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Abstract 

Background Many studies have demonstrated the association between intestinal microbiota and joint diseases. The 
“gut-joint axis” also has potential roles in chikungunya virus (CHIKV) infection. Pro-inflammatory arthritis after CHIKV 
infection might disrupt host homeostasis and lead to dysbacteriosis. This study investigated the characteristics of fecal 
and gut microbiota, intestinal metabolites, and the changes in gene regulation of intestinal tissues after CHIKV infec-
tion using multi-omics analysis to explore the involvement of gut microbiota in the pathogenesis of CHIKV infection.

Results CHIKV infection increases the systemic burden of inflammation in the GI system of infected animals. Moreo-
ver, infection-induced alterations in GI microbiota and metabolites may be indirectly involved in the modulation of GI 
and bone inflammation after CHIKV infection, including the modulation of inflammasomes and interleukin-17 inflam-
matory cytokine levels.

Conclusion Our results suggest that the GI tract and its microbes are involved in the modulation of CHIKV infection, 
which could serve as an indicator for the adjuvant treatment of CHIKV infection.
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Introduction
Chikungunya virus (CHIKV) belongs to the Alphavi-
rus genus within the family Togaviridae and is an envel-
oped, icosahedral, and RNA arthropod-borne virus [1]. 
It (CHIKV) is sensitive to dryness and high tempera-
tures (> 58  °C) [2], and the area where the virus is pre-
sent spreads with the distribution expansion of mosquito 
vectors (Aedes aegypti and Aedes albopictus) [3]. Moreo-
ver, it circulates in a human-mosquito-human transmis-
sion cycle. Three main lineages with different genetic and 
antigenic characteristics have been identified: the African 
(West African and East/central South African), Indian 
Ocean, and Asian lineages [4].

CHIKV has a diameter of approximately 70 nm [5]. It 
possesses a positive-sense RNA genome of 11.5  kb that 
encodes four non-structural proteins (nsPs), including 
methyltransferase (nsP1), protease and helicase (nsP2), 
ADP-ribohydrolase (nsP3), and RNA-dependent RNA 
polymerase (nsP4), as well as three structural proteins 
(envelope glycoproteins, E1, and E2) and two small pep-
tides (E3 and 6  K) [6]. The main targets of CHIKV are 
synovial macrophages, muscle cells, and synovial fibro-
blasts. CHIKV infection leads to chikungunya fever, 
characterized by symptoms such as fever (body tempera-
ture > 38.9 °C), muscle stiffness, and debilitating joint dis-
eases [7]. While CHIKV infection is non-lethal (mortality 
rate < 0.5%) [8], its strong infectivity and the high number 
of infected individuals have severely affected their quality 
of life and social development [9]. Since 1950, more than 
one million people have been affected by CHIKV infec-
tion, primarily in Southeast Asian and European coun-
tries, and the infection continues to spread [10].

As the “second genome” of animals, the complex sym-
biotic microbiota in the gastrointestinal (GI) tract plays 
a crucial role in host nutrition absorption and immu-
nity [11]. It is considered an “organ” with endocrine and 
immune functions, which are directly related to viral 
infections [12], regulation of cellular inflammation [13], 
and immune cell maturation [14], such as promoting the 
development and maturation of Th1, Th2, Th17, and reg-
ulatory T cells (Tregs) [15].

Inflammatory cytokine storms stimulate bone deg-
radation and joint damage, which are the key drivers 
of arthritis [16]. However, the mechanisms underlying 
CHIKV-induced arthritis remain unclear. The pro-inflam-
matory arthritis observed in CHIKV-infected patients is 
highly similar to rheumatoid arthritis (RA), both in terms 
of pathology and gene expression, and is characterized 
by pro-inflammatory cytokine- and chemokine-driven 
inflammatory responses [17]. RA has genetic compo-
nents, with a heritability of approximately 60%. In par-
ticular, the “shared epitope” of HLA-DRB1 alleles has 
been reported to be associated with the pathogenesis of 

RA [18]. Moreover, growing evidence suggests that dys-
biosis of the gut microbiota plays a significant role in the 
immune regulation defects in RA. Hager et al. found that 
gut microbial dysbiosis was observed in most patients 
with RA, and supplementation with a high-fiber diet or 
short-chain fatty acids (SCFAs) increased the number 
of Tregs and the Th1/Th17 ratio to enhance the anti-
inflammatory process, reduce arthritis, and inhibit bone 
loss [19]. Furthermore, many studies have demonstrated 
the association of intestinal microflora with joint diseases 
such as osteoarthritis, RA, and secondary arthritis, sug-
gesting a “gut-joint axis” [20, 21]. Microbial metabolites 
(microbe-associated molecules) enter the systemic circu-
lation through the gut barrier and trigger pro-inflamma-
tory responses in resident immune cells, leading to joint 
inflammation [22]. Therefore, although CHIKV is not an 
enteric virus, we hypothesized that CHIKV infection may 
lead to systemic inflammation and disrupt host homeo-
stasis, resulting in dysbacteriosis and altered metabolite 
profiles that affect immunoregulatory processes and pro-
mote (or alleviate) joint inflammation. Furthermore, the 
intestinal tract may also be involved in synergistic immu-
nity after CHIKV infection. To test this hypothesis, This 
study investigated the characteristics of fecal and gut 
microbiota (composition, structure, and metabolism) 
and the changes in gene regulation of intestinal tissues 
at the transcriptional level after CHIKV infection using a 
multi-omics analysis based on an established non-human 
primate (NHP) model to explore the involvement of gut 
microbiota in the pathogenesis of CHIKV infection.

CHIKV has become a significant public health burden. 
However, there are currently no officially approved drugs 
for its prevention or treatment, the findings of this study 
can facilitate our understanding of the role of gut micro-
biota in viral infections and provide a theoretical basis for 
diverse treatment strategies for chikungunya fever.

Materials and methods
Statements of animal ethics and biosafety
According to the classification of CHIKV pathogenic-
ity, all experiments involving live CHIKV and animal 
challenges were conducted in an animal biosafety level 
3 laboratory. All animal procedures were approved by 
the Institutional Animal Care and Use Committee of the 
Institute of Medical Biology, Chinese Academy of Medi-
cal Science (approval number: DWSP20210006).

CHIKV strains and animal experimental procedures
Six rhesus monkeys were randomized into a negative 
control (NC) group (treatment with phosphate-buffered 
saline; NC1, female, 12  years old; NC2, male, 9  years 
old; NC3, male, 12 years old) and a challenge group (C1, 
female, 14  years old; C2, male, 8  years old; C3, male, 
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7 years old). Each animal was housed separately and fed 
commercial monkey chow and fruit. Before CHIKV chal-
lenge all rhesus monkeys received background testing 
to ensure that they were not infected with CHIKV and 
free of basic diseases such as arthritis and digestive sys-
tem diseases. The animals were challenged with CHIKV 
at a dose of 2 ×  107 PFU through leg muscle injections, 
and fresh feces were collected daily for seven consecu-
tive days. At 7  dpi, all animals were anesthetized and 
dissected. The small and large intestine contents were 
carefully extracted and separated into two parts for 
microbial metagenome and untargeted metabolomics 
analyses. All experiments were performed on a super 
clean workbench to prevent contamination. Tissues 
(small and large intestine, and blood) were harvested for 
histological and transcriptomic analyses. Further details 
are presented in Fig. 1A.

Determination of viral load in intestinal contents and other 
tissues
The Direct-zol RNA Miniprep Extraction Kit (Zymo 
Research, Catalog no. R2052) was used for viral RNA 
extraction from tissues according to the manufactur-
er’s instructions. Viral RNA (E1 gene) was used for the 
standard curve to quantify the genomic RNA of CHIKV 
in each tissue, blood, or fecal content by calculating the 
copy number. The primers included CHIKV E1F (CTC 
ATA CCG CAT CCG CAT CAG), E1R (ACA TTG GCC CCA 
CAA TGA ATTTG), and CHIKV E1 Probe (FAM-TCC 
TTA ACT GTG ACG GCA TGG TCG CC-BHQ1).

