

lated, we investigated longitudinal cytokine data to determine
whether specific gut immune responses correlated with these
outcome measures. A majority of cytokines measured were ele-
vated in mild cases at day 7. Conversely, interleukin (IL)-4, IL-18
and lipocalin-2 (LCN-2) were observed at relatively higher con-
centrations at d28 (Fig. 4A). The cytokine concentrations in d7
samples from uninfected and infected cases were compared,
revealing elevated levels of IL-4 and IL-18 in uninfected contacts
compared to infected cases. These findings suggest that the
expression of these cytokines is suppressed during early infec-
tion (Fig. 4B).

Previous studies have revealed incongruous results when
looking at GI symptoms and clinical outcome'? ', Stratifying
samples from participants with mild disease based on the VL
detected in faecal samples and presence of Gl symptoms shows
that presence of virus is not related to Gl symptoms experienced
(p > 0.999) (Fig. 4C). Furthermore, neither Gl symptoms nor VL in
faecal samples accounts for the gut cytokine signature observed
in these participants (Figs. 4D-E).

Analysis of cytokines detected in longitudinal faecal samples
from participants with mild COVID-19 disease and PCR-negative
controls show that cytokine measurements from faecal samples
at day 28 cluster closer to samples from PCR-negative controls
(Fig. 4F). Cytokine responses between PCR-negative controls,
mild cases at day 7, and mild cases at day 28 are statistically dis-
tinct as measured by PERMANOVA (f-statistic = 4.38, r* = 0.087,
SSG = 204.374, p < 0.05). The PCR-negative controls and case
groups have distinguishable cytokine profiles as measured by
their within-group variance relative to the between group vari-
ances. Increased cytokine expression is seen in day 7 samples
with a more heterogeneous response in samples from this time-
point (Fig. 4H), as demonstrated by a greater within-group sim-
ilarity (based on pairwise sample distances) for mild cases at day
7 (p < 0.05) as compared mild cases at day 28 and PCR-negative
individuals (Fig. 4G). Correlation network analysis shows a cluster
of cytokines closely correlated at day 7 of infection, which
returns to a correlation pattern similar to uninfected controls
at day 28 (Fig. 4l).

Gut cytokine profile following recent SARS-CoV-2 infection
associates with systemic anti-SARS-CoV-2 antibody
induction

To understand whether these striking differences in faecal cyto-
kine levels over time were associated with outcomes, we inves-
tigated associations between faecal cytokines and VL, symptom
scores, and serum antibody levels at day 28. Gut cytokine levels
at day 7 in mild cases positively correlated with day 28 serum
Double antigen binding assay (DABA) levels (p < 0.05), but not

o
|

Fig. 4 Longitudinal cytokine analysis shows elevated early gut cytokine production in mild COVID-19 disease (PCR- n = 12, PCR+ Day 7 n = 45,
PCR+ Day 28 n = 38). (A) Mean rank difference of faecal cytokines measured at day 7 and day 28 in PCR+ and PCR- cases. (B) Sum of signed
ranks of faecal cytokines measured in PCR+ and PCR- cases at day 7 and day 28. (C) Frequency of participants experiencing Gl symptoms who
have a measurable viral load (PCR+) or not (PCR-) at day 7 (p > 0.999). (D) Mean rank difference of faecal cytokines in participants with or
without Gl symptoms at day 7 and (E) in faecal PCR+ and PCR- participants. (F) PCA of faecal cytokines measured in samples collected from
PCR+ cases at D7 or D28 or from PCR- cases. Cytokine loadings associated with PCA are shown in Supplementary Fig. 6. (G) Euclidian distance
of pairwise samples between and within PCR+ cases at D7, PCR+ cases at day D28 and PCR- cases. (H) Heatmap of cytokines measured in
faecal samples from PCR- control individuals and PCR+ cases at day 7 and day 28. (I) Correlation networks of cytokines from faecal cytokines
measured in PCR+ cases at day 7 samples, PCR+ cases at day 28 samples and in PCR- individuals where the correlation is shown by proximity
of points and direction and strength of the correlation between cytokines is indicated by color (red = positive correlation, blue = negative
correlation). Correlation measured by Kendall rank correlation coefficient, tau. Only correlations >0.3 are shown.
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with symptom scores (peak SASS, peak GISS), log10 peak URT VL,
nor faecal and URT VLs at day 7 (Table 1, Fig. 5A). Cytokine con-
centrations at day 28 were also non-correlated with peak symp-
tom scores, log10 peak URT VLs and faecal and URT VLs at day
28 and did not correlate with d28 serum DABA (Supplementary
Table 1). Serum cytokine levels do not show a significant corre-
lation with day 28 serum DABA levels (Supplementary Fig. 5A).
Critically, serum and faecal cytokines were not significantly cor-
related (Supplementary Fig. 5B), suggesting the faecal cytokine

Table 1.
load (VL) in URT, URT viral load at day 7, fecal viral load at day 7.

measures represent the mucosal immune response and not sys-
temic cytokine levels.

