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SUMMARY

Increasing evidence indicates that gut microbiota may play a key role in vaccination immunity. Here, we
investigate whether the human gut microbiota and metabolic function correlate with the BBIBP-CorV vaccine
response. A total of 207 participants who received the BBIBP-CorV vaccine are enrolled. The gut microbiome
and metabolic functions are investigated using metagenomic sequencing and metabolomic assays. We find
that BBIBP-CorV vaccination is accompanied by altered microbiome composition and functional pathways,
and the gut microbiome and its functional profiles correlate with the vaccine response. The levels of short-
chain fatty acids (SCFAs) are much higher in the high antibody response group compared to the low response
group, and several SCFAs display a positive correlation with the antibody response. Our study highlights that
the gut microbiome and its function is associated with the BBIBP-CorV vaccine response, providing evidence

for further exploration of microbiome modulation to improve COVID-19 vaccine efficacy.

INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a respiratory infec-
tious disease caused by severe acute respiratory syndrome co-
ronavirus 2 (SARS-CoV-2), which has spread widely across
the world"? and as of June 10, 2022 has caused approximately
5.5 milion deaths worldwide (https://covidi19.who.int/).
Thus, safe and effective vaccine development is very important
and necessary.® Several types of vaccines have been developed
using different approaches, such as recombinant viral
vectors, viral recombinant protein, viral mRNA, or inactivated
whole virus.” There are currently >194 candidate vaccines in pre-
clinical evaluation, and 139 vaccines were in clinical develop-
ment as of January 14, 2022, according to a World Health Orga-
nization (WHO) report (https://www.who.int/publications/m/
item/draft-landscape-of-covid-19-andidate-vaccines). Several
candidate vaccines have been approved for use in the popula-
tion and have shown efficacy,” " and ongoing studies continue
to provide long-term safety and effectiveness.

Host environmental factors, such as gut microbiota, dietary
nutrition, gender, age, genetics, health status, and regional fac-
tors have been reported to be involved in vaccine efficacy.'*'®
Although the specific factors contributing to the differences in
vaccine response are not fully understood, nutrition, intestinal
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microbiota, genetics, and regional factors have been identified
as important determinants.’® Previous studies have indicated
that there are important effects of gut microbiota in various phys-
iological procedures such as metabolism, central nervous sys-
tem function, inflammatory disorders, autoimmune diseases,
and immunotherapy.’>'* Given the increasingly established
link between gut microbiota and the immune system, the impact
of microbiota on vaccine immunity remains poorly eluci-
dated.">"® Previous studies demonstrated that antibiotic-driven
perturbation of the intestinal microbiome influences vaccine
immunogenicity in healthy adults,’*'® providing increasing evi-
dence that gut microbiota may be a major determinant of immu-
nity to vaccination.

SARS-CoV-2 infection induces the host immune response to
eliminate the virus, and disease severity is attributed to viral infec-
tion and host immune responses.'® Previous studies have shown
that COVID-19 patients have prolonged gut microbiome dysbio-
sis, and the gut microbiota composition is associated with serum
cytokines, inflammation markers, and disease severity of COVID-
19."7"® Moreover, gut microbiota dysbiosis is related to a wide
spectrum of diseases. '® Increasing evidence has revealed that
vaccination could drive the microbiota changes, and the compo-
sition and function of gut microbiota are crucial factors modu-
lating immune responses to vaccination.'®

Cell Reports Medicine 3, 100752, October 18, 2022 © 2022 The Author(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:johnneyusc@gmail.com
mailto:zhfq@biols.ac.cn
mailto:yangshiming@tmmu.edu.cn
https://doi.org/10.1016/j.xcrm.2022.100752
https://covid19.who.int/
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-andidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-andidate-vaccines
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2022.100752&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

Cell Reports Medicine

A 207 Participants B 30 - c il
5 = mean - e
P L 1 L ] - - o
SEReEs € s median / £ 40 .
i £ 3 : -
BBIBP-CorV Vaccine < / < o0
< —_——
Day 0 g 20- 2 30 -
N = ) Do =3
6een ~ : :
8 2 20 - ®
st cton DO = £ Fukd
o 10- a
14 days after 1st injection BI: E 10 -
m > i=| D14 N
®o 8 ™| -
27 <. o . ——
Ay Second injection D28
Y %/j\ﬂ * DO D14 D42 DO D14 D42
g injecti © N & 1
o . N & K\
D42 D & L o S & e Ig'g
A NN 2\ © > 04
J L & & &K <) & S g
J FE AT E N &L o9 & o2
& F F @ R R VAR A S N
C\inica\ gFeca\ metagenom food routine . 5 Cyluklnas@ACEZ-RBD inhibitng  ACE2-RBD | . . N . . . " . " . . :8é
& characteristics’ sequencing "2/ antibody response  INNibiting Ab) I -0.8
-1
E F
o 0.25 - — IgM o 025° — Cytotoxic T count
& == COVID-19 IgM @ — Neutrophil count
2 o00- 4 L6 i , HGB
5 & 000" -
£ — == ACE2-RBD Inhibiting Ab 2 IgG
S -025- =7 T — g — s
5 Basophil ratio 5 ~0.25 -
= £ g == ACE2-RBD Inhibiting Ab
Ly h ti
S -0.50 - ymphocyte ratio 3 Neutrophil ratio
© ©
g RDW-CV > =050 - Total T ratio
Do D14 D42 DO D14 D42

Figure 1. Clinical characteristics and antibody response

(A) Schematic diagram of the experimental design.

(B) Levels of the ACE2-RBD inhibiting antibody of each participant at baseline (day 0), after the first injection (day 14), and after the second injection (day 42)
(n = 207).

(C) Comparison of ACE2-RBD inhibiting antibody levels between days 0, 14, and 42 (n = 207). p values were determined by Welch ANOVA Games-Howell’s
multiple comparisons test.

(D) Correlation of ACE2-RBD inhibiting antibody levels and clinical features by calculating the Pearson correlation coefficient between ACE2-RBD inhibiting
antibodies (Abs) at days 0, 14, and 42 and clinical features at days 0, 14, and 42 (n = 207). Red represents the positive correlation. Blue represents the negative
correlation. p values were determined by Pearson correlation analysis with FDR corrected.

(E) The variation trend of clinical parameters that were positively correlated with ACE2-RBD inhibiting antibody levels at days 0, 14, and 42. p values were
determined by Pearson correlation analysis with FDR corrected (n = 207).

(F) The variation trend of clinical parameters that were negatively correlated with ACE2-RBD inhibiting antibody levels at days 0, 14, and 42. p values were

determined by Pearson correlation analysis with FDR corrected. n = 207. *p < 0.05, **p < 0.01, **p < 0.001.

See also Figure S1 and Table S1.

The present study aimed to investigate whether the human gut
microbiota and metabolic function correlate with the inactivated
SARS-CoV-2 vaccine (BBIBP-CorV, CNBG) response. We re-
cruited 207 participants to receive the BBIBP-CorV vaccine
and performed metagenomic sequencing and targeted metabo-
lomics to examine the role of the gut microbiome and the related
metabolites in the BBIBP-CorV vaccination response.

RESULTS

Study participants and clinical characteristics

A total of 207 participants were enrolled in this study. All of the
participants completed the two-dose BBIBP-CorV vaccination
(day 0 and day 28). The demographics, clinical characteristics,
and stool and serum collection schedules are shown in Figure 1A.
All of the participants provided blood and fecal samples within
the stipulated time. The baseline characteristics of the partici-
pants are shown in Table 1. The median (interquartile range
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[IQR]) age was 34 (29-46) years, and there were 136 females
and 71 males in this cohort.