Histopathologic analysis
Tissue samples (except ankles) were fixed in 10% neu-
tral-buffered formalin for at least 10  days after col-
lection. Subsequently, all tissues underwent paraffin 
sectioning and were stained with hematoxylin and 
eosin (H&E) for histopathological analysis. The stained 
sections were scanned using 3D HISTECH(Hungary). 
Pathological evaluations were statistically analyzed 

after scoring by experienced pathologists based on his-
tological lesions (0, absent; 1, slight; 2, mild; 3, moder-
ate; and 4, severe) and inflammatory cell infiltration (0, 
absent; 1, slight; 2, mild; 3, moderate; and 4, severe).

Immunofluorescence analysis
Tissue samples were embedded in paraffin, cut into 
3-μm sections, and incubated with primary antibodies 
anti-ZO-1 (ThermoFisher, Catalog no. 33–9100; 1:100), 
anti-EpCAM (Abcam, Catalog no. ab282457; 1:100), 
anti-CD4 (Abcam, Catalog no. ab133616; 1:5000), and 
CD68 (Catalog no. GB113150; 1:500). Following the 
addition of the corresponding fluorescent-conjugated 
secondary antibodies, the sections were counterstained 
with DAPI and scanned on the 3D HISTECH system 
(3DHISTECH). Positively-stained cells on each slide 
were identified using the artificial intelligence image 
analysis software, Aipathwell (Service Bio). The staining 
index on each slide was calculated as the percentage of 
positive cells over the total number of cells and plotted 
using GraphPad Prism software (version 8.0).

Alcian blue and periodic acid–Schiff staining
GI fragment tissues were embedded in paraffin, cut 
into 3-μm sections, and stained with Alcian blue and 
Periodic Acid-Schiff (AB-PAS) staining kit (Cata-
log no. G1049, Solar Bio) according to the manufac-
turer’s instructions. The stained slides were scanned 
using a 3D HISTECH system, and goblet cells on each 
slide were counted as previously described [12]. The 
slides were equally divided into four parts, in which 
five crypts were randomly selected to count the goblet 
cells. Only goblet cells ≥ 150  μm from the surface epi-
thelium of the crypts (longitudinally cut) were counted. 
The significance of the differences was calculated using 
Welch’s t test and plotted using GraphPad Prism soft-
ware (version 8.0).

Fig. 1 Histopathological analysis of the GI tissues in rhesus monkeys challenged with CHIKV. A Six rhesus monkeys were randomized 
into a negative control group (NC; treatment with phosphate-buffered saline) and a challenge group. The animals were challenged with CHIKV 
at a dose of 2 ×  107 PFU through leg muscle injections. Fresh fecal and blood samples were collected daily for seven consecutive days. On day 7, all 
animals were euthanized and dissected for the collection of GI contents and tissues, followed by the evaluation of viral load, pathological histology, 
transcriptomics, 16S rRNA sequencing, microbial metagenomics, and metabolomics. This figure was prepared using the online software Figdraw 
(Copyright No. ATTTWb24b7). B Viral genomic RNA was detected in the tissues and feces of CHIKV-infected monkeys. At 7 dpi, the animals were 
euthanized and dissected. Blood, GI tissues, and GI contents/feces were collected for analysis of viral RNA via qRT-PCR as described in the Materials 
and Methods section. C Severity index of histopathology of the indicated tissues. The evaluation of the severity index is described in the Materials 
and Methods section. *(Welch’s t test; *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001). D Left, mucosal barrier integrity of the GI tract was evaluated 
using AB-PAS staining as described in the “Materials and methods” section. Compared with the NC group, a significant difference in goblet cell 
count in the GI tissues of variant-infected animals was indicated by Welch’s t test and plotted using GraphPad Prism 8.0. *(*P < 0 .05, **P < 0.01, 
***P < 0.005, ****P < 0.001). Right, representative images (Supplemental Figure S1B); CHIKV-1, infected monkey No.1; CHIKV-3, infected monkey No. 3

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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16 s rRNA sequencing regarding the dynamic changes 
in microbial communities in feces after CHIKV challenge
Fecal samples were collected directly using a DNA/
RNA Shield™ Lysis Tube (ZymoBIOMICSTM, Catalog 
no. R1103-50) to inactivate the virus. Accordingly, fecal 
microbial DNA was extracted using a DNA Miniprep 
Kit (ZymoBIOMICSTM, Catalog no. D4300), accord-
ing to the manufacturer’s instructions. DNA quality and 
concentration were assayed using agarose gel electro-
phoresis and a NanoDrop ND2000 spectrophotometer 
(Thermo Scientific Inc., USA). Fecal bacterial 16S rRNA 
genes (V3–V4) were amplified with primer 338F-806R 
(5′-ACT CCT ACG GGA GGC AGC AG-3′; 5′-GGA CTA 
CHVGGG TWT CTAAT-3′) using ABI GeneAmp® 
9700 PCR thermocycler (ABI, CA, USA) with the fol-
lowing PCR reaction mixtures: 10  μl 2 × Phanta Mas-
ter Mix, 0.8  μl forward primer (5  μM), 0.8  μl reverse 
primer (5  μM), 10  ng of template DNA, and ddH2O to 
a final volume of 20 µL. The PCR conditions were as fol-
lows: initial denaturation at 95 ℃ for 3 min, followed by 
30 cycles of denaturation at 95 ℃ for 30  s, annealing at 
55 ℃ for 30 s, extension at 72 ℃ for 45 s, single extension 
at 72 ℃ for 10 min, and cooling at 10℃. All samples were 
amplified in triplicate to meet technical repetition and 
were quantified using Quantus™ Fluorometer (Promega, 
USA) after purification with 2% agarose gel. After puri-
fication, sequencing libraries of the PCR products were 
generated using a NEXTFLEX Rapid DNA-Seq Kit (Cata-
log no. NOVA-5144, Bioo Scientific, Austin, TX, USA) 
in the following procedures: (i). Ligation of the adaptor, 
(ii) removal of the splice self-attachment fragment using 
magnetic bead screening, (iii) enrichment of the library 
template using PCR amplification, and (iv) PCR product 
recovery using magnetic beads to obtain the final library 
and sequencing on Illumina PE300 with assistance from 
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, 
China).

Following demultiplexing, the raw data were quality-
filtered using FASTQ (https:// github. com/ OpenG ene/ 
fastp, version 0.20.0) and merged using FLASH (http:// 
www. cbcb. umd. edu/ softw are/ flash, version 1.2.11). 
Sequencing reads pairing, quality filtering, and chimera 
removal were conducted using DADA2 (QIIME2 pipeline 
[version 2022.11]) to obtain a feature table, that is, ampli-
con sequence variants (ASVs). The number of sequences 
in each sample was normalized to the minimum number 
of sequences to eliminate the effect of sequencing depth. 
To increase the accuracy of the microbial annotation, a 
16S rRNA 99% packet (V138) from the SILVA database 
(https:// www. arb- silva. de/ downl oad/ archi ve/ qiime) was 
used for classifier self-training (Naive-bayes) according to 
our primer sequences. Subsequently, ASVs were assigned 
taxonomically using a self-training classifier. Mothur 

v1.40.5 (http:// www. mothur. org/ wiki/ Calcu lators, ver-
sion 1.40.5) was used for dilution curve plotting and 
alpha diversity calculation for the ASVs. The Wilcoxon 
rank-sum test was used to analyze the differences in 
alpha diversity and abundance between the two groups. 
Beta diversity was assessed using principal coordinate 
analysis (PCoA) via the Vegan v2.5–3 package. Moreover, 
cluster significance was determined using PERMANOVA 
(permutational analysis of variance). Matrix correlations 
were assessed using the Pheatmap package (v1.0.12) in R.