Concentrations of 10 of 24 measured cytokines (CCL4, GM-
CSF, IL-17A, IL-18, tumor necrosis factor (TNF)a, IL-23, IL-8, IL-
10, IL-12p70, S100A8) in faecal samples correlated positively
with serum anti-Spike RBD antibody as measured by DABA
(Fig. 5B=C). This suggests an association between gut mucosal
cytokine response and antibody induction. Having previously
observed a trend towards higher levels of inflammatory gut

PERMANOVA of faecal cytokines from PCR+ cases at day 7 (n = 45) against day 28 DABA levels, peak SASS, peak GISS, log10 of peak URT viral

Df Sum of Sqs R2 F P value P value (adjusted)
D28 DABA 1 82.53 0.084 3.198 0.006 0.036
Peak SASS 1 37.76 0.029 1.275 0.212 0.636
Log10 (Peak URT VL) 1 13.71 0.010 0.454 0.897 0.897
Peak GISS 1 13.84 0.011 0.459 0.868 0.897
D7 URT VL 1 23.26 0.018 0.776 0.547 0.897
D7 Faecal VL 1 16.56 0.013 0.550 0.787 0.897

DABA = Double antigen binding assay; GISS = Gl symptom score; PCR = polymerase chain reaction; PERMANOVA = permutational multivariate analysis of variance; SASS = severity associated

symptom score; Sgs = XXX; URT = upper respiratory tract.
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Fig. 5 Gut cytokine profile following recent SARS-CoV-2 infection associates with systemic anti-SARS-CoV-2 antibody induction. (A) Correlation
between faecal cytokines measured from day 7 samples (n = 45) and day 28 serum DABA levels, peak SASS, peak GISS, URT viral load at day 7,
faecal viral load at day 7, and log 10 of peak viral load in the URT. Correlation measured by Kendall rank correlation coefficient, tau.
Correlations that are statistically different than zero (p < 0.05) are marked with an asterisk (*). (B) Individual correlation graphs between
cytokines that significantly correlate with D28 DABA measurements. (C) Correlation matrix of faecal cytokines measured from PCR+ day 7
samples (n = 45). Correlation of cytokines against D28 serum DABA measurements are shown along the top and left axes. Correlation
measured by Kendall rank correlation coefficient, tau. Correlations that are statistically different than zero (p < 0.05) are marked with an
asterisk (¥). (D) A receiver operating characteristic (ROC) graph showing the sensitivity and specificity with which the antibody-associated
cytokine profile score predicted the need for invasive ventilation in the ISARIC4C cohort (n = 43).
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cytokines occurring in milder COVID-19 cases across the
INSTINCT and ISARIC4C cohorts, we aimed to determine whether
the serum antibody-associated gut cytokine profile identified in
the INSTINCT cohort predicted clinical outcome of COVID-19 in
the ISARIC4C cohort. An “antibody-associated cytokine profile”
score was calculated for each individual recruited in the ISAR-
IC4AC study i.e., SG3-8 by Z-scoring concentrations of each of
these 10 cytokines and calculating the mean of these concentra-
tions. The sensitivity and specificity with which this “antibody-
associated cytokine profile” score predicted the need for inva-
sive ventilation was assessed using Receiver operating charac-
teristic analysis. 21 of 43 hospitalised COVID-19 cases required
invasive ventilation and the area under the receiver operating
characteristic curve was 0.734 (95% Cl 0.584-0.884. p = 0.0087)
(Fig. 5D). Together these findings suggest that SARS-CoV-2 infec-
tion induces production of pro-inflammatory cytokines in the
gut which associate with both systemic antibody induction
and favourable clinical outcomes.