We evaluated the immunogenicity outcomes of these partici-
pants. None of the participants had any significant angio-
tensin-converting enzyme 2-receptor binding domain (ACE2-
RBD) inhibiting antibody response or detectable virus-specific
immunoglobulin G (IgG) and IgM at baseline (day O0)
(Figures 1B and 1C; Table S1). The dynamic changes in the
ACE2-RBD inhibiting antibody responses were further analyzed.
Most of the participants started to generate an antibody
response 14 days after the first injection (day 14) and reached
high levels 14 days after the second injection (day 42) (Figure 1B).
The median concentration of ACE2-RBD inhibiting antibody at
day 14 after the first injection and at day 14 after the second in-
jections (day 42) was 1.043 and 6.753 AU/mL (AU, arbitrary unit),
respectively, and the mean concentrations of ACE2-RBD
inhibiting antibody at days 14 and 42 were 1.383 and 10.136
AU/mL, respectively (Figures 1B and 1C; Table S1). For
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Table 1. Baseline characteristics of participants

All Low group High group
n =207 (n=52) (n=52) P
Gender (%) 0.273
Male 71 (34.3) 22 (43.1) 16 (30.8)
Female 136 (65.7) 29 (56.9) 36 (69.2)

Age,y 34.0 (29.0-46.0) 35.0 (29.5-49.0) 31.0 (27.0-39.5) 0.071
Height, cm 162.0 (158.0-169.0) 165.0 (158.0-171.0) 162.0 (155.0-170.0) 0.085
Weight, kg 59.0 (52.0-67.8) 63.0 (52.0-70.0) 56.0 (50.0-68.0) 0.096
BMI 22.3 (20.5-24.0) 22.27 (20.99-23.88) 22.21 (19.48-24.5) 0.376
CRP 5.00 (5.00-5.00) 5.00 (5.00-5.00) 5.00 (5.00-5.00) 0.313
WBC, 10%/L 5.72 (4.87-6.60) 5.62 (4.95-6.68) 5.72 (4.93-6.70) 0.764
Neutrophil ratio, % 59.1 (54.0-65.3) 59.3 (55.5-64.5) 58.3 (63.7-64.9) 0.470
Lymphocyte ratio, % 32.1 (26.1-36.8) 31.8 (27.2-35.5) 33.3 (26.9-37.7) 0.380
Monocyte ratio, % 6.10 (4.90-7.35) 6.10 (4.95-6.75) 6.10 (4.55-7.15) 0.825
Eosinophil ratio, % 1.50 (0.90-2.50) 1.40 (0.90-2.35) 1.35 (0.90-2.28) 0.784
Basophil ratio, % 0.44 (0.30-0.60) 0.40 (0.24-0.50) 0.40 (0.33-0.60) 0.078
Neutrophil, 10%/L 3.41 (2.72-4.23) 3.46 (2.84-4.15) 3.38 (2.72-4.39) 0.989
Lymphocyte, 10%/L 1.75 (1.44-2.17) 1.79 (1.42-2.24) 1.90 (1.58-2.26) 0.489
Monocyte, 10%/L 0.34 (0.28-0.42) 0.34 (0.28-0.40) 0.36 (0.28-0.46) 0.611
Eosinophil, 10%/L 0.09 (0.05-0.14) 0.09 (0.05-0.15) 0.08 (0.06-0.14) 0.976
Basophil, 10%/L 0.02 (0.02-0.04) 0.02 (0.01-0.03) 0.03 (0.02-0.03) 0.038
HGB, g/L 137 (128-147) 142 (132-148) 136 (128-144) 0.130
RBC, 10'?/L 4.53 (4.22-4.88) 4.66 (4.24-4.94) 4.50 (4.27-4.85) 0.470
HCT, % 40.7 (38.4-42.9) 42.1(39.2-43.9) 40.9 (38.8-42.2) 0.103
MCV, fL 90.5 (87.4-93.3) 89.9 (87.7-92.8) 91.0 (86.4-93.4) 0.815
MCH, pg 30.9 (29.6-31.8) 30.9 (29.6-31.8) 30.8 (29.6-31.4) 0.434
MCHC, g/L 337 (330-346) 340 (332-348) 336 (329-344) 0.153
RDW-CV, % 12.6 (12.3-13.1) 12.6 (12.3-13.1) 12.5 (12.3-12.9) 0.424
RDW-SD, fL 41.7 (39.7-43.7) 41.9 (39.7-43.9) 41.0 (39.7-43.3) 0.278
PLT count, 10%/L 230 (196-268) 234 (201-276) 230 (198-257) 0.810
PCT, % 0.25 (0.22-0.29) 0.26 (0.22-0.30) 0.24 (0.22-0.28) 0.264
MPV, fL 10.8 (10.1-11.5) 11.0 (10.4-11.9) 10.5 (10.0-11.4) 0.070
P-LCR, % 31.2 (26.3-37.8) 33.2 (27.9-39.9) 29.4 (25.8-36.9) 0.076
PDW, % 13.0 (11.9-14.7) 13.5 (12.4-15.4) 12.8 (11.6-14.1) 0.053
Helper T ratio, % 35.9 (31.6-41.1) 35.0 (31.6-38.9) 34.1 (31.1-41.1) 0.953
CTL ratio, % 24.9 (21.0-30.3) 25.4 (21.0-30.1) 24.5(21.2-31.7) 0.680
ALC per pL 1,938 (1,553-2,400) 1,976 (1,576-2417) 2,034 (1,637-2,559) 0.371
Total T, per pL 1,321 (1,074-1,650) 1,385 (992-1,634) 1,412 (1,172-1,780) 0.305
Helper T, 693 (546-844) 688 (554-818) 706 (602-876) 0.287
per pL

CTL count, 497 (372-642) 496 (372-644) 530 (404-728) 0.384
per uL

Total T ratio, % 69.7 (64.8-74.6) 68.7 (64.2-74.1) 70.2 (64.2-74.7) 0.584
IL-6, pg/mL 2.40 (2.00-3.35) 2.20 (2.00-3.00) 2.70 (2.00-3.42) 0.077
IL-8, pg/mL 11.1 (7.32-47.1) 11.5 (8.89-44.7) 10.7 (6.43-40.8) 0.402
TNF-a, pg/mL 6.30 (5.20-7.70) 6.60 (5.60-7.55) 6.10 (4.90-7.43) 0.174
19G, g/L 14.8 (13.0-16.6) 16.1 (14.6-17.4) 14.2 (12.0-15.5) <0.001
IgA, g/L 2.75 (2.01-3.50) 2.90 (2.11-3.82) 2.66 (2.13-3.21) 0.354

(Continued on next page)
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Table 1. Continued

All Low group High group

n =207 (n=52) (n=52) P
IgM, g/L 1.29 (0.92-1.71) 1.15 (0.88-1.48) 1.42 (1.12-1.88) 0.008
IgE, 1U/mL 27.0 (12.0-60.0) 24.0 (14.0-47.0) 39.0 (14.2-75.2) 0.148

All of these parameters were taken at baseline (day 0). Values are expressed in number (percentage, %) and median (IQR, interquartile range). p values
(low group versus high group) were calculated by the Mann-Whitney U test or Fisher exact test as appropriate. p < 0.05 is considered to be statistically
significant. BMI, body mass index; CRP, C-reactive protein; WBC, white blood cell; HGB, hemoglobin; RBC, red blood cell; HCT, hematocrit; MCV,
mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW-CV, red blood cell dis-
tribution width (coefficient of variation); RDW-SD, red blood cell distribution width (SD); PLT, platelet; PCT, plateletcrit; MPV, mean platelet volume;
P-LCR, platelet large cell ratio; PDW, platelet distribution width; CTL, cytotoxic T cell; ALC, absolute lymphocyte count; IL, interleukin; TNF, tumor

necrosis factor; Ig, immunoglobulin.

virus-specific IgG and IgM, 18.35% of participants tested posi-
tive for IgG after the first injection (day 14), and 81.15% of partic-
ipants tested positive after the second injection (day 42). More-
over, 23.67% of participants were positive for IgM after the
first injection (day 14) and 79.71% of participants tested positive
after the second injection (day 42) (Table S1). The local injection
site and systemic adverse reactions are shown in Table S2. The
most common adverse reaction was pain at the injection site,
with an occurrence rate of 21.3% of participants at day 14 and
26.1% of participants at day 42 (Table S2). The most common
systemic adverse reactions after each vaccination were mild to
moderate nausea and vomiting, which was reported by 5.3%
of participants at day 14 and by 4.8% of participants at day 42
(Table S2). All of the reported adverse reactions were mild and
transient, and they did not require any further treatment.