Compositional and functional analysis of intestinal 
contents via metagenomic sequencing
Following the manufacturer’s instructions, 0.5  g of the 
intestinal contents were used to extract total DNA using 
a PF Mag-Bind Stool DNA Kit (Omega Bio-tek, Nor-
cross, GA, USA). The DNA quality (concentration and 
purity) was assessed using 1% agarose gel electrophoresis 
and a NanoDrop ND2000 spectrophotometer (Thermo 
Scientific Inc., USA). For paired-end library construc-
tion, DNA extracts were fragmented into an average 
size of 400 bp and constructed using NEXTFLEX Rapid 
DNA-Seq (BioScientific, Austin, TX, USA). Majorbio 
Bio-Pharm Technology Co., Ltd. (Shanghai, China) per-
formed paired-end sequencing on an Illumina NovaSeq 
6000 (Illumina Inc., San Diego, CA, USA) using the 
NovaSeq 6000 S4 Reagent Kit. Raw data processing was 
performed using FASTQ (trimmed of adaptors and low-
quality reads [length < 50 bp, quality value < 20, or having 
N bases] were removed). The host genome was removed 
using the BWA (http:// bio- bwa. sourc eforge. net, ver-
sion 0.7.17). Quality-filtered data were assembled using 
Multiple_MEGAHIT (https:// github. com/ voutcn/ megah 
it, version 1.1.2), and contigs with lengths > 300 bp were 
retained. Prodigal and CD-HIT (http:// weizh ongli- lab. 
org/ cd- hit/, version 4.7) were used for open reading 
frames prediction and non-redundant gene sit construc-
tion (90% sequence identity, 90% coverage), respectively. 
High-quality reads from each sample were matched to a 
non-redundant gene set (95% identity) to calculate gene 
abundance using SOAPaligner (https:// github. com/ Shuji 
aHuang/ SOAPa ligner, version soap2.21release). DIA-
MOND (http:// ab. inf. uni- tuebi ngen. de/ softw are/ diamo 
nd/, version 2.0.13) was used to align the non-redundant 
genes (e-value cutoff of 1 ×  10−5, best-hit) with the NCBI 
NR database for microbial annotation, and gene function 
(COG, KEGG, VFDB, and CAZy) in each database.

Non‑targeted metabolomics of intestinal contents via LC–
MS
In a 2-ml centrifuge tube, 100  mg of the sample was 
added and ground with 6 mm grinding beads for 6 min 
(-10  °C, 50  Hz). Metabolites in the intestinal contents 

https://github.com/OpenGene/fastp
https://github.com/OpenGene/fastp
http://www.cbcb.umd.edu/software/flash
http://www.cbcb.umd.edu/software/flash
https://www.arb-silva.de/download/archive/qiime
http://www.mothur.org/wiki/Calculators
http://bio-bwa.sourceforge.net
https://github.com/voutcn/megahit
https://github.com/voutcn/megahit
http://weizhongli-lab.org/cd-hit/
http://weizhongli-lab.org/cd-hit/
https://github.com/ShujiaHuang/SOAPaligner
https://github.com/ShujiaHuang/SOAPaligner
http://ab.inf.uni-tuebingen.de/software/diamond/
http://ab.inf.uni-tuebingen.de/software/diamond/
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were extracted using a methanol:water solution (4:1) con-
taining 0.02 mg/ml of the internal standard (L-2-chloro-
phenylalanine). The LC–MS analysis was performed on 
a Thermo UHPLC-Q Exactive HF-X system equipped 
with an ACQUITY HSS T3 column (100  mm × 2.1  mm 
i.d., 1.8 μm; Waters, USA). The chromatographic condi-
tions were as follows: the mobile phase consisted of 0.1% 
formic acid in water:acetonitrile (95%:5%) (solvent A) 
and 0.1% formic acid in acetonitrile:isopropanol:water 
(47.5%:47.5%:5%) (solvent B). The flow rate was 0.40 mL/
min, and the column temperature was 40℃. The injection 
volume was 3 μl. The MS conditions were as follows: The 
mass spectrometric data were collected using a Thermo 
UHPLC-Q Exactive HF-X Mass Spectrometer equipped 
with an electrospray ionization source operating in posi-
tive and negative modes and under the optimal condi-
tions [source temperature, 425 ℃; sheath gas flow rate, 
50 arb; aux gas flow rate, 13 arb; ion-spray voltage float-
ing, − 3500  V in negative mode and 3500  V in positive 
mode; and normalized collision energy, 20–40–60 V roll-
ing for MS/MS]. The full MS resolution was 60,000, and 
the resolution of  MS2 was 7500. Data were acquired using 
the data-dependent acquisition mode. Detection was per-
formed over a mass range of 70–1050 m/z. Raw LC–MS 
data were pretreated using Progenesis QI (Waters Cor-
poration, Milford, USA) to produce a three-dimensional 
data matrix for filtering the internal standard peaks and 
other known false-positive peaks (noise, column bleed, 
and derivatized reagent peaks). Metabolite identification 
was performed using the HMDB database (http:// www. 
hmdb. ca/). Subsequently, the data matrix was processed 
as follows: (i) at least 80% of the metabolic features 
detected in any set of samples were retained. After fil-
tering, the minimum metabolite value was estimated for 
specific samples with metabolite levels below the lower 
limit of quantification, and each metabolic signature was 
normalized to the sum, (ii) the response intensities of the 
sample mass spectrometry peaks were normalized using 
the sum normalization method, and (iii) the variables of 
QC samples with a relative standard deviation > 30% were 
excluded and log10-logarithmized to obtain the final data 
matrix for subsequent analysis.

Transcriptomic analysis of small and large intestine 
contents via Illumina sequencing
Total RNA was extracted from the small and large intes-
tinal tissues using RNeasy Universal Kits (QIAGEN, 
Catalog no. 73404) according to the manufacturer’s 
instructions. RNA quality was determined using 5300 
Bioanalyser (Agilent) and ND2000 (NanoDrop Technolo-
gies). High-quality RNA samples (OD260/280 = 1.8–2.2, 
OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥ 1.0, > 1  μg) were 
used to construct the sequencing library using Illumina 

NovaSeq Reagent Kit according to Illumina’s library 
construction protocol. cDNA fragments of 300  bp were 
size-selected on 2% Low-Range Ultra Agarose and ampli-
fied by PCR using Phusion DNA polymerase (NEB) for 
15  cycles. The RNA-seq library was sequenced using 
the NovaSeq 6000 system with assistance from Major-
bio Bio-Pharm Technology Co., Ltd. (Shanghai, China). 
The initial processing of raw data was performed using 
FASTQ under default parameters. Subsequently, clean 
reads were assembled and mapped with the reference 
genome (Macaca mulatta Mmul_10) using StringTie 
(version 2.2.0) HISAT3-N. The expression level of each 
transcript was calculated according to the transcripts 
per million reads method using RSEM (version 1.3.3) to 
normalize and quantify gene abundance. Differentially 
expressed genes (DEGs; |log2

FC|≥ 2 and FDR ≤ 0.05) 
were identified using the R statistical package software 
EdgeR (Empirical Analysis of Digital Gene Expression 
in R). Functional enrichment analysis, including GO and 
KEGG, was performed to determine gene function (GO) 
and involved pathways (KEGG) using GOATOOLS and 
KOBAS, respectively.

Results
Variations in histopathologic changes in gastrointestinal 
tissues caused by CHIKV infection
To confirm the successful construction of the NHP 
model of CHIKV infection, whole blood was sequen-
tially collected for 7 days for viremia testing. The results 
showed that the peaks of viremia reached the first 
1–2 days post-infection of rhesus macaques and resolved 
within 4 days (Fig. 1B), consistent with previous trends in 
the rhesus macaque model of CHIKV infection [23]. To 
further understand the effects of CHIKV infection on the 
digestive system, tissues from nine fragments of the GI 
tract were harvested for further analysis to evaluate his-
topathological damage (Supplemental Figure S1A). The 
results showed that in the GI system, CHIKV infection 
may have the potential to damage the stomach, Peyer’s 
patch, and part of the large intestine (descending colon 
and rectum), mainly including the infiltration of inflam-
matory cells and necrolysis of the mucosal epithelium. 
However, this was not significant (Fig.  1C and Supple-
mental Figure S1A). GI tract function was evaluated 
using AB-PAS staining for mucin (goblet cells) (Fig. 1D). 
Except in the duodenum, mucin levels increased in 
both the small and large intestines, especially in the 
cecum (significantly higher), after CHIKV infection. 
These results revealed that although arboviruses, such 
as CHIKV, cause muscle infections, they also cause mild 
variations in the histopathological changes in the GI 
system. However, more animal numbers are needed for 
validation.

http://www.hmdb.ca/
http://www.hmdb.ca/
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CHIKV infection shows the potential to affect fecal 
microbiota
We hypothesized that GI damage caused by CHIKV 
infection may affect the gut microbiota. To test 
this hypothesis, we first characterized fecal micro-
bial dynamics before and after CHIKV infection for 
7  days through high-throughput sequencing of the 
fecal microbial 16S ribosomal RNA gene (V4–V5) to 
explore trends in fecal microbial changes. The results 
showed that CHIKV infection did not cause significant 
differences in alpha diversity, including community 
richness (Sobs index) and diversity (Shannon index). 
However, the community richness of fecal microorgan-
isms tended to continuously decrease after infection. 
Correlation analysis further validated the negative cor-
relation between viremia (viral load) and Sobs index 
(Fig.  2A). Furthermore, partial least squares discrimi-
nant analysis (PLS-DA) showed that after infection, 
fecal microorganisms had a tendency to form a clus-
ter that was (non-significantly) distinct from days 0, 
especially on days 1–3 (Fig. 2B). This may indicate that 
CHIKV infection slightly altered the microbial com-
munity structure in rhesus monkey feces. At the genus 
level, Prevotella and Christensenellaceae_R-7_group 
had the highest abundance in feces. Notably, after 
infection, among the top 35 genera, the abundance of 
Prevotella, Sarcina, Parabacteroides, and f_Muribacu-
laceae gradually increased throughout infection and 
showed a positive correlation with viremia (high viral 
load). The opposite trend was observed for Anaero-
stipes and Lactobacillus. Furthermore, Akkerman-
sia showed a high increase in abundance during days 
1 to 3 and declined during days 4 to 7 post-infection 
(Fig.  2C). These results indicated that fecal micro-
biota (composition and structure) may be affected by 
CHIKV infection, particularly during the peak phase 
of viremia. However, these data are only representative 
of the terminal end of the intestine.

Altered composition and function of GI microbiota 
in rhesus monkeys infected with CHIKV
To compensate for the underrepresentation of the fecal 
microbiome, metagenomics analysis of the microbiome 
in the small intestine (duodenum, jejunum, and ileum) 
and large intestine (cecum, ascending colon, transverse 
colon, descending colon, and rectum) contents was con-
ducted to further characterize the overall microbial land-
scape of the GI tract after CHIKV infection.

PCoA showed infection-induced alterations in the 
microbiota of the small and large intestinal segments 
(PERMANOVA, P < 0.05, R2 > 0.5) (Fig.  3A). The com-
position analysis of microbes at the species level showed 
that after CHIKV infection, among the high-abundance 
species (top 30), Butyricicoccus intestinisimiae, Strepto-
coccus lutetiensis, Bacilli bacterium, Gemmiger formici-
lis, and Oscillospiraceae bacterium showed significant 
decreases in abundance. Prevotella copri and Bacte-
roides fragilis significantly increased in abundance, 
particularly in the small intestine (Fig.  3B). Moreover, 
the abundance of many probiotic organisms, such as 
Lactobacillus animalis, Lactobacillus salivarius, and 
Lactobacillus fermentum, decreased post-infection (Sup-
plemental Figure  S2A). Furthermore, the occurrence of 
GI, endocrine, nutritional, and metabolic diseases was 
elevated in the large intestines of the infected monkeys. 
However, animal food digestion declined significantly in 
both the small and large intestines post-infection (Sup-
plemental Figure  S2B). Annotation from the virulence 
factors of the pathogenic bacteria database showed that a 
large number of virulence factors were up-regulated after 
infection, especially in the small intestine (Supplemental 
Figure S2C). Analysis of the contribution of virulence fac-
tors (top 5 in abundance) with significantly different (top 
10) microbial species indicated that Prevotella, Bacte-
roides fragilis (small intestine), and Clostridium_sp. (large 
intestine) had the highest contribution to these virulence 
factors related to inflammatory signals, inflammatory 
responses, and pro-inflammatory responses (Supple-
mental Figure S2D). Moreover, several enzyme functions, 

(See figure on next page.)
Fig. 2 Characteristics of the alterations in fecal microbiome in CHIKV-infected monkeys within 7 days. A Left, comparison of the Shannon index 
of fecal microbes at 0 dpi, 1–3 dpi, and 4–7 dpi after infection; middle, comparison of the Sobs index of fecal microbes at 0 dpi, 1–3 dpi, and 4–7 dpi 
after infection. Right, correlation between viral loads (three time periods) and alpha diversity. Levels of correlation were expressed by color density 
in the scale bar above. Correlations were evaluated using the Spearman correlation coefficient. values of the correlation coefficient are shown 
in the box. B Above, partial least squares discriminant analysis (PLS-DA) of fecal microbiota at 0 dpi and 1–3 dpi. Below is the PLS-DA of fecal 
microbiota at 1–3 dpi and 4–7 dpi. Significant differences among clusters were analyzed using PERMANOVA (permutational analysis of variance). 
R2 was used to interpret the degree of difference among the groups. Statistical significance was set at P < 0.05. C Left, heatmap of composition 
and structure of fecal microbes at 0 dpi, 1–3 dpi, and 4–7 dpi at the genus level (top 35). Red genus, increase in relative abundance compared 
to 0 dpi; Green genus, decrease in relative abundance compared to 0 dpi. Right, heatmap of correlations between viral loads (three time periods) 
and the abundance of specific microbiomes (top 35). Levels of correlation were expressed by color density in the scale bar above. Correlations were 
evaluated using the Spearman correlation coefficient. Taxon of fecal microbiota as follow: o__: Order; f__: family
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including those of GT2, GH2, GT41, and EC1 (top 5 in 
abundance), were up-regulated in the small intestine 
after infection. Bacteroides fragilis had the most contri-
bution to GT2 (β-1,3 galactosyltransferase) and GT41 
(UDP-GlcNAc) (Supplemental Figure S2D).

Furthermore, we evaluated whether the CHIKV infec-
tion caused mechanical damage and stimulated intestinal 
epithelial repair. Immunofluorescence staining for zonula 
occludens protein 1 (ZO-1) and epithelial cell adhesion 
molecule (EpCAM) was conducted in each GI segment 
(Fig.  3C and Supplemental Figure S1C). We observed 
that the expression of ZO-1 (except in the rectum and 
Peyer’s patch) and EpCAM (except in the ileum, rec-
tum, and Peyer’s patch) increased in most of the GI seg-
ments after CHIKV infection at 7 dpi. Collectively, these 
results demonstrated that CHIKV infection results in 
an altered structure and composition of the GI microbi-
ota, especially with the high abundance of Prevotella, a 
decrease in probiotics, and an increase in virulence fac-
tors. CHIKV infection may stimulate intestinal epithelial 
repair but does not cause substantial mechanical damage. 
We hypothesize that this may be related to the sampling 
period (7 dpi) after infection.

Distinct profiles of GI metabolites in rhesus monkeys 
post‑CHIKV infection
We hypothesized that alterations in the GI micro-
biota may lead to changes in metabolic products, fol-
lowed by indirect effects on the host immune system. 
Therefore, non-targeted metabolomics of the intes-
tinal contents via LC–MS and a combined analysis of 
metagenomics and metabolomics were conducted to 
investigate the possible relationship between metabo-
lites and microbes. First, PLS-DA clustering confirmed 
the changes in metabolites after CHIKV infection. 
Although the clusters were not clearly separated, 
metabolites in the small and large intestines formed 
distinct clusters after infection (Supplemental Fig-
ure  S3A). Differential metabolite screening via the 
analysis of variables important in projection (VIPs) 
identified tyrphostin 47 and nigakinone in both the 
small and large intestines, the relative abundance of 

which was significantly increased in the GI tract of 
infected monkeys. However, bargustanine and litho-
cholic acid glucuronide levels were significantly 
decreased in the large and small intestines, respectively. 
Moreover, gamma-glutamylcysteine levels significantly 
increased in the small intestine (VIP > 4) (Fig.  4A, B). 
The functions of these differential metabolites were 
significantly enriched (P < 0.05) in autophagy, infec-
tion, and glycosylphosphatidylinositol biosynthesis in 
the large intestine and ferroptosis, secondary bile acid 
biosynthesis, and glutathione metabolism in the small 
intestine (Supplemental Figure S3B).

Further, we conducted a weighted gene co-expression 
network analysis (WGCNA) of metabolites in each intes-
tinal segment and screened for the top 20 hub metabo-
lites for VIP clustering in the green and turquoise (large 
intestine) and brown and grey (small intestine) mod-
ules. We identified lithocholic acid glucuronide and 
gamma-glutamylcysteine in the small intestine (Fig.  4C 
and Supplemental Figure  S3C). Consistently, these hub 
metabolites were mainly enriched in the digestive sys-
tem (bile secretion, protein digestion, and absorption); 
amino acid metabolism (tryptophan metabolism and 
lysine degradation) was enriched in the small intestine, 
and cancer: overview (choline metabolism) and lipid 
metabolism (glycerophospholipid metabolism, biosyn-
thesis of unsaturated fatty acids) were enriched in the 
large intestine (Supplemental Figure S3D). Subsequently, 
we analyzed the variations in SCFAs, tryptophan, and 
bile acids. The results showed that after infection, valeric 
acid levels were significantly increased in the small and 
large intestines, and l-tryptophan, tryptophol, and tryp-
tophan-tyrosine levels were significantly up-regulated 
in the large intestine. Importantly, consistent with our 
results of functional annotation enrichment, the abun-
dance of multiple bile acid metabolites, such as cholic 
acid, deoxycholic acid, taurochenodeoxycholic acid, and 
lithocholic acid glycine conjugate (in the small intestine) 
and 7a-Hydroxy-cholestene-3-one and lithocholic acid 
3-O-glucuronide (in the large intestine), were signifi-
cantly increased (P < 0.05) in the GI system after infection 
(Fig. 4D).

Fig. 3 Microbial beta-diversity, composition, and dominant microorganisms in the GI contents of CHIKV-infected animals. A Principal coordinate 
analysis (PCoA) of the microorganisms in the GI contents. Significant differences among clusters were analyzed using PERMANOVA (Permutational 
analysis of variance). R2 was used to interpret the degree of difference among the groups. Statistical significance was set at P < 0.05. B Composition 
and structure of microbes in the GI content at the species level. The outside left ribbons indicate the level of the genus belonging to this species. 
Red species, increase in relative abundance of microbes in the large or small intestine compared to the negative control (NC) group. Green genus, 
decrease in the relative abundance of microbes in the large or small intestine compared to the NC group (Kruskal–Wallis H test; *P < 0.05). Taxon 
of fecal microbiota as follows: o__: Order; g__: genus. C Above, the epithelial integrity of the GI tract was determined via immunofluorescence 
staining of the zonula occludens (ZO-1) protein and epithelial cell adhesion molecule (EpCAM) as described in the Materials and Methods section, 
*(Welch’s t-test; *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001). Below are representative images (Supplemental Figure S1C)

(See figure on next page.)
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Redundancy and matrix correlation analyses were 
performed to further explore the correlations between 
the GI microbiota, especially microbial species with 
significant differences, and metabolite changes. The 
results of the correlation analysis showed that, in the 
small and large intestines, metabolites with the top 
five VIP values had a higher correlation with micro-
bial species (significantly different), except for bargus-
tanine. Among the species that significantly increased 
in abundance, Prevotella sp. showed a positive cor-
relation with 3a,6b,7b-trihydroxy-5b-cholanoic  acid 
(P < 0.05), glabric acid, 7,8-dihydropteroic acid, and 
tryphostin 47 but showed a negative correlation with 
gamma-glutamylcysteine. After CHIKV infection, most 
of the metabolites (except for 3a,6b,7b-trihydroxy-
5b-cholanoic  acid) were positively correlated with the 
up-regulated microbial species, such as Bacteroides fra-
gilis and Clostridium sp. and vice versa (Supplemental 
Figure S4A).

Furthermore, among the SCFAs and tryptophan 
metabolites, Prevotella sp. showed a significant posi-
tive correlation with up-regulated indoleacrylic acid 
and l-tryptophan levels. However, Oscillospiraceae 
bacterium, Bacilli bacterium, Gemmiger formicilis, 
Butyricicoccus intestinisimlas, and Streptococcus lute-
tiensis showed significant positive correlations with 
SCFAs and breakdown products such as valeric acid, 
2-(20-hydroxyicosa-5,14-dienoylamino)acetic acid, and 
{4-[4-(6-carbamoyl-3,5-dimethylpyrazin-2-yl)phenyl]
cyclohexyl}acetic acid. Moreover, Oscillospiraceae bac-
terium and Bacilli bacterium showed positive correla-
tions with several increased tryptophan metabolites, 
such as tryptophol, 3-hydroxykynurenamine, and tryp-
tophan-tyrosine (Supplemental Figure  S4B–D). These 
results suggest that the alteration of the GI microbiota 
by CHIKV infection also induces changes in metabo-
lites that are involved in the regulation of host metabo-
lism and immune responses.

Immune‑related genes differentially activated in GI tissues 
post‑CHIKV infection
To further understand the GI response to CHIKV infec-
tion, we performed a transcriptomic analysis of each 
GI fragment and whole blood from monkeys. Exactly 
3,157,165,438 clean reads, covering 469,186,616,860 
bases, were produced from 66 specimens of each GI tis-
sue and blood sample from NC and CHIKV-infected 
rhesus monkeys. The Q30 values of all the samples were 
above 90% (minimum, 93.5%), and the ratios of clean 
reads mapped to the reference genomes were over 80%. 
Exactly 1770 DEGs were identified (P < 0.05; FC ≥ 2), of 
which 945 and 816 were up- and downregulated, respec-
tively, in CHIKV-infected monkeys. All DEGs were sig-
nificantly enriched in allograft rejection, autoimmune 
thyroid disease, RA, and cytokine-cytokine receptor 
interactions. Moreover, some DEGs were enriched in the 
NF-kappa B signaling pathway and inflammatory bowel 
disease (IBD) (Supplemental Figure S5A). Notably, DEGs 
in the GI tract were significantly up-regulated for multi-
ple chemokine (CCL3, CCL20, CXCL1, and CXCL5) and 
interleukin (IL-1, I L-6, IL-11, and IL-1β) genes but were 
significantly down-regulated for IFN-γ in the RA path-
way after CHIKV infection. Cluster genes in the Th17-
activated osteoclast pathway, such as IL-6, IL-17A, and 
ATP6V0C, were significantly up-regulated; however, no 
differential expression of RANK or RANKL was observed 
in the GI tract (Fig. 5A).

Furthermore, analysis of the gene set clustered all 
DEGs into 10 subclusters according to the expression 
trends. Among the subclusters, DEGs in subclusters 1, 
3, and 6 and subclusters 2 and 4 were upregulated and 
downregulated, respectively (Supplemental Figure  S5B). 
After infection, the primary functions of the up-regulated 
subclusters were shigellosis (subcluster 1); IL-17 signal-
ing pathway, TNF signaling pathway and rheumatoid 
arthritis (subcluster 3); and glutathione metabolism (sub-
cluster 6) (Supplemental Figure S5C). Therefore, we fur-
ther analyzed gene expression in the protective immunity 

(See figure on next page.)
Fig. 4 Distinct profiles of GI metabolites in rhesus monkeys post-CHIKV infection. A Left, volcano plot of differential metabolites in the large 
intestine. Right, volcano plot of differential metabolites in the small intestine. B Left, heatmap of the abundance of metabolites (top 10 VIP values) 
in the large intestine. Right, heatmap of the abundance of metabolites (top 10 VIP values) in the small intestine. Expression levels are indicated 
by the color density of the scale bar. C Weighted gene co-expression network analysis (WGCNA) was performed to identify the metabolites 
and their correlations with fragments of the GI tract to identify hub metabolites. In the top panel, metabolites that were correlated with fragments 
of the GI tract were clustered to form several modules, as indicated (minModuleSize:30; minKEMtoStay:0.3; mergeCutHeight:0.25; soft power:8). 
Correlation of the modules with specific phenotypes (metabolites in each GI segment of the infected and negative control (NC) monkeys) are 
presented. The numbers in the left column (modules) indicate the number of metabolites in the module. The numbers in the middle box indicate 
the correlation coefficients and p-values (in parentheses) between the modules and phenotypes. Correlation levels were differentiated by the color 
of the scale bar above (red for positive correlation and green for negative correlation) (Supplemental Figure S3C). D Heatmap of the metabolite 
expression of representative SCFAs, tryptophan, and bile acids (red, increased relative abundance compared to the NC group; green, decreased 
relative abundance compared to the NC group; Kruskal–Wallis H test; *P < 0.05)
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of the IL-17 pathway. IL17A (stomach and small and 
large intestine), IL17B (stomach and large intestine), 
IL17C (stomach and large intestine), IL1β (stomach and 
large intestine), IL6 (small and large intestine), CXCL1 
(stomach and large intestine) and CXCL8 (stomach 
and large intestine) were up-regulated in the GI tract 
of infected monkeys, especially in the segment (stom-
ach and large intestine) with the most severe pathology 
(Fig.  5B). Subsequently, to fully understand the inflam-
matory response of the GI tract after CHIKV infection, 
transcriptomic analysis of all interleukin and inflamma-
some genes in blood and GI fragments from monkeys 
was performed. The result showed that interleukin genes 
were up-regulated primarily in the stomach (IL-1α, IL-
1β, IL-10, IL-17A, IL-19, IL-20, IL-22) and small intestine 
(IL-21, IL-22, IL6, IL10, IL-17A) after CHIKV infection. 
However, most immunoregulatory cytokines were down-
regulated in Peyer’s patches. The expression of inflamma-
tory cytokines IL-17A and IL-2 was up-regulated in the 
stomach and small and large intestines of infected mon-
keys. Meanwhile, IL-1α, IL-1β, and IL-6 expression were 
up-regulated in the blood, stomach, and large intestine of 
infected monkeys (Fig. 5C). Furthermore, CHIKV infec-
tion resulted in the down-regulation of NLRP1, NLRP2, 
and NLRP3 expression in both the blood and GI tract, 
whereas NLRP10, NLRP11, NLRP8, NLRP5, and NLRP14 
expression was up-regulated in the stomach, large intes-
tine, and Peyer’s patches.

To further illustrate immune cell infiltration to provide 
more granularity regarding viral infection, host immu-
nity, and cytokine milieu after CHIKV infection in the GI 
tract, CD68 + and CD4 + signatures were used to detect 
macrophages and T lymphocytes, respectively (Sup-
plemental Figure  S6B). We found that CHIKV-infected 
monkeys showed an increased number of CD4 + cells 
in the stomach (significant), jejunum, cecum, transverse 
colon (P < 0.05), rectum, and Peyer’s patches. Further-
more, the infected rhesus monkeys exhibited an increase 
in CD68 expression in the stomach (P < 0.05), cecum, 
descending colon (P < 0.05), rectum (P < 0.05), and Peyer’s 
patches.

Considering the potential role of double-stranded 
RNA viruses, especially CHIKV, and bacterial lipopol-
ysaccharides in the host in interferon modulation, we 
comprehensively analyzed all IFN genes and genes in 
the MYD88 IFN pathway in the GI tract after infec-
tion. The results showed that toll-like receptor (TLR) 
genes were only up-regulated in the stomach (TLR3, 
TLR4, and TLR7) and small intestine (TLR3) of the 
infected monkeys. However, all were down-regulated 
in the large intestine and Peyer’s patches. Correspond-
ingly, TRAM1, TRAM2, and TRAF3 and IFN-γ, IFNG1, 
IFNG2, IFGNR1, and IFGNR2 were up-regulated in the 
stomach and small intestine, respectively (Fig. 5D, E).

Finally, the gene expressions of G3BPs (Ras GTPase-
activating protein-binding protein 2) and MXRA8 
(Matrix remodeling-associated protein 8), which are 
important for CHIKV infection, and FHL1 (four-and-
a-half LIM domain protein 1) and MSR1 (Macrophage 
scavenger receptor 1), which are important for CHIKV 
inhibition, were analyzed in fragments of the GI tract 
after CHIKV infection. We demonstrated that all host 
factors were expressed in the GI tract. The major recep-
tor MXRA8 was primarily and abundantly expressed in 
fragments of the stomach and large intestine (upregu-
lated after infection). However, MXRA8 mRNA was 
also found in other fragments of the GI tract. Further-
more, the expression of G3BP2 (except in the duode-
num and ileum) and FHL1 was down-regulated in the 
GI tract. Although MSR1 expression was up-regulated 
in the colon and ileum, it showed lower expression in 
the GI tract (Supplemental Figure S6A).

Therefore, CHIKV infections may have altered the 
expression levels of major viral receptors in the GI 
tract. Still, multiple chemokine and interleukin genes 
in the Th17 RA pathway were transcriptionally acti-
vated. Particularly, the stomach, cecum, colon, rectum, 
and Peyer’s patch, which are more damaged after infec-
tion, exhibited high inflammation, which may contrib-
ute to controlling viral infections or regulating systemic 
inflammation by the “gut-joint axis.”

Fig. 5 Transcriptomic profile of the fragments in the GI tract post-CHIKV infection. A Enrichment map of the differentially expressed genes 
(DEGs) in the rheumatoid arthritis (RA) pathway. Genes in the red box represent the DEGs enriched in this study. The green arrows indicate genes 
with decreased expression (mean) compared to the negative control (NC) group; the red arrows indicate genes with increased expression (mean) 
compared to the NC group. (*P < 0.05;  Log2

FC > 2). At 7 dpi, the animals were euthanized and dissected. Blood and tissue samples from the GI 
tract were collected for RNA sequencing and transcriptomic analysis, followed by further analysis of genes related to the function of B protective 
immunity of the IL-17 pathway; C interleukins; D interferons (IFNs); and E IFN genes of the MYD88 pathway. Each panel (B, C, D, and E) comprises 
two parts. The heatmap (red-blue) on the left of each panel shows the relative expression of genes (RPKM), and the expression levels are 
indicated by the color scale bar above. The heatmap (red-green) on the right shows the  log2 fold change (infected monkeys vs. NC) of the values 
of differentially expressed levels (mean), and the expression levels are indicated by the color scale bar above

(See figure on next page.)
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Discussion
CHIKV has been globally transmitted to more than 100 
countries and regions, causing millions of infection cases 
and a significant economic burden in affected areas [24]. 
However, no drugs and only one vaccine (IXCHIQ) have 
been officially approved for the prevention and treatment 
of CHIKV infection [10]. Therefore, a comprehensive 
analysis of the immunological and virological mecha-
nisms is an active research area. CHIKV infection leads 
to crippling musculoskeletal inflammatory diseases (per-
sistent arthralgia and arthritis) similar to RA [10]. This 
suggests that the development and progression of CHIKV 
infection may be linked to gut immunity and microbi-
ome. In this study, we performed an integrated analysis of 
fecal and GI microbiota, microbial metabolism, and host 
immune responses in the GI tract after CHIKV infection 
based on an established NHP model. We observed that 
CHIKV infection, although causing only minor damage 
to the digestive system, resulted in alterations in micro-
organisms and metabolites in the GI tract. Our compre-
hensive analysis revealed that the GI tract and microbiota 
may be involved in immunomodulation after CHIKV 
infection (influencing the immune response).