DISCUSSION

A considerable body of evidence shows that Gl symptoms are a
common feature of COVID-19 disease, and that SARS-CoV-2 can
directly infect gut tissue®”®'%; however, the importance of the
intestinal immune response during SARS-CoV-2 infection has
not been fully explored. Here we leveraged two patient cohorts
that span the severity spectrum of COVID-19 in order to under-
stand the relationship between SARS-CoV-2 infection of the Gl
tract, the gut cytokine response, and clinical and serological
outcomes.

We found discordance between URT and gut VLs in ambula-
tory COVID-19 cases. Where URT and faecal samples were col-
lected contemporaneously SARS-CoV-2 VLs did not correlate
across the two sites. Cases in which URT SARS-CoV-2 positivity
was observed in the absence of detectable gut infection as well
as the inverse were observed, suggesting compartmentalisation
of infection in these two anatomical sites, consistent with obser-
vations of different rates of resolution of infection in the two
compartments'®. Interestingly, presence of detectable virus in
the gut did not predict presence of Gl symptoms, nor did it asso-
ciate strongly with a particular gut cytokine profile. It is possible
that direct infection of myeloid cells within the intestine may
result in a local viral reservoir and response that could not be
detected by fecal qPCR****.

We identified a dynamic gut cytokine response associated
with favourable clinical outcomes in mild ambulatory COVID-
19 patients who, by definition, mounted immune responses that
appropriately contained infection and disease. Pro-inflammatory
cytokines including GM-CSF and type |, Il and Il Interferons as
well as chemokines including chemokine (C-X-C) motif ligand
10 (CXCL10) and CCL4 were transiently elevated in mild cases
whilst resolution-associated cytokine IL-4 and the alarmin IL-18
were downregulated. The downregulation of IL-18, in contrast
to other inflammatory cytokines, may point to the unique role
of this cytokine in intestinal homeostasis®>. The differences
between IL-18 and IL-1B3, both inflammasome activated cytoki-
nes, may also point to infection and response by different
immune cell populations within the intestine. The observed
cytokine signature is consistent with the rapidly resolving
inflammatory response seen systemically in mild COVID-19
cases'®?% however, we did not observe a correlation between
intestinal and systemic cytokine levels. This dichotomy between
serum and gut is consistent with compartmentalisation of both
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infection and immune response to COVID-19 infection. In con-
trast to observations made in serum samples across the
COVID-19 disease spectrum, level of expression of these acute
infection-associated pro-inflammatory gut cytokines did not
increase with disease severity level'®. To the contrary, we
observed generally lower levels of these cytokines in the gut
of more severely ill patients suggesting that a pro-
inflammatory gut response may be a component of an effective
immune response to curtail SARS-CoV-2 infection.

The composition of the gut microbiome likely has an impor-
tant role to play in COVID-19-induced gut immune responses
and clinical outcomes of infection. Changes in the gut micro-
biota could contribute to intestinal permeability, inflammation
and could correlate to Gl symptoms. Recent data shows that
the composition of the microbiome of COVID-19 cases changes
throughout the course of disease and is associated with overall
disease severity’®. However, analysis of the microbial composi-
tion in the severe, hospitalised ISARIC4C cohort was prevented
due to the confounding effect of antibiotic use demonstrated
by contingency table analyses showing non-independence of
COVID-19 severity and antibiotic use.

In contrast to serum cytokine levels, we observed a positive
correlation between concentration of a subset of inflammatory
cytokines in the gut early after infection and serum concentra-
tion of anti-Spike RBD antibodies at day 28 in ambulatory cases.
Elevated expression of the same cytokines in the hospitalised
ISARICAC cohort predicted better clinical outcome, suggesting
that production of these antibody-associated cytokines in the
gut is a protective phenomenon. Because the intestine harbours
a large population of immune cells, it has a great potential to
impact systemic responses and responses at other mucosal sites.
Because of limited access to clinical data from hospitalized
patients, we were unable to look for other possible confounders,
including underlying diseases.

Based on data suggesting intestinal infection can persist
beyond respiratory infection and that the humoral immune
response to SARS-CoV-2 continues to evolve after the infection
is resolved®’?, it is tempting to propose the intestine as a key
site of antibody maturation and production. Alternatively, pro-
inflammatory cytokine production at the gut mucosa could
affect barrier function of the tissue and increase antigen load
systemically, impacting antibody production®’. Levels of GM-
CSF and CCL2 in the intestine can affect monocyte differentia-
tion and recruitment®®. Recruitment of inflammatory cells to
the intestine may act as a shunt away from the lungs or may
be a biomarker of a productive respiratory immune response.

A thorough understanding of the complex interplay
between presence of virus, the immune response, and sympto-
mology will require further work, likely involving animal mod-
els. This work was limited by the availability of tissue samples
due to health and safety concerns during the early stages of
the pandemic. In addition, we were unable to link other muco-
sal immune data from these cohorts due to limited donor over-
lap. Elucidating the cellular sources of the cytokines measured
in this study and how these compare to their counterparts in
the lung will be a key factor in understanding how the gut
immune response is associated with outcomes. By understand-
ing the local signals that lead to optimal systemic antibody
levels, so far the best correlate of protection, it might be pos-
sible to tune the immune response in severe patients toward
a more protective response and mimic these signals when
designing the next generation of vaccines.
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METHODS

Study design and participants

The INSTINCT study is a prospective longitudinal community
cohort study. Samples and participant data were obtained
between May 2020 and November 2021 under IRAS: 282820
(REC ref. 20/NW/0231). Community COVID-19 cases were identi-
fied through Public Health England (PHE) and the National Test
and Trace programme in the United Kingdom. Research nurses
obtained informed consent for home visits and sampling, having
obtained consent to contact potential participants about the
study via PHE. Participants received no compensation for partic-
ipation. A total of 45 PCR-confirmed COVID-19 cases and 19
uninfected household contacts (defined by serial negative PCR
and serological tests) were included in this study based on avail-
ability of longitudinal URT PCR data, clinical data and availability
of at least one stool sample. 7 PCR-positive cases and two unin-
fected controls received a single dose of a COVID-19 vaccination
(produced by either Pfizer or Oxford/Astra Zeneca). Multiple
Mann-Whitney U tests showed no significant differences in con-
centrations of any measured gut cytokine nor D28 DABA value
between vaccinated and unvaccinated INSTINCT participants
(data not shown).

The ISARICAC study is a prospective hospitalised cohort
study. Samples and participant data were obtained between
March 2020 and August 2020. Identified patients hospitalised
during the SARS-COV-2 pandemic were recruited into the Inter-
national Severe Acute Respiratory and Emerging Infection Con-
sortium World Health Organization Clinical Characterisation
Protocol UK (IRAS260007 and IRAS126600) (REC ref. 13/
SC/0149). Informed consent was obtained from all participants.
Faecal samples were collected from a total of 46 COVID-19 cases
at time of admission. Additional longitudinal data was collected
as part of the ISARIC4C study with clinical outcomes used in this
study. Clinical data could not be linked to samples from three
participants; hence data from 43 individuals was used in down-
stream analyses.

Potential sources of bias were minimized at the level of
cohort selection, data collection and data analysis. Participant
inclusion was dependent on availability of all data types used
in downstream analysis including demographic, clinical and
immunological data. Standardization of methods within cohorts
and between cohorts where feasible, including methods for fae-
cal cytokine quantification. Regular quality control checks at the
level of data analysis were performed to ensure accurate report-
ing of data. Analysis was limited to participants with clinical end-
point data available hence bias introduced by loss to follow up
was minimised.

Sample processing

Samples were collected on days indicated and placed in —-80
storage. Samples were thawed at room temperature for down-
stream aliquoting. Using a sterile disposable spatula (VWR Inter-
national Ltd, Leicestershire, UK), 100 mg + 10 mg of faecal
sample was placed into a ZR BashingBead (TM) lysis tube (0.1
and 0.5 mm beads) (Cambridge Bioscience Ltd, Cambridge,
UK) containing 700 pl of giagen buffer (10% VXL in AVL) (QIA-
GEN Ltd, Manchester, UK) for further viral RNA isolation. 200
mg + 20 mg of faecal sample was placed into a ZR BashingBead
(TM) lysis tube (0.1 and 0.5 mm beads) containing 750 pl of DNA/
RNA shield (Cambridge Bioscience Ltd, Cambridge, UK) for fur-
ther DNA isolation. 200 mg + 20 mg of faecal sample was placed
into a ZR BashingBead (TM) lysis tube (2 mm beads) containing
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1mL of antibody isolation buffer for further analysis. 200 mg + 20
mg of faecal sample was placed into a ZR BashingBead (TM) lysis
tube (2 mm beads) containing 1 mL of protease inhibitor buffer
for further analysis.