We then evaluated the laboratory tests and cytokines at days
0 and 14 after each injection. We found that the red blood cell,
platelet, monocyte, eosinophil, and basophil counts showed no
abnormalities at days 14 and 42 (Table S1). The blood lympho-
cyte subset and cytokine analysis showed no significant
changes at days 14 and 42 (Table S1). We investigated further
the potential correlation of baseline characteristics with the
levels of ACE2-RBD inhibiting antibody. We observed that the
lymphocyte, eosinophil, total T cell, and helper T cell counts as
well as interleukin-8 (IL-8) levels at day 0 were positively associ-
ated with the ACE2-RBD inhibiting antibody levels at day 42
(Figure S1A). We further analyzed the correlation of trend
changes of the laboratory parameters with the trend changes
of ACE2-RBD inhibiting antibody levels during the whole vacci-
nation period (days 0, 14, and 42). We found that the basophil ra-
tio, lymphocyte ratio, red cell distribution width (RDW) ratio, IgM,
and IL-6 were positively related to the ACE2-RBD inhibiting
antibody response, while the neutrophil ratio, neutrophil count,
hemoglobin, cytotoxic T cell count, total T cell ratio, and IL-8
were inversely correlated with the ACE2-RBD inhibiting antibody
response (days 0, 14, 42) (Figures 1D-1F).

Profile of the gut microbiota after the BBIBP-CorV
vaccination

Stool samples were collected at baseline (day 0) and at day 14
after the second injection (day 42). DNA was isolated from these
stool samples, amplified, and sequenced using whole-genome
sequencing. The metagenomic dataset, which had an average
of 36,416,816 + 4,505,278 paired-end reads per sample, was

4 Cell Reports Medicine 3, 100752, October 18, 2022

obtained by an lllumina NovaSeq 6000. Raw reads were prepro-
cessed using KneadData to eliminate human DNA sequences
and filter sequences with poor quality, which removed 3.74%
of the reads. After quality control, 35,058,535 + 4,373,185 reads
per sample were obtained. Sequences were analyzed with
MetaPhLan3 implemented within the HUMANNS3 pipeline. We
selected a total of 1,144 clades, including 3 kingdom (L1) 12
phyla (L2), 26 classes (L3), 46 orders (L4), 96 families (L5), 234
genera (L6), and 727 species (L7).

Alpha diversity was calculated to evaluate differences be-
tween baseline (day 0) and 14 days after the second injection
(day 42). No significant difference at any level between days
0 and 42 was observed (Wilcoxon rank-sum test; Figure S1B;
Table S3A). For beta diversity, weighted Unifrac or unweighted
Unifrac distances were analyzed and plotted by principal coordi-
nate analysis (PCoA) (analysis of similarities [ANOSIM];
p=0.001; Figures 2A and S1C; Table S3B). The weighted Unifrac
rank or unweighted Unifrac rank between days 0 and 42 was
significantly higher than that within days 0 and 42 (ANOSIM;
p = 0.001; Figures 2B and S2C; Table S3B). The participants
were primarily characterized by a predominance of Parabac-
toides distasonis, Bilophila wadsworthia, and Bacteroides plebe-
ius at baseline (day 0), whereas Anaerostipes hadrus, Rumino-
coccus torques, and Oscillibacter were more abundant
14 days after vaccination (day 42) (Figures 2C, S1E, and S1F;
Table S3C). We then analyzed the correlation between the differ-
ential species at day 0 and the clinical features at day 42. We
found that the microbial species at day 0 showed significant
correlations with monocytes, total T cells, cytotoxic T cells, help-
er T cells, IL-8 concentration, and tumor necrosis factor o (TNF-
o) concentration at day 42 (Pearson correlation analysis with
false discovery rate [FDR] corrected; *p < 0.05, **p < 0.01,
***p < 0.001; Figure 2D). Our data showed that BBIBP-CorV
vaccination is accompanied by an altered profile of gut
microbiome.

Altered microbiome functional profile after BBIBP-CorV
vaccination

Because there was a difference in microbiome composition be-
tween pre- and post-BBIBP-CorV vaccination, we investigated
further whether the microbiome compositional differences could
translate into functional differences by analyzing the functional
pathways. The composition of microbial pathways in partici-
pants at baseline (day 0) was significantly different from that of
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Figure 2. The gut microbiome is altered in participants receiving the inactivated COVID-19 vaccine (BBIBP-CorV)

(A) Weighted Unifrac 3D PCoA (principal coordinate analysis) plot of samples at baseline (day 0) and after the second injection (day 42) (n = 207). The ANOSIM test
was used to calculate the significance of dissimilarity (ANOSIM, p = 0.001).
(B) Comparison of the weighted Unifrac range of samples between baseline (day 0) and after the second injection (day 42) (n = 207). The ANOSIM test was used to

calculate the significance of dissimilarity (ANOSIM, p = 0.001).

(C) Volcano plot of differentially enriched bacteria between samples at baseline (day 0) and samples after the second injection (day 42) (n = 207). Pink dots
represent bacteria with relatively higher abundance in samples after second injection (day 42). Blue dots represent bacteria with relatively higher abundance in

(legend continued on next page)
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participants at 14 days after the second injection (day 42).
Compared to baseline, 7 MetaCyc pathways were decreased
and 13 MetaCyc pathways were enriched in participants at day
42 (Maaslin2; p < 0.05; Figures 2E and S1G; Table S4A). The 7
decreased pathways were mainly related to pyrimidine nucleo-
tide biosynthesis, amino acid degradation, fatty acid biosyn-
thesis, folate biosynthesis and the urea cycle, while 13 of the
enriched pathways were mainly involved in fermentation to
short-chain fatty acids (SCFAs), nucleotide degradation, sugar
nucleotide biosynthesis, fermentation to pyruvate, and polysac-
charide biosynthesis (Figure S1G).

We then sought to investigate whether these changed path-
ways correlated with the clinical features to evaluate the poten-
tial role of microbial functions in the immune response. We found
that several pathways mainly related to fatty acid biosynthesis
and fermentation to SCFAs at day 0 showed significant correla-
tions with lymphocytes, the T cell ratio, and IL-8 concentration at
day 42 (Figure 2F; Table S4B). More important, these pathways
related to fermentation to SCFAs at day O were positively corre-
lated with the ACE2-RBD inhibiting antibody response at day 42,
while nitrogen compound metabolism at day 0 showed a nega-
tive correlation with the ACE2-RBD inhibiting antibody response
at day 42 (Figure 2F; Table S4B). We further found that A. hadrus
was the primary contributor to fermentation in the SCFA pathway
(PWY-5676: acetyl-coenzyme A [CoA] fermentation to butanoate
Il, and P461-PWY: hexitol fermentation to lactate, formate,
ethanol, and acetate) (Figure S1H), suggesting that the micro-
biome functional profile is altered after BBIBP-CorV vaccination
and that the baseline functional pathways may be associated
with the vaccine response.

The gut microbiome and its functional profile correlate

with the antibody response of the BBIBP-CorV vaccine

After profiling the signature of the gut microbiota post-BBIBP-
CorV vaccination, we explored whether the gut microbiota and
functional pathways correlate with the vaccine response. We
divided the participants into two groups according to the con-
centration of ACE2-RBD inhibiting antibody at day 42 as follows:
low 25% (low group) and high 25% (high group). The concentra-
tion of ACE2-RBD inhibiting antibody at day 42 in the high group
was much higher than that in the low group (Mann-Whitney U
test; p < 0.001; Figures 3A and 3B). We tested whether the base-
line characteristics affect the ACE2-RBD inhibiting antibody
response. Interestingly, the baseline characteristics, including
age, gender, and BMI, were comparable between the low and
high groups (Mann-Whitney U test; Table 1). There was a signif-
icant difference in the total IgG and IgM between the low and

Cell Reports Medicine

high groups at day 0 (Table 1). No significant differences in alpha
diversity were observed between the low and high groups at day
0 (Mann-Whitney U test; Figure S2A; Table S3A). PCoA analysis
showed a notable difference in the gut microbial abundance
between the two groups at day 0 (ANOSIM; p = 0.004; Figure 3C;
Table S3B). The weighted Unifrac rank between the two groups
was significantly higher than that within each group at day
0 (ANOSIM; p = 0.004; Figure 3D; Table S3B). We then
performed a comparison of the two groups at day 0 and identi-
fied that Collinsella aerofaciens, Fusicatenibacter saccharivor-
ans, Eubacterium ramulus, and Veillonella dispar were signifi-
cantly increased in the high group, while Lawsonibacter
asaccharolyticus was enriched in the low group (Maaslin2;
p < 0.05; Figures 3E, S2B, and S2C). We then investigated the
correlation between these changed species at day 0 and the
clinical parameters at day 42 in the high and low groups. Interest-
ingly, we observed that the abundances of C. aerofaciens
and V. dispar at day 0 were positively associated with the con-
centrations of ACE2-RBD inhibiting antibody at day 42, while
L. asaccharolyticus at day 0 was negatively correlated with the
ACE2-RBD inhibiting antibody response in the high and low
groups at day 42 (Figures 3F and 3G).

We further observed a notable difference in the composition of
MetaCyc pathways at day 0 between the two groups (Figures 3H
and S2D; Table S4C). Five microbial pathways, mainly involved
in carbohydrate degradation, fatty acid biosynthesis, and
hemiterpene biosynthesis, were enriched in the high group, while
another 22 pathways (e.g., amino acid biosynthesis, CoA biosyn-
thesis, folate biosynthesis, nucleic acid processing, sugar acid
degradation, thiamine biosynthesis) were decreased at day
0 (Figures 3H and S2D; Table S4C). We further found that most of
these pathways at day 0 showed a significant correlation with im-
mune cells and cytokines at day 42 (Pearson correlation analysis
with FDR corrected; *p < 0.05, **p < 0.01, **p < 0.001; Figure 3I;
Table S4D). Importantly, lactose and galactose degradation |
pathways as well as the superpathway of fatty acid biosynthesis
initiation mainly involved in fatty acid production at day
were positively correlated with the levels of ACE2-RBD inhibiting
antibody at day 42 (Figures 3l and S2E; Table S4D). We further
investigated which bacterial species contributed most to these
functional pathway changes. Interestingly, most of these
pathways were dominated by several microbial species. For
example, F. saccharivorans and C. aerofaciens were the primary
contributing species to the fatty acid production pathways
(Figure S3A).

To investigate the potential utility of gut microbial and func-
tional pathways in predicting the ACE2-RBD inhibiting antibody

samples at baseline (day 0). Gray dots represent bacteria with no significant difference between the 2 groups. p values were adjusted by the Benjamini-Hochberg

(BH) method to control FDR. FDR-adjusted p < 0.05 was shown.

(D) Correlation heatmap of differentially enriched bacteria at day 0 with the clinical characteristics at day 42 (n = 207). Pearson correlation analysis with FDR-

adjusted p < 0.05 was shown.

(E) Differentially enriched MetaCyc pathways between samples at days 0 and 42. Pink dots represent MetaCyc pathways with relatively higher counts per million
(CPM) in samples at day 42 (n = 207). Blue dots represent MetaCyc pathways with relatively higher CPM in samples at day 0. Gray dots represent bacteria with no
significant difference between the 2 groups. p values were adjusted by BH method to control FDR. FDR-adjusted p < 0.01 is shown.

(F) Correlation heatmap of differentially enriched MetaCyc pathways at DO with the clinical characteristics at day 42. Pearson correlation analysis with FDR-

adjusted p < 0.05 is shown. n = 207. *p < 0.05, *p < 0.01, **p < 0.001.
See also Figure S1 and Tables S3 and S4.
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Figure 3. Gut microbiome and microbiome functional profile correlated with BBIBP-CorV vaccine response

Participants were divided into 2 groups (high group versus low group) according to the ACE2-RBD inhibiting antibody levels at day 42 using the second quartile
and the third quartile.

(A) Distribution histograph of the ACE2-RBD inhibiting antibody levels at day 42 (n = 207).

(B) Comparison of ACE2-RBD inhibiting antibody levels at day 42 between the high and low groups (low group, n = 52; high group, n = 52). p values were
determined by Mann-Whitney U test.

(C) Weighted Unifrac PCoA 3D plot of samples at day 0 between the high and low groups. The ANOSIM test was used to calculate the significance of dissimilarity
(ANOSIM, p = 0.004).

(D) Comparison of the weighted Unifrac range of samples at day 0 between the high and low groups (low group, n = 52; high group, n = 52). The ANOSIM test was
used to calculate the significance of dissimilarity (ANOSIM, p = 0.004).

(E) Volcano plot of differentially enriched bacteria at day 0 between samples of the high and low groups (low group, n = 52; high group, n = 52). Pink dots represent
bacteria with relatively higher abundance in the high group. Blue dots represent bacteria with relatively higher abundance in the low group. Gray dots represent

(legend continued on next page)
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response, we constructed several machine learning classifiers to
discriminate the low and high groups by using differentially en-
riched MetaCyc pathways and differentially enriched species
at day 0 as the variables of the classifiers (Figure S3B). Because
we did not have an independent test cohort, 10-fold cross-vali-
dation was used to test the performance of the differentially en-
riched species and the differential MetaCyc pathways alone or
combined (Figure S3C). The model based on microbial features
performed better than MetaCyc pathways with an area under the
curve (AUC) of 0.746 (Figure S3C). Moreover, the integration of
taxonomic features and MetaCyc pathways improved the per-
formance of classification, with an AUC of 0.769 (Figure S3C).

Fecal and serum levels of SCFAs positively correlated
with BBIBP-CorV vaccination response

It is well known that the gut microbiota participates in host regula-
tion via the modulation of metabolites and the fecal metabolome.
Considering that several pathways involved in carbohydrate
degradation and fatty acid biosynthesis showed a positive corre-
lation with the ACE2-RBD inhibiting antibody response, we further
used targeted metabolic analysis to verify the changesin fecal and
serum metabolites after vaccination. We found that several fecal
SCFAs were associated with immune cells at day 42 (Pearson cor-
relation analysis with FDR corrected, *p < 0.05, **p < 0.01; Fig-
ure 4A; Table S5). In addition, the levels of acetic acid, butyric
acid, and isovaleric acid at day 42 displayed a positive correlation
with the ACE2-RBD inhibiting antibody production at day 42 (Fig-
ure 4B; Table S5). Fecal levels of SCFAs did not differ significantly
between the high and low groups at baseline (day 0), while there
was a significant difference in the levels of SCFAs, including acetic
acid, butyric acid, isovaleric acid, and propionic acid between
high and low groups after vaccination (day 42) (Figure 4C; Fig-
ure S4). In addition, we observed that serum levels of acetic
acid and butyric acid at day 42 were positively correlated with
the ACE2-RBD inhibiting antibody response at day 42
(Figures 4D and 4E), and the serum concentrations of acetic
acid and butyric acid were lower in the low group compared to
the high group after vaccination (day 42) (Figures 4F and S4).
These findings demonstrated that fecal and serum SCFAs levels
may be associated with the BBIBP-CorV vaccination response.