Previous studies have shown that the primary target 
organs of CHIKV infection in rhesus monkeys are the 
liver, spleen, joints, and muscles [25]. In this study, we 
showed that in the GI tract, the major receptors (host fac-
tors), MXRA8, FHL1, and NAP1L1, were highly expressed 
(especially in the stomach and colon segments). MXRA8 
(up-regulated after infection) is the major CHIKV recep-
tor (directly interacting with the CHIKV envelope) that 
interacts with the E1-E2 trimerization protein and facili-
tates CHIKV invasion of host cells [26]. Furthermore, 
FHL1 (down-regulated after infection) interacts with the 
hypervariable domain in CHKnsp3 to inhibit viral repli-
cation [27]. The stomach, descending colon, and rectum 
of CHIKV-infected monkeys in this study showed greater 
pathological damage and increased ZO-1 expression, 
which may reflect the potential of CHIKV to infect GI 
tissues, especially the stomach and large intestine, and 
stimulate the repair of GI tissues following injury. How-
ever, the viral loads were not detected in GI tissues and 
feces, and EpCAM expression was increased. The peak 
time of viremia (viral accumulation was measured) in 
the NHP infection model in this study (1–3 dpi) aligned 
with that of the study by Messaoudi et  al. that detected 
gradual recovery at 3  dpi after infection. Therefore, we 
speculate that this may be related to the non-acute phase 
of CHIKV infection [23].

In this study, fecal microbiota did not significantly 
change post-CHIKV infection, and only trends could be 
observed. The fact that fecal microbiota was underrepre-
sented might have been the main cause of this result [28]. 

In the feces, after CHIKV infection, the abundance of 
Akkermansia increased (positively correlated with high 
viral loads) at 1–3  dpi and then decreased. Prevotella 
and Muribaculacea abundance consistently increased 
(positively correlated with high viral loads), and that of 
microorganisms associated with SCFA metabolism, such 
as NK4A214_group and Anaerostipes, also decreased 
(negatively correlated with high viral loads) [29]. A high 
abundance of Prevotella has been shown to decrease 
SFCA levels and is related to Th17-mediated mucosal 
inflammation [30, 31]. Muribaculaceae contributes to 
the inhibition of intestinal barrier dysfunction, IBD, 
and lipid metabolism disorder [32]. Akkermansia is an 
intestinal probiotic that decreases in abundance with 
enteritis progression. Bae et al. found that a decrease in 
Akkermansia abundance leads to thinning of the intes-
tinal mucosal layer and compromises the barrier func-
tion [33]. Furthermore, most GI tract fragments at 7 dpi 
showed an increase in the number of mucin-secreting 
goblet cells compared to those in the NC group. This may 
reflect a synergistic host defense against viral infections 
by microbes [34]. The abundance of microorganisms in 
the GI tract further compensates for the underrepre-
sentation of fecal microorganisms [28]. Consistent with 
the fecal microbiota results, the abundance of multi-
ple species of Prevotella, especially Prevotella copri, 
increased in both the small (P < 0.05) and large intestines 
after CHIKV infection. The positive relevance of highly 
abundant P. copri to RA and ankylosing spondylitis has 
been demonstrated repeatedly because of the sequence 
homology between RA-specific autoantigens (N-acetyl-
glucosamine-6-sulfatase and filamin A) and epitopes 
(sulfatase proteins) of P. copri proteins [35]. The epitopes 
are also regarded as potential biomarkers for RA and SA 
[36, 37].

Moreover, Prevotella is known to activate various 
immune cells/factors such as mucosal T cells, Th17, and 
IFN-γ [38]. IL-17 is mainly secreted by Th17, and IL-
17A induces epithelial cells to secrete pro-inflammatory 
cytokines and chemokines to maintain inflammation and 
promote the formation of fibroblast-like synoviocytes and 
osteoclasts, which trigger osteoarticular inflammation 
and bone damage [39, 40]. The contribution of IL-17 to 
persistent joint inflammation after CHIKV infection has 
been reported [41–43]. In this study, after CHIKV infec-
tion, IL-17A and IL-17B expression were up-regulated in 
the GI tract. Moreover, 10 DEGs were enriched in the RA 
pathway of Th17. The number of CD4 + T cells (impor-
tant effectors of joint inflammation) also increased, con-
sistent with the findings of Liu et al. [42].

Additionally, the key feature of the dominance of P. 
copri in the GI tract was the transfer of Bacteroides 
[38]. In this study, we found a significant increase in the 
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abundance of Bacteroides fragilis in the large intestine 
after infection. On the one hand, Bacteroides fragilis is 
an important regulatory molecule of Tregs [44]. On the 
other hand, the function of purine metabolism is signifi-
cantly reduced in Prevotella-dominated microbiomes. A 
high abundance of Bacteroides fragilis can increase dihy-
drofolate synthesis, which regulates joint inflammation 
[38]. We hypothesized that the dominant microbial bias 
caused by CHIKV infection, especially Prevotella, may 
be involved in joint inflammation due to the immune 
activation of Th17 cells after infection. However, further 
studies are needed to demonstrate the role of IL-17 in the 
antiviral response to CHIKV infection, particularly in the 
gut-joint axis.

Microorganisms associated with the secretion of 
SCFAs (especially butyric acid) and antimicrobial pep-
tides are down-regulated in the GI tract after infection. 
These include Butyricicoccus intestinisimiae [45], Oscillo-
spiraceae_bacterium [46], Gemmiger formicilis, and Strep. 
lutetiensis [47, 48]. The abundance of probiotics (Lacto-
bacillus animalis, Lactobacillus salivarius, Lactobacillus 
fermentum) also reduces. This may partially explain the 
up-regulation of inflammatory signals, inflammatory 
responses, and virulence factors following CHIKV infec-
tion (Supplemental Figure S2).

Alterations in GI microbes result in metabolic changes 
that can induce and promote host immune responses 
[49]. Most of the significantly up-regulated GI metabo-
lites (except gamma-glutamylcysteine) identified in this 
study were positively correlated with the microbial spe-
cies that were up-regulated after CHIKV infection. All 
these metabolites, including tyrphostin 47, nigakinone, 
and gamma-glutamylcysteine, are involved in dampening 
inflammation.