All tubes containing faecal samples in buffer were shaken for
10 minutes to homogenize the faecal samples. The tubes con-
taining the faecal samples in giagen buffer and DNA/RNA shield
were shaken for another 10 minutes and then stored at —80. The
tubes containing the faecal samples in antibody isolation buffer
or protease inhibitor buffer (Merck Life Science UK Limited,
Darmstadt, Germany) were spun down for 10 minutes at 10XG
and then stored at —80°C.

Luminex

Luminex (Bio-Techne, Minneapolis, USA) was carried out using
50 pl of faecal sample homogenized in antibody isolation buffer
or 50 ul of standard, reconstituted according to the manufactur-
ers protocol, was added to their respective wells, with each sam-
ple and standard being done in duplicate. 50 pl of microparticle
cocktail resuspended as per the instructions were added to each
well. The plate was then covered with a foil seal and incubated
for 2 hours at room temperature on a horizontal orbital micro-
plate shaker set at 800 rpm. Using a microplate magnetic device
to align the microparticle beads, the plate was washed by
removing the liquid from the bottom of the well and adding
100 pl of PBS-tween 20, leaving for 1 minute before removing
the liquid. This was repeated three times.

The remaining steps were performed according to the man-
ufacturers protocol and the microparticle beads were resus-
pended in 50 pl of PBS-tween 20 and incubated for 2 minutes
on the microplate shaker at room temperature before reading
on the BioRad Bio-Plex 200 systems (Bio-Rad Laboratories Ltd,
Watford, UK).

VL quantification

Nose and throat samples were collected using flocked swabs
placed in COPAN Universal Transport Medium (Copan Diagnos-
tics, Murrieta, CA, USA) in participant’s homes and stored at 2-8°
C for up to four days. Viral RNA was extracted using the innu-
PREP Virus TS RNA 2.0 Kit on a CyBio Felix (Analytik Jena, Jena,
Germany), following the manufacturer’s instructions. Faecal sam-
ples were collected and processed as previously described. Fae-
cal samples were aliquoted into homogenisation tubes (Zymo,
Irvine, CA, USA) containing VXL buffer and homogenised with
a vortex genie with vortex adaptor (QIAGEN Ltd, Manchester,
UK). Viral RNA was extracted using the QIAmp viral RNA mini
kit (QIAGEN Ltd, Manchester, UK) according to manufacturer’s
instructions. TagMan Fast Virus 1-Step Master Mix (Thermo
Fisher Scientific, Waltham, MA, USA) was used in a triplex PCR
targeting viral E and N genes and host RNAse P. Samples with
adequate RNAse P RNA and an E gene Ct <36.5 (which equates
to 5 RNA copies per PCR reaction) were considered PCR-positive.

DABA

10mL of serum was collected, centrifuged at 2000g for 10 min-
utes and aliquoted into 500 pl aliquots, which were frozen at
—20°C. The serological samples were processed at the Molecular
Diagnostic Unit (MDU), Imperial College London. Antibody
(Immunoglobulin M and Immunoglobulin G) to SARS-CoV-2
receptor binding domain (anti-RBD) was measured using a
two-step double antigen binding assay (DABA) (Imperial College
London, London, UK) with recombinant S1 antigen on the solid-
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phase and labeled recombinant RBD as detector in the fluid-
phase as previously described [31]. UK Patent Application No.
2011047.4 for “SARS-CoV-2 antibody detection assay” has been
filed.

Faecal DNA extractions

Faecal samples were extracted using the ZymoBIOMICS DNA/
RNA miniprep kit (Zymo, Irvine, CA, USA) according to the man-
ufacturer’s instructions. Sample homogenization was performed
using a Qiagen Vortex adapter coupled to a vortex genie 2 for 20
minutes at maximum speed. Initial DNA quantification was per-
formed on a NanoDrop (Thermo Fisher Scientific, Waltham, MA,
USA).

16S ribosomal (r)RNA gene sequencing

The lon Torrent 16S Metagenomics Kit (Thermo Fisher Scientific,
Waltham, MA, USA) was used to amplify 16S rRNA genes of all
the samples. 2uL of each patient DNA sample was used for
amplification of the 16S rRNA gene. For amplification of the
16S hypervariable regions, PCR was performed in two pools,
each containing a different primer set (Pool 1 contained primers
targeting the V2-4-8 regions, pool 2 contained primers targeting
the V3-6, 7-9 regions). Following PCR amplification, equal vol-
umes of PCR products from pools 1 and 2 of each sample were
combined. In total, 30pl of each combined PCR product was
purified using the Agencourt AmpureXP kit according to the
manufacturer’s instructions (Beckman Coulter, Brea, CA, USA).

DNA was quantified using the Promega quantifluor one
dsDNA Quantification kit (Promega, Madison, WI, USA) and
DNA library was prepared using lon Plus Fragment Library Kit
(Thermo Fisher Scientific, Waltham, MA, USA) and lon Xpress Bar-
codes Adapters 1-25 Kit according to the manufacturer’s proto-
col. The DNA library was then purified with Agencourt AMPure
XP beads (Beckman Coulter, Brea, CA, USA). Library concentra-
tions were determined using the lon Universal Library Quantifi-
cation Kit (Thermo Fisher Scientific, Waltham, MA, USA). The
libraries were then serially diluted to a specified concentration
and equal volumes of each library were pooled.

The sequencing was performed on the lon Chef instrument
(Thermo Fisher Scientific, Waltham, MA, USA), using 530
sequencing chips. Analysis of results was performed using the
lon Reporter Software (Thermo Fisher Scientific, Waltham, MA,
USA) on the lon 16S Metagenomics Kit analysis module. Reads
were mapped to three reference 16S rRNA databases; Green-
genes, MicroSEQ ID and SILVA database. The default parameters
for processing raw sequence data by lon Reporter Software were
applied. Operational taxonomic unit analysis was performed
using lon Reporter Software, which runs Quantitative Insights
into Microbial Ecology. Alpha indices txt tables were then
extracted and read into R for further analysis. Data was rarefied
and average read depth was 21078 per sample and samples
with >7150 sequences per sample were retained for analysis.

Sequences that did not have at least 50 reads were removed
for analyses. Sequence read counts were analysed at the genus
level. Read counts were normalised using centred-log ratio
transformation using the R package “ALDEx2", which imputed
values using Monte-Carlo instances from a Dirichlet distribution.

Statistical analyses

Luminex cytokine data points above or below the limit of detec-
tion of the assay were assigned the highest or lowest values on
standard curves for each for the 25 measured analytes respec-
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tively. Values were adjusted based on the per gram mass of fae-
cal samples and converted to pg/ml units. These cytokine
concentrations were subsequently normalised by standard devi-
ation. Adjusted normalised cytokines were used in all statistical
and multivariate analyses. Principal Component Analysis (PCA)
was performed using R function “prcomp”. Heatmaps dendro-
grams were made with hierarchical clustering using distances
based on Kendall correlation and clustered with Ward D2 link-
age. PERMANOVA was implemented using the R function “adon-
is2” from the R package “vegan.” PERMANOVA of adjusted
cytokines against PCR-, case day 7, and case cay 28 sample
groups was applied with restricted permutation to account for
repeated measures in Case individuals. Cytokines of Case indi-
viduals were analysed cross-sectionally, at day 7 and at day 28.
Cross-sectional analysis included correlation and PERMANOVA
of cytokines against outcome measures DABA (at day 28), peak
SASS, log10 of peak URT VL, peak GISS, faecal VL, and URT VL.
Correlations were calculated using the R function “cor.test”, per-
forming non-parametric Kendall correlation. Correlation net-
works of cytokines within PCR-, PCR+ case day 7 and PCR+
case day 28 sample groups were made using R package “corrr”
where proximity of network nodes was determined by multidi-
mensional scaling of the correlation matrix. Only correlations
>0.3 are shown in the correlation networks. Pairwise sample
similarity was measured using Euclidean distance. Sample simi-
larity comparisons were organised into between group compar-
isons or within group comparisons. For case-control analysis
sample groups were PCR-, PCR+ case day 7, and PCR+ case
day 28. For severity analysis, sample groups were dictated by
severity group. Dispersion of sample groups (e.g. SG or case-
control groups) were calculated using R function “betadisper”
from R package “vegan,” which measured the distance to the
centroid for each group. Pairwise statistical testing was per-
formed using Wilcoxon Rank Sum test. Correction for multiple
testing was performed using the Benjimani-Hochberg method.
Contingency test of SG across heatmap clusters were performed
using x? test with simulated p-values. Contingency test of SG
and antibiotic use was performed by Fisher’s Exact Test.
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