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ABSTRACT

There is a growing appreciation for the specific
health benefits conferred by commensal microbiota
on their hosts. Clinical microbiota analysis and
animal studies in germ-free or antibiotic-treated mice
have been crucial for improving our understanding of
the role of the microbiome on the host mucosal

surface; however, studies on the mechanisms
involved in microbiome-host interactions remain
limited to small animal models. Here, we

demonstrated that rhesus monkeys under short-term
broad-spectrum antibiotic treatment could be used
as a model to study the gut mucosal host-
microbiome niche and immune balance with steady
health status. Results showed that the diversity and
community structure of the gut commensal bacteria
in rhesus monkeys were both disrupted after
antibiotic treatment. Furthermore, the 16S rDNA
amplicon sequencing results indicated that
Escherichia-Shigella were predominant in stool
samples 9 d of treatment, and the abundances of
bacterial functional genes and predicted KEGG

pathways were significantly changed. In addition to
inducing aberrant morphology of small intestinal villi,
the depletion of gut commensal bacteria led to
increased proportions of CD3* T, CD4* T, and CD16*
NK cells in peripheral blood mononuclear cells
(PBMCs), but decreased numbers of Treg and
CD20" B cells. The transcriptome of PBMCs from
antibiotic-treated monkeys showed that the immune
balance was affected by modulation of the
expression of many functional genes, including IL-
13, VCAM1, and LGRA4.
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INTRODUCTION

There is growing appreciation for the importance of
commensal microbiota in shaping host development and
physiology (Hooper & Gordon, 2001; Schmidt et al., 2018).
Critically, the commensal microbiome is an important regulator
of anti-infection immunity and colonizes the host for its lifetime
(Abt et al., 2012; Postler & Ghosh, 2017). Several reports and
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clinical cases have indicated an imbalance in immune cell
subsets and abnormal up-regulation of some cytokines
following gut microbiome dysbiosis, which is defined as an
altered state of the microbial community (Ilvanov & Honda,
2012; Langhorst et al., 2009; Soderborg & Friedman, 2018;
Sprouse et al., 2019; Yang et al., 2015). These data are also
supported by intestinal histopathological and immunological
characteristics from experiments using mice treated with
antibiotics (Kernbauer et al., 2014; Thackray et al., 2018),
suggesting that the interaction between the microbiome and
host shaped by commensal colonization could lead to a
unique immune response. Studies on germ-free and antibiotic-
treated mice have greatly improved our understanding of the
specific health benefits conferred by commensal microbiota on
the host immune system, digestive system, metabolic system,
inflammation, and brain function (Belkaid & Hand, 2014;
Desbonnet et al., 2015; Ferrer et al., 2014; Shapiro et al.,
2014). However, in-depth studies on this interaction in mice
have not provided sufficient data to help clarify the
pathogenesis of immune disorders related to changes in the
mucosal niche in the gut. Mechanisms that facilitate the
establishment and stability of the gut microbiota remain poorly
described. Moreover, rodent models have shortcomings such
as high mortality, instability, autoimmune defects, and non-
transformability, which limit the application of these research
results (Vandamme, 2015). Thus, there is an urgent need for a
suitable non-human primate (NHP) animal model to study the
interactions among commensal microbiota and hosts.
Previous experimental results have indicated an essential
role of the gut microbiome and probiotics in the intestinal
mucosal barrier (Allaire et al., 2018; Yousefi et al., 2019).
Furthermore, gene transcription profiling has been used to
understand the systemic immune response that correlates
with the function of microbiota in regulating the immune
system (Gury-BenAri et al., 2016). Both innate immune and
inflammatory responses after bacterial dysbiosis, which are
responsible for regulating the variable integrated functions of
the immune system, should be emphasized (Belkaid & Hand,
2014). In this work, the process of gut bacteria dysbiosis was
verified using 12-month-old rhesus macaques (Macaca
mulatta). Three rhesus monkeys were treated with a
combination of antibiotics for 21 d to observe dynamic
immunology and pathology process characteristics. Results
showed that both the diversity and structure of the commensal
bacteria were disrupted, and intestinal commensal bacterial
species decreased by 95.6%—98.7% after antibiotic treatment.
This depletion of gut commensal bacteria induced aberrant
small intestinal morphology. In addition, we systemically
analyzed and correlated the immune response and modulation
of gene expression in peripheral blood mononuclear cells
(PBMCs) from these monkeys. Gene transcripts in PBMCs
that were up- and down-regulated after antibiotic treatment
were identified, including those categorized under the GO
terms of immune system process, cell communication, and
cell activation. The results of this study may provide support
for evaluating how changes in commensal bacteria affect

immune status, as reflected by PBMCs. Moreover, our study
indicates that long-term oral antibiotic treatment could result in
neurological symptoms. Therefore, the relationship between
gut commensal bacteria and host immunity could be studied
using this NHP model.