DISCUSSION

The COVID-19 pandemic remains a worldwide medical issue.
Currently, there are lack of specific antiviral medicines to treat
this infection. Vaccines have become the most effective strategy
to prevent the spread of the pandemic. Previous studies re-
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ported that good immunogenicity could be observed for all vac-
cine types (e.g., mRNA vaccine, inactivated vaccine, adenovirus
vaccine), and the average efficacies of mRNA-based COVID-19
vaccines, inactivated vaccines, and adenovirus vaccines were
94.6%, 91.3%, and 80.2%, respectively.”>" The two inacti-
vated SARS-CoV-2 vaccines (BBIBP-CorV and CoronaVac)
have been mainly adopted for mass vaccination in China, and
showed comparable immune efficacy in the population.???®
There are many factors that can affect vaccine immunogenicity
and efficacy, including genetics, diet, nutrition, infections, and
other vaccine-related factors.'®'° Therefore, a sufficient under-
standing of the factors related to COVID-19 vaccine efficacy is
urgently needed. More important, increasing evidence indicates
that the gut microbiota is an important factor that modulates the
baseline immune status and vaccine response.’® This study
investigated the gut microbiota profile changes after the
BBIBP-CorV vaccination and evaluated the possible contribu-
tion of the gut microbiome and metabolites to this vaccine
response. We found that the BBIBP-CorV vaccination is accom-
panied by an altered gut microbiome composition, and that the
specific gut microbiome and related functional profile may be
associated with the BBIBP-CorV vaccine response.

In the present study, the BBIBP-CorV vaccine was safe and
tolerated in all of the participants, and no serious adverse reac-
tions were observed. The most common adverse reaction was
pain at the injection site, and the incidence rates of adverse re-
actions were comparable to those reported in the previous
studies.”'%???* The ACE2-RBD inhibiting antibody response
began to increase in most participants 14 days after the first in-
jection (day 14) and reached high levels 14 days after the second
injection (day 42), which was consistent with previous reports.®°
Several recent studies have demonstrated that the SARS-CoV-2
infection could activate innate and adaptive immune responses,
causing decreased numbers of circulating CD4* cells, CD8"
cells, B cells, natural killer (NK) cells, monocytes, eosinophils,
and basophils in COVID-19 patients.”>*® Moreover, increased
levels of serum proinflammatory cytokines such as IL-6, IL-18,
IL-8, monocyte chemoattractant protein-1 (MCP-1), chemokine
ligand 3 (CCL3), and TNF-«, were observed in most COVID-19
patients.”®*° We did not find any significant changes in the blood
lymphocyte subset or cytokine analysis over time after vaccina-
tion, suggesting that the vaccination does not affect these cells
in the same manner as the natural SARS-CoV-2 virus infection.
Moreover, we observed that various immune cells and cytokines
correlated with the ACE2-RBD inhibiting antibody response,
implying that the baseline immune status may be associated
with the vaccine response.

bacteria with no significant difference between the high and low groups. p values were adjusted by the BH method to control FDR. FDR-adjusted p < 0.05 is

shown.

(F) Correlation heatmap of differentially enriched bacteria at day 0 with the clinical characteristics at day 42 (low group, n = 52; high group, n = 52). Pearson

correlation analysis with FDR-adjusted p < 0.05 is shown.

(G) Correlation of differentially enriched bacteria at day0 with the ACE2-RBD inhibiting antibody levels at day 42. p values were determined by Pearson correlation

analysis (low group, n = 52; high group, n = 52).

(H) Volcano plot of differentially enriched MetaCyc pathways at day 0 between samples from the high and low groups (low group, n = 52; high group, n = 52).
p values were adjusted by the BH method to control FDR. FDR-adjusted p < 0.01 is shown.
(l) Correlation heatmap of differentially enriched MetaCyc pathways at day 0, with the clinical characteristics at day 42. Pearson correlation analysis with FDR-

adjusted p < 0.05 is shown (n = 207). *p < 0.05, **p < 0.01, **p < 0.001.
See also Figures S2 and S3 and Table S4.
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Figure 4. Fecal and serum levels of SCFAs correlated with BBIBP-CorV vaccine response
(A) Correlation heatmap of fecal levels of SCFAs with clinical characteristics at day 42 (n = 45). Pearson correlation analysis with FDR-adjusted p < 0.05 is shown.

(B) Correlation dot plot of fecal levels SCFAs with levels of ACE2-RBD inhibiting antibody at day 42 (n = 45). p values were determined by Pearson correlation
analysis.

(C) Boxplots comparing fecal levels SCFAs between the high and low groups at days 0 and 42 (n = 45). Comparisons between subgroups were performed using
the Mann-Whitney U test.

(legend continued on next page)
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The gut microbiota is well known to be involved in the develop-
ment of immune cells and maintenance of immune re-
sponses,®'*? and intestinal dysbiosis is correlated with immuno-
logical disequilibrium.*® In COVID-19 patients, a balanced gut
microbiome may be important in maintaining an optimal immune
response to limit excessive immune reactions, while the disrup-
tion of the gut microbiome may predispose individuals to a se-
vere inflammatory response.’”** Previous studies have shown
that the gut microbiome is disturbed in COVID-19 patients and
that the microbiota composition is related to serum cytokines,
chemokines, and inflammation markers, indicating that the gut
microbiome may modulate the host immune response and affect
disease severity.'”'® Here, we observed that BBIBP-CorV
vaccination was accompanied by an altered gut microbiome
composition. Previous studies demonstrated that the composi-
tion of gut microbiota and diverse species of microbes could
affect the development and function of the host immune system,
regulate the distinct branches of the adaptive immune system,
and contribute to the activation, polarization, and function of
T cells.®>~*” Emerging evidence reveals a key role for the gut mi-
crobiome in controlling the development and function of various
immune cells and immune responses to vaccination.'®'® Here,
we revealed that several bacterial species were related to altered
immune cells and serum cytokines during the BBIBP-CorV
vaccination. Among these species, B. wadsworthia has been
demonstrated to exacerbate intestinal inflammation and induce
systemic inflammation.>®*° R. torques has been reported to
regulate the immune response in inflammatory bowel disease.*°
In addition, Parabacteroides distasonis may exert protective
effects in various inflammatory diseases,”’ and A. hadrus is
associated with a lower host inflammatory risk.”> However, it
remains unknown whether these altered microbiomes in the
BBIBP-CorV vaccination play an active role in the BBIBP-CorV
vaccine response.

The gut microbiota modulates immune responses to vaccina-
tion, and the roles of the gut microbiome in the immune response
to vaccination have been increasingly considered an attractive
target.”® A close link between the gut microbiota and vaccine
response has been revealed in several observational clinical
studies.*>** Other studies have found that perturbations of the
gut microbiota lead to altered responses to vaccination.'* 54
Moreover, the immune response to vaccines has been closely
associated with prevaccination immune status, which may be
attributed to the gut microbiota profile before vaccination. In the
present study, the baseline characteristics, such as age, BMI,
and clinical parameters, did not differ between the high response
and low response groups, further emphasizing the possible role
of microbiota in the BBIBP-CorV vaccine response. We observed
no differences in o diversity between the two groups, suggesting
that intestinal microbiota diversity is not related to the antibody
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response to the BBIBP-CorV vaccine. However, we observed a
significant difference in the prevaccination microbiome beta diver-
sity and microbiota composition between the two groups. Microbi-
al species, including C. aerofaciens, F. saccharivorans, E. ramulus,
and V. dispar, were significantly enriched in the high response
group. In addition, the increased abundance of C. aerofaciens
and V. dispar was positively correlated with the high levels of
ACE2-RBD inhibiting antibody. Previous studies have reported
that C. aerofaciens augments the T cell response and improves
anti-programmed cell death ligand-1 (PD-L1) therapy efficacy.®
In addition, V. dispar is dominant in the PD-L1 immunotherapy
responder group?’ and is associated with influenza-specific
H1 and H3 IgA antibody responses.*® Although we used machine
learning classifiers to investigate the potential utility of gut microbi-
alin predicting the ACE2-RBD inhibiting antibody response, a lack
of anindependent test cohort is a limitation, further cause-and-ef-
fect study is still needed to investigate the mechanism of how the
microbiota modulates the BBIBP-CorV vaccine response.

The gut microbiota produces various metabolites that can
modulate the immune response.'® A previous study revealed
that antibiotic-driven perturbation of the microbiome affected
the bile acid metabolism and immune responses to the influenza
vaccination.’® In our study, we did not observe significant
changes in the bile acid metabolism pre- and post-vaccination.
Antibiotic use would notably disturb the microbiome and
metabolome, which may lead to this discrepancy. In this study,
we observed that the functional pathways mainly involved in
fatty acid production were positively correlated with the
levels of ACE2-RBD inhibiting antibody. We revealed that
C. aerofaciens was the primary species contributing to the fatty
acid production pathways. C. aerofaciens has recently been
characterized to be a butyric acid-producing bacterium.*°
SCFAs, including acetate, butyrate, propionate, isovaleric acid,
caproic acid, and valeric acid, are the main metabolic products
of bacterial fermentation.’ A previous study has demonstrated
that SCFAs activate B cell metabolism and promote antibody re-
sponses in a mouse model of Citrobacter rodentium infection.*°
A recent study has observed that microbial-derived SCFAs
improve the humoral immune response to seasonal influenza
vaccine.”' Fecal concentrations of SCFAs are significantly lower
in COVID-19 patients, and SARS-CoV-2 infection may be related
to the impaired capacity for SCFA production.®® In the present
study, we observed that several SCFAs displayed a slight but
nonsignificant decrease after the BBIBP-CorV vaccination.
More important, we observed that the fecal and serum levels
of SCFAs were much higher in the high response group
compared to the low response group after vaccination. Because
previous studies demonstrated that SARS-CoV-2 infection
might be related to impaired capacity for SCFA production,®”
we hypothesize that various factors (e.g., dietary changes,

(D) Correlation heatmap of serum concentrations of SCFAs with clinical characteristics at day 42 (n = 45). Pearson correlation analysis with FDR-adjusted p < 0.05

is shown.

(E) Correlation dot plot of serum concentrations SCFAs with levels of ACE2-RBD inhibiting antibody at day 42 (n = 45). p values were determined by Pearson

correlation analysis.

(F) Boxplots comparing serum concentrations SCFAs between the high and low groups at days 0 and 42. Comparisons between subgroups were performed
using the Mann-Whitney U test. DO_Low n = 22, DO_High n = 23, D42_Low n = 22, D42_High n = 23. *p < 0.05, **p < 0.01.

See also Figure S4 and Table S5.

10 Cell Reports Medicine 3, 100752, October 18, 2022



Cell Reports Medicine

microbiota profiles, vaccination) may contribute to the difference
in the SCFAs levels after vaccination. Notably, we observed that
the increased SCFAs levels were positively correlated with the
levels of ACE2-RBD inhibiting antibody, suggesting that SCFAs
may have potential in improving antibody responses during the
BBIBP-CorV vaccination.

Our study demonstrated that the BBIBP-CorV vaccination is
accompanied by altered gut microbiome composition and func-
tional profiles. The gut microbiome and microbiome-related
SCFAs may be associated with the BBIBP-CorV vaccine
response. Our study highlighted the potential link between gut
microbiome function and the BBIBP-CorV vaccine response,
which may help to improve the performance of COVID-19
vaccines.

Limitations of the study

There were several limitations. First, there was a lack of an inde-
pendent validation cohort to validate the potential utility of gut mi-
crobial in predicting antibody response. Second, there was a lack
of information for the ACE2-RBD inhibiting antibody decline after
the second injection. Long-term follow-up is needed in further
research to investigate whether the gut microbiota and its func-
tional metabolites affect the antibody decline. Third, although we
adjusted various covariates that may affect the microbial profile,
information was lacking for dietary habits or diet consumption,
which may affect the microbiota profile and SCFAs production.
Fourth, our data revealed the correlations among the gut micro-
biome, metabolites, and the BBIBP-CorV vaccine response, but
we were unable to differentiate whether the identified correlations
were the cause of or result of vaccination. Cause-and-effect rela-
tionships using a mouse model are needed.
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Mouse-anti-human CD45-APC (clone T29/33) Agilent Cat#C723001; RRID: AB_578595
Biological samples

Serum This paper N/A

Feces This paper N/A

Chemicals, peptides, and recombinant proteins

TIANamp Stool DNA Kit TIANGEN Cat#DP328

phosphoric acid Sigma-Aldrich Cat#345245
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C-reactive protein kit Beckman Coulter Cat#OSR6299
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Coronavirus (2019-nCoV) IgG antibody diagnostic kit Bioscience Co. Cat#20203400183

ACE2-RBD inhibiting assay Bioscience Co. N/A

GC-MS analysis PANOMIX Tech Co. N/A
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Raw sequencing data

National Genomics Data Center

https://ngdc.cncb.ac.cn/gsa/

Software and algorithms

GraphPad Prism v.9
Rv4.0.2

Graphpad
R Core Team

http://graphpad-prism.cn/
https://www.R-project.org/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Shiming

Yang (Yangshiming@tmmu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The published article includes all datasets generated or analyzed during this study. Data relating to the metagenomic sequencing that
support the findings of this study have been uploaded to the National Genomics Data Center (https://ngdc.cncb.ac.cn/gsa/) and are

available via the accession number CRA007947.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study cohort

This study was approved by Ethics Committee of Xingiao Hospital, Third Military Medical University, which was registered at Chinese
Clinical Trial Registry (ChiCTR2100044539). We undertook the study in accordance with the 2013 Declaration of Helsinki. Written
informed consent was signed by all participants before enroliment. Healthy adults aged 18 to 59 years from Xingiao Hospital
were recruited between 1 April 2021 and 1 July 2021. Participants were considered eligible for this research if they met the following
criteria’: General good health as established by medical history and physical examination?; seronegative for serum-specific IgM/IgG
antibodies against SARS-CoV-2°%; Women without pregnancy; Participants are willing to complete the whole research procedure®
Participants have the ability to understand the research procedures, to sign the informed consent voluntarily after explanation, and
can comply with the requirements of the research team. Participants who met the inclusion criteria were further evaluated for the
following exclusion criteria’: Those with positive antibody tests of the COVID-1 9%; Those with fever, fatigue, nasal obstruction,
myalgia, diarrhea, shortness of breath, and dyspnea within 14 days before inoculation®; Those with clinically abnormal parameters
from blood biochemical, blood routine, and urine routine before inoculation*; Those who have experienced severe allergic reactions;
Those receiving immune-enhancement or inhibitor treatment (over 14 days within 3 months®; Those receiving live-attenuated vac-
cines within one month before injection or other vaccines within 14 days before inoculation’; Those receiving antibiotics, probiotics
or other study drugs within 1 month before inoculation®; Those under other conditions not suitable for the study.

The recruited participants received inactivated SARS-CoV-2 Vaccine (BBIBP-CorV) which was developed by the Beijing Institute of
Biological Products (Beijing, China).*® The inactivated SARS-CoV-2 Vaccine (BBIBP-CorV) was approved for clinical use in China and
showed general safety, immunogenicity, and efficacy in previous phase 1/2 clinical trial and phase 3 randomized clinical trial.®' %224
BBIBP-CorV was injected through intramuscular on Days O (first injection) and 28 (second injection) (Figure 1A). Before the second
injection, the following participants were not allowed to be injected for the second injection: Women with positive urine pregnancy
tests; Those with high fever lasting for three days or severe allergic reaction after the first injection; Serious adverse reactions related
to the previous injection; If the investigators found that the participant did not meet the inclusion criteria or the participant met the
exclusion criteria after the first injection; Other reasons for exclusion evaluated by investigators. The local and systemic reactions
were recorded after each injection (Table S2).

The previous literature reported that the bacterial groups were significantly correlated with antibody response of the rotavirus vac-
cine with a minimum correlation coefficient of 0.2.*° Based on the previous study, a sample size of 194 participants was calculated to
be sufficient for a two-tailed significance level of 5% and a power of 80%, assuming a minimum correlation coefficient of 0.2 between
bacterial species and BBIBP-CorV vaccine response.”* This was adjusted to 214 participants to allow for 10% dropouts. We totally
screened 276 participants during the study period. The participants would be withdrawn if any medications, antibiotics or probiotics
were used during the vaccination period (Figure S5). Two participants refused to complete the study after the first injection and were
excluded (Figure S5). After exclusion, 207 participants were included in the final analysis (Figure S5).

Sample processing and storage

Blood and fecal samples from all eligible participants were collected on Days 0, 14 and 42. The experienced nurses drew blood from
the participants in our hospital, and 5-10 mL of blood in anticoagulant was collected from each participant and transported to clinical
laboratory for plasma separation and tests within 2 h. The residual serum was stored in at —80°C until use. Fecal samples were self-
collected in DNA preservative tube, transferred to laboratories within 2 h and stored at—80°C until DNA extraction. Routine blood
tests, blood lymphocyte subsets, T cell subsets and key cytokines were measured on Days 0, 14 and 42. Specific IgG, specific
IgM and neutralizing antibodies were analyzed.

METHOD DETAILS

Fecal genomic DNA extraction

Fecal genomic DNA was extracted from fecal samples using the TIANamp Stool DNA Kit (TTANGEN, Beijing, China) according to the
manufacturer’s instructions. The concentration and purity of the extracted DNA were evaluated using a NanoDrop 2000C spectro-
photometer (Thermo Fisher Scientific, Waltham, USA).

Metagenomic sequencing and data analysis

The libraries were sequenced using the lllumina NovaSeq 6000 platform by Novogene (Tianjin, China). KneadData (v0.7.4) soft-
ware®>°° was used to process the raw sequencing data. KneadData software was run by calling Bowtie2 (v2.4.2)°” to remove
host genome contamination in samples. Trimmomatic (v0.39)°® was used to remove sequencing primers to obtain clean data. Meta-
phlan3 software®® was run to obtain the taxonomic counts in each sample. Functional annotations and pathways were analyzed using
the data files from the HMP Unified Metabolic Analysis Network 3.0 (HUMANN 3.0).>> HUMANN is a method for efficiently and accu-
rately profiling the abundance of microbial functional pathways from metagenomic sequencing data. The clean paired-end
sequencing data were merged into a single fastq file. The HUMANN 3.0 toolkit was run by using the “humann -input myseq*.fq
—output humann3/~threads 32 -memory-use maximum -r -v” command, which calls Bowtie2°” to compare nucleic acid sequence
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and calls DIAMOND®® to compare protein sequences to complete gene/protein function annotation and to obtain MetaCyc pathway
annotation. HUMANN 3.0 quantifies genes and pathways in units of RPKs (reads per kilobase). These account for gene length but not
sample sequencing depth. Humann3 build-in script humann_renorm_table provides the choice to normalize to relative abundance or
copies per million (CPM) units. Both of these represent “total sum scaling (TSS)”-style normalization: in the former case, each sample
is constrained to sum to 1, whereas in the latter case (CPMs) samples are constrained to sum to 1 million (HUMAnNN 3.0 User Manual:
https://github.com/biobakery/humann).

Differences in bacterial abundance and the Metacyc pathway were analyzed using Maaslin2.°® Shannon, Simpson and richness
indices were calculated using the R Community Ecology Package vegan.®’ Weighted Unifrac distance was calculated using
Metaphlan3 R script “Unifrac_distance.r” and root-tree file “mpa_v30_CHOCOPhIAn_201901_species_tree.nwk”. The PCoA results
were calculated and visualized using R build-in functions and the plot3D R package.®® The ANOSIM test was used to calculate the
significance of dissimilarity using the R Community Ecology Package vegan.®' All machine learning classifiers were built by using the
caret R package.®® The ROC-AUC was performed using the pROC R package.>® Pearson correlation and p values were evaluated
using the rcorr function in the Hmisc R package.®”

Detection of antibody response
Serum samples were collected to measure COVID-19 IgG, IgM and the ACE2-RBD inhibiting antibodies. All serum samples were
inactivated at 56°C for 45 min before testing. The levels of IgG and IgM against SARS-CoV-2 were measured using the commercial
magnetic chemiluminescence enzyme immunoassay (MCLIA) kits: Coronavirus (2019-nCoV) IgM/G antibody diagnostic kit (plate
CLIA) supplied by Bioscience Co. (China National Medical Products Administration, approval numbers 20203400183 [IgG] and
20203400182 [IgM]). According to the manufacturer’s instructions, based on the double-antibody sandwich immunoassay, the re-
combinant antigens contain the nucleoprotein and a peptide from the spike protein of SARS-CoV-2, which are conjugated with fluo-
rescein isothiocyanate (FITC) and immobilized on anti-FITC antibody-conjugated magnetic particles. Alkaline phosphatase conju-
gated anti-human IgG/IgM antibody was used as the detection antibody. All tests were performed on an automated magnetic
chemiluminescence analyzer (Axceed 260, Bioscience, China). Associated positively with the measured chemiluminescence values,
the IgM/IgG titers are presented as chemiluminescence values divided by the cutoff (S/CO). If the S/CO value is > 1, the sample is
considered seropositive for IgM or IgG, while if the S/CO value is < 1, the sample is considered seronegative for IgM or IgG.%°
The levels of ACE2-RBD inhibiting antibody were measured using ACE2-RBD inhibiting assay by the commercial MCLIA kits
(Bioscience, China). Briefly, magnetic beads were coated with Human ACE2-hFc, and the recombinant RBD of SARS-CoV-2
were conjugated with Alkaline phosphatase. The assays are two step immunoassays for the quantitative detection. In the first
step, a 20 pL sample and 20 pL of recombinant ACE2-coated magnetic beads were combined. Then, 40 pL of alkaline phospha-
tase-labeled RBD conjugate was added. Following a wash cycle, the substrate was added to the mixture. Then the tests were per-
formed on an automated magnetic chemiluminescence analyzer (Axceed 260, Bioscience, China). The resulting chemiluminescent
reaction was measured as relative light unit (RLU). The calibrators were made from monoclonal antibodies targeting SARS-CoV-2
RBD with designated concentrations and the standard curves were established. The levels of the ACE2-RBD inhibiting antibody
in the sample were determined by comparing the RLU of a sample to the RLU determined from standard curves.®®

Plasma measurements

Blood samples were collected in anticoagulant tube and analyzed within 2 h. The main parameters in the routine blood test including
white blood cell (WBC), neutrophil, lymphocyte, monocyte, eosinophil, basophil, red blood cell and platelet counts as well as hemo-
globin levels, neutrophil ratio, lymphocyte ratio, monocyte ratio, eosinophil ratio and basophil ratio were analyzed using a Sysmex
XN-9000 (Sysmex Co., Kobe, Japan). The ratio of neutrophil, lymphocyte, monocyte was calculated as (ratio %= (counts of neutrophil
or lymphocyte or monocyte/counts of white blood cells)X100%). C-reactive protein (CRP) was tested by a detection kit using an im-
munoquantitative analyzer (FIA8600, Getein Biotech, Nanjing, China). The lymphocyte subsets were detected by lymphocyte detec-
tion kits (Agilent, Santa Clara, USA) using NovoCyte D2040R flow cytometry (ACEA BIO, Hangzhou, China), and the ratio of T cells
was automatically calculated as (ratio %= (counts of total T cells/counts of total lymphocytes) X100%). The cytokines were detected
by the Immulite 1000 (Siemens, Glyn Rhonwy, United Kingdom). Immunoglobulin was tested by IMMAGE 800 (Beckman Coulter,
California, USA) with matched detection kits.

Quantification of fecal and serum SCFAs

Quantification of fecal and serum SCFAs, including acetic acid, propionic acid, butyric acid, isovaleric acid, isobutyric acid, valeric
acid and caproic acid, was detected by GC-MS analysis performed by PANOMIX (Suzhou PANOMIX Biomedical Tech Co., LTD,
China). Briefly, the fecal samples were self-collected and transferred to laboratories within 2 h and stored at—80° until analysis. Blood
samples were obtained and allowed to clot for at least 30 min at room temperature, and then centrifuged at 1300 g for 15 min. The
supernatant was immediately aliquoted and stored at —80°C until use.

Fecal or serum samples were thawed. 0.5 g of fecal sample or 50 pL of serum was added to a centrifuge tube with 50 uL phosphoric
acid (15%), 100 L of the internal standard and 400 uL of diethyl ether. The mixture was the centrifuged for 10 min at 12,000 rpm at
4°C. The supernatant was transferred to a vial for further analysis. SCFAs were detected using an Agilent 7890A gas chromatograph
coupled with an Agilent 5975C mass spectrometric detector (Agilent Technologies, USA) equipped with an HP-5MS column (30 mm
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length x 0.25 mm inner diameter x 0.25 pum film thickness). Helium was used as the carrier gas at a flow rate of 1 mL/min. The initial
oven temperature was held at 90°C for 1 min, ramped to 250 °C at a rate of 10°C/min and held at 250°C for 5 min. The temperatures of
the front inlet, transfer line and electron impact (El) ion source were set as 280, 250 and 230°C, respectively. Data analysis was per-
formed with an Agilent MSD ChemStation (E.02.00.493, Agilent Technologies, Inc., USA). Authentic standards of acetic acid, propi-
onic acid, butyric acid, isobutyric acid, valeric acid, isovaleric acid and caproic acid were diluted in diethyl ether with concentrations
ranging from 0.02 to 500 pg/mL. The standard calibration curves were established using the above standards. Quantification of fecal
and serum SCFAs was based on the standard calibration curves. Samples for method validation were extracted using the standard
method to evaluate within-day repeatability (eight replicates), inter-day repeatability (three different days and six replicates per day),
instrument stability (eight repeat injections of one sample), and accuracy (four replicates).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Differential abundance of species and MetaCyc pathway were screened using Microbiome Multivariable Associations with Linear
Models (Masslin2). Correlation between continuous variables including species abundance, MetaCyc pathway CPMs, ACE2-RBD
inhibiting antibody levels and clinical characteristics were analyzed by using Pearson correlation test. Differences of continuous vari-
ables between two groups were analyzed by using the Wilcoxon’s rank-sum test (two-sided) via R build-in function wilcoxon test.
Welch ANOVA with Games-Howell’s multiple comparisons test was used to evaluate the statistical significance of differences among
three or more groups if equal variances were not assumed. All the analyses and results visualization were performed in R V4.1.2 with
R packages: tidyverse, ggplot2, ggsignif, ggsci, readr, dplyr, readxl, plot3D, masslin2, patchwork, caret, pheatmap, Hmisc, magrittr,
corrplot, vegan, pROC, factoextra, FactoMineR and RColorBrewer. Generalized linear models (GLM) for binominal outcomes (High
group versus Low group) with receiver operating characteristic (ROC) curve was applied to determine the prediction value of the iden-
tified biomarkers. Clinical characteristics tables were generated by using R packages compareGroups. Multiple testing was
corrected using the Benjamini-Hochberg method to control the false-discovery rate (FDR). p value or FDR-corrected p value < 0.05
was considered statistically significant.
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Figure S1. Correlation of clinical characteristics with antibody levels and altered gut microbiome

and functional profile, Related to Figure 1 and Figure 2. (A) Correlation heatmap of baseline clinical



characteristics with ACE2-RBD inhibiting antibody levels at different timepoints (DO, D14, D42)
(n=207). P values were determined by Pearson correlation analysis with FDR corrected. * P<0.05, **P
<0.01, ***P < 0.001. (B) Comparison of alpha diversity (Shannon index) in samples at baseline (DO0)
and samples after the second injection (D42) (n=207). P values were determined by Mann-Whitney U
test. (C) Unweighted Unifrac 3D PCoA (principal coordinate analysis) plot of samples at baseline (D0)
and after the second injection (D42) (n=207). The ANOSIM test was used to calculate the significance
of dissimilarity (ANOSIM, P=0.001). (D) Comparison of the Unweighted Unifrac range of samples
between baseline (D0) and after the second injection (D42) (n=207). The ANOSIM test was used to
calculate the significance of dissimilarity (ANOSIM, P=0.001). (E) Heatmap of differentially enriched
bacteria between baseline samples (D0) and samples after the second injection (D42) (n=207). (F)
Boxplots for comparison of the relative abundance of differentially enriched bacteria in baseline samples
(D0) and samples after the second injection (D42) (n=207). P values were determined by Mann-Whitney
U test. (G) Heatmap of differentially enriched MetaCyc pathways between baseline samples (D0) and
samples after the second injection (D42) (n=207). P values were determined by Mann-Whitney U test.
NS, no significance. (H) Contribution of differentially enriched bacteria to microbial pathways between
baseline samples (D0) and samples after the second injection (D42) (n=207). The abundance of the

microbial pathway was normalized based on relative log expression by DESeq?2.
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Figure S2. Altered gut microbiome and functional profile between samples of High and Low groups

and correlation between MetaCyc pathways and antibody levels, Related to Figure 3. (A)



Comparison of alpha diversity at DO (Shannon index) in samples from the High and Low groups (Low
group, n=52; High group, n=52). P values were determined by Mann-Whitney U test. (B) Heatmap of
differentially enriched bacteria between samples from the High and Low groups at DO (Low group, n=52;
High group, n=52). (C) Boxplots for comparison of relative abundance of differentially enriched bacteria
in samples from the High and Low groups at DO (Low group, n=52; High group, n=52). P values were
determined by Mann-Whitney U test. (D) Heatmap of differentially enriched MetaCyc pathways between
samples from the High and Low groups at DO (Low group, n=52; High group, n=52). P values were
determined by Mann-Whitney U test. (E) Correlation between differentially enriched MetaCyc pathways
at DO and the levels of ACE2-RBD inhibiting antibody at D42 (n=52). P values were determined by

Pearson correlation analysis.
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Figure S3. Contribution of differentially enriched bacteria to microbial pathways and role of gut
microbial and functional pathways in predicting the antibody response, Related to Figure 3. (A)
Contribution of differentially enriched bacteria to microbial pathways between samples of High and Low
groups at DO (Low group, n=52; High group, n=52). The abundance of the microbial pathway was
normalized based on relative log expression by DESeq2. (B) ROC curves of different classifiers
discriminating the High and Low groups by using differential bacteria and MetaCyc pathways at D0 as
independent variables. (C) The ROC curves of the logistic regression models (one of Generalized Linear
Models, GLM) for discriminating High and Low groups by using differential bacteria alone (green curve),
using differential MetaCyc pathways alone (blue curve) and using combined differential bacteria and

MetaCyc pathways (pink curve) at DO as the independent variable of the model, respectively.
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Figure S4. Levels of SCFAs in fecal and serum samples, Related to Figure 4. Boxplots for comparing
short-chain fatty acids in fecal (A) and serum (B) samples between High and Low groups at DO and D42

(Low group, n=52; High group, n=52). Comparisons between subgroups were performed using Mann-

Whitney U test.
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276 participants screened

57 excluded
26 abnormal laboratory test
5 physical examination failure
8 allergic to some medications
2 with pregnancy
9 informed consent failure
7 others

A 4

A 4

219 participants included for first injection

7 withdrew
2 used antibiotics
> 2 used probiotics
1 used other medications
2 refused to continue

A 4

212 participants included for second injection

5 withdrew
2 used antibiotics
1 used probiotics
2 used other medications

v

207 participants included in final analysis

Figure SS5. Flow of participants recruitment, Related to STAR Methods. 276 participants were
screened. 57 participants were excluded including 26 abnormal laboratory test, 5 physical examination
failure, 8 allergic history, 2 with early pregnancy, 9 informed consent failure, and 7 other reasons. 219
participants received the first vaccination, finished all safety visits, and provide blood and fecal samples
at indicated timepoint. 7 participants quit the study before the second vaccination (2 with antibiotics use,
2 with probiotics use, 1 with other medications, and 2 refused to continue). 212 participants received the
second vaccination and provide blood and fecal samples at indicated timepoint. During the follow-up, 5
participants were withdrawn because of antibiotics, probiotics and other medications use. 207

participants were included in the final analysis.
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