The activation of inflammatory signaling and induc-
tion of chronic inflammation have been reported to be 
critically dependent on the activation of MAPK (p38) 
[50]. Tyrphostin 47 effectively hinders the process of 
Tyr-phosphorylation within the activation loop of p38 
MAPK, thereby mitigating inflammation and upholding 
homeostasis, and has been demonstrated to hold signifi-
cant potential for the therapeutic intervention of Shiga 
toxin-producing bacterial infectious diseases [51]. Nigak-
inone exerts its anti-inflammatory effects on colonic 
inflammation by modulating the expression of FXR to 
regulate the bile acid cycle and inhibit the activation of 
the NLRP3 inflammatory vesicle complex [52]. Liu et al. 
demonstrated that nigakinone could alleviate symptoms 
in rats with colitis induced by dextran sulfate sodium, 
including an excessive inflammatory response induced 
by NLRP3 activation and damage to the intestinal 
mucosal barrier [53]. Consistently, in this study, NLRP3 
was down-regulated throughout the GI tract and blood 

after infection (Supplemental Figure S5D). Furthermore, 
the abundance of secondary bile acids and their decom-
position products increased significantly. However, the 
abundance of bile acid 7α-dehydroxylating bacteria 
Clostridium sp. (generation of secondary bile acids) [54] 
increased significantly in the large intestine after CHIKV 
infection (Fig.  3B) and showed a positive correlation 
with nigakinone (Supplemental Figure  S4A). Gamma-
glutamylcysteine is an intermediate dipeptide in the 
glutathione synthesis pathway with anti-inflammatory 
properties. Liu et al. found that, in RA mice, dysbiosis of 
the intestinal microbiome induced by joint inflammation 
could up-regulate gamma-glutamylcysteine expression to 
inhibit cysteinyl asparagine-1 and NLRP3 inflammasome 
activation and attenuate joint inflammation [55]. This 
finding strongly aligns with our results.

The impact of virus infection on the host microenvi-
ronment has been demonstrated in many studies. Chen 
et  al. found that, respiratory infection with SARS-CoV-
2-induced alteration of GI microbiota and metabolites. 
More importantly, mutant strain with different virulence 
shows different degrees of disturbance for the host micro-
biome [56]. Furthermore, Zhang et  al. demonstrate that 
mosquito-transmitted flaviviruses can manipulate host 
skin microbiota to promote the expansion of acetophe-
none-producing bacteria in host skin that attracts mos-
quitoes to enhance the probability of viral dissemination 
in nature [57]. Taken together, we propose that, although 
CHIKV is not an enteric virus, CHIKV may increase the 
systemic burden of inflammation in the GI system of 
infected animals. Meanwhile, infection-induced altera-
tions in GI microbiota and metabolites may be indirectly 
involved in gastrointestinal and bone (joint) inflam-
mation modulation after CHIKV infection, such as the 
modulation of inflammasome and IL-17 inflammatory 
cytokine levels (Supplemental Figure S6C). However, this 
study had some limitations. First, antibiotic treatment is 
essential to clarify the pathogenesis of the GI microbiota 
in CHIKV infection. Furthermore, the key microbes and 
metabolites found in this study require further validation. 
Moreover, osteoarticular inflammation due to CHIKV 
infection is associated with the duration of infection and 
patient age [58]. Therefore, additional animals, ideally 
C57BL/6 mice of different ages, are required to confirm 
the results of this study.

To the best of our knowledge, this is the first study to 
systematically explore the GI environment in CHIKV 
infections using an NHP model. Our results suggest that 
GI microbiota may provide new insights into the adju-
vant treatment of CHIKV infections.
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Supplementary Material 1: Supplementary Figure S1. A: Histopathological 
analysis of pulmonary and GI tissues in rhesus monkeys challenged with 
CHIKV. At 7 dpi, the animals were euthanized and dissected. The indicated 
tissues were harvested and processed for H&E staining and histopatho-
logical evaluation as described in the Materials and Methods section. The 
scale bars are 20 μm. Related to Figure 1C. B: At 7 dpi, the animals were 
euthanized and dissected. Tissues were collected for subsequent analyses. 
Representative images regarding the IHC analysis of the AB-PAS staining 
of mucin (goblet cells) are shown here. The scale bars are 20 μm. Related 
to Figure 1D. C: Representative images for the immunofluorescence 
staining of zonula occludens protein (ZO-1, red) and epithelial cell adhe-
sion molecule (EpCAM, green) are shown here. The scale bars are 20 μm. 
Related to Figure 3C. Supplemental Figure S2. A: Heatmap of the relative 
abundance of intestinal probiotics of microbes in the GI contents of nega-
tive control (NC) and CHIKV-infected monkeys. The relative abundance 
is indicated by the color of scale bar on the left. B: Heatmap showing the 
functions involved in the disease classes of microbes in the GI contents 
of NC and CHIKV-infected monkeys. The relative abundance is indicated 
by the color scale bar on the left. C: Heatmap of the relative abundances 
of virulence factors and enzyme functions of microbes in the GI contents 
of NC and CHIKV-infected monkeys. The relative abundance is indicated 
by the color scale bar on the left. D: Contribution analysis regarding 
the species and functions (above, virulence factors; below, enzymes) 
of microbes in the GI contents of NC and CHIKV-infected monkeys. The 
relative abundance is indicated by the color scale bar in the middle. Sup-
plemental Figure S3. A: Partial least squares discriminant analysis (PLS-DA) 

of the metabolites in the GI contents. B: Above, KEGG enrichment analysis 
(level 3) of the metabolites in the contents of the large intestine. Below, 
KEGG enrichment analysis (level 3) of the metabolites in the contents of 
the small intestine. * (* P < 0 .05, ** P < 0.01, *** P < 0.005). C: Heatmap 
of the abundance of hub metabolites (the top 10 VIP values) in the large 
(above) and small (below) intestines, which was obtained via weighted 
gene co-expression network analysis (WGCNA). Related to Figure 4C. 
Supplemental Figure S4. A: the metabolites with top 10 VIP values in the 
large and small intestines. Related to Figure 4B; B: SCFAs; C: tryptophan; D: 
bile acids). Red species and metabolites: increased after CHIKV infection; 
Green species and metabolites: decreased after CHIKV infection. Related 
to Figures 3B & 4B–D. The significance was marked with *(* P < 0 .05, ** P 
< 0.01, *** P < 0.005, **** P < 0.001), and the heatmap was plotted using 
the R pheatmap package. Correlations were evaluated using Spearman’s 
correlation coefficient. Supplemental Figure S5. A: KEGG enrichment 
analysis of all DEGs at level 3. B: Sub-clustering of the DEGs according to 
their expression levels. DEGs in subclusters 1, 3, and 6 were up-regulated 
in infected monkeys compared to negative controls (NCs); DEGs in 
subclusters 2 and 4 were down-regulated in infected monkeys compared 
to NCs. C: KEGG enrichment analysis of the DEGs in subclusters 1, 3, and 6. 
D: Analysis of the genes related to inflammasome function. The heatmap 
(red-blue) on the left panel shows the relative expression of genes; the 
expression levels are indicated by the color scale bar above. The heatmap 
(red-green) on the right shows the  log2 fold change (infected monkeys vs. 
NCs) of the values of differentially expressed levels (mean); the expression 
levels are indicated by the color scale bar above. Supplemental Figure 
S6. A: Heatmap of the gene expression levels of CHIKV host factors and 
receptors (G3BP2, MXRA8, FHL1, and MSR1). The heatmap (red-blue) on 
the left panel shows the relative expression of genes; the expression levels 
are indicated by the color scale bar above. The heatmap (red-green) on 
the right shows the  log2 fold change (infected monkeys vs. NCs) of the 
values of the differentially expressed levels (mean); the expression levels 
are indicated by the color scale bar above. B: CD68+ and CD4+ signatures 
were used to detect macrophages and T lymphocytes, respectively, using 
immunofluorescence staining, as described in the Materials and Methods 
section. Compared with the NC group, a significant difference in cell 
count in the GI tissues of infected animals was indicated by Welch’s t-test 
and plotted using GraphPad Prism 8.0. *(*P < 0 .05, **P < 0.01, ***P < 0.005, 
****P < 0.001). Right: representative images of the immunofluorescence 
staining of CD4+ (green) and CD68+ (red) cells. C: Summary of the con-
clusion of this study. This figure was prepared using the online software 
Figdraw (Copyright No. YUSWT8efe0).
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