MATERIALS AND METHODS

Animals

Four one-year-old male rhesus monkeys (ID No.: 1, 2, 3, 4)
were reared separately in a large cage (BSL-2 conditions) with
sufficient fresh air and natural light, allowing visual, olfactory,
and auditory interactions with other monkeys. All rhesus
monkeys were healthy and weighed 2+0.5 kg. A temperature
control valve was installed in each room to guarantee a room
temperature of ~25 °C, with food, water, and fruit readily
available. All animal experiments were performed with
approval of the Yunnan Provincial Experimental Animal
Management Association (Approval No.: SYXK (Dian) K2015-
0006) and the Experimental Animal Administration and Ethics
Committee of the Institute of Medical Biology, Chinese
Academy of Medical Sciences & Peking Union Medical
College (Approval No.: DWSP201803006) and in accordance
with the principles of the “Guide for the Care and Use of
Laboratory Animals” and “Guidance to Experimental Animal
Welfare and Ethical Treatment”. All animals were fully under
the care of veterinarians at the Institute of Medical Biology,
Chinese Academy of Medicine Science.

Antibiotic treatment

Rhesus monkeys (ID No.: 1, 2, 3) were treated with a cocktail
of antibiotics (1 g of ampicillin, 1 g of kanamycin, 1 g of
metronidazole, 1 g of neomycin, and 1 g of vancomycin
(Sigma-Aldrich, USA)) in 15 mL of 10% sucrose solution per
day for three weeks, while ensuring health. The antibiotics
were chosen based on previous research (Kernbauer et al.,
2014) and taken orally, with care taken to avoid any
confounding effects resulting from chronic stress caused by
oral administration. The fourth rhesus monkey was treated
with 10% sucrose solution per day for two weeks.

Sample collection and DNA extraction

Conventional animal samples were collected from other
healthy rhesus monkeys of the same age. Fecal samples were
collected every morning and frozen at —80 °C within 1 h of
sampling. Blood samples were collected from the femoral or
saphenous veins of monkeys without anesthesia every few
days. Blood was divided into EDTA-K, tubes for cell detection
and into separate serum tubes for the detection of cytokines.
One of the antibiotic-treated monkeys (ID No. 2) was
anesthetized with isoflurane, with blood then collected,
followed by sacrifice via exsanguination. All tissues and
contents were flash frozen in liquid nitrogen and stored at
—80 °C until use, with a portion of the tissues fixed in formalin
for histomorphometric analyses. Genomic DNA was extracted
from stool using the QlAamp Fast DNA Stool Mini Kit (Qiagen,
Germany) following standard protocols. The concentration of
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genomic DNA was measured using a NanoDrop 2000
(Thermo Fisher Scientific, USA).

Hematology

A complete blood count (CBC) analysis was performed on
whole blood immediately after sampling on day 14 after
commencement of antibiotic treatment using an automatic
hematological analyzer (XT-20001V, Sysmex Corporation,
Japan). Hematological values included white blood cells
(WBCs), red blood cells (RBCs), neutrophils, lymphocytes,
monocytes, eosinophils, basophils, mean corpuscular
hemoglobin concentration (MCHC), and platelets.

16S rDNA amplicon sequencing and analyses

Polymerase chain reaction (PCR) amplification was performed
to generate amplicons using bar-coded primers targeting the
V3-V4 region of the bacterial 16S rRNA gene. The primers
included 338F 5'-ACTCCTACGGGAGGCAGCA-3' and 806R
5'-GGACTACHVGGGTWTCTAAT-3'". Amplicons were
extracted from 2% agarose gels, purified by the AxyPrep DNA
Gel Extraction Kit (Axygen Biosciences, USA), and quantified
using QuantiFluor™-ST (Promega Biosciences LLC, USA)
according to standard protocols. The purified amplicons were
then pooled and analyzed using a TruSeq™ DNA Sample
Prep Kit and paired-end sequenced (2x300) on an lllumina
MiSeq platform (lllumina Inc., USA) according to the
manufacturer’s instructions. Pairs of reads obtained by MiSeq
sequencing were merged based on the overlapping
relationship of paired-end reads. The quality of reads and the
effect of merging were filtered by quality control. Effective
sequences for each sample were obtained as operational
taxonomic units (OTUs), which were clustered with a cut-off of
97% similarity using Usearch (v7.0, http://drive5.com/uparse),
with single sequences removed. RDP Classifier (v2.2,
http://sourceforge.net/projects/rdp-classifier/) was used to
analyze the taxonomy of each representative OTU sequence
against the SILVA (Release 128) 16S rRNA database with a
confidence threshold of 0.7 (Amato et al., 2013; Quast et al.,
2013). The community composition of each sample was
counted at each taxonomic level. Alpha (a) diversity was
analyzed by Mothur (Schloss et al., 2009), and statistical
significance between two groups was calculated using
Student's t -tests. Beta (B) diversity was estimated by
computing the weighted UniFrac distance metric (Lozupone et
al., 2006). Principal component analysis (PCA) was conducted
according to Euclidean distance. Functional prediction
analysis was performed to normalize the OTU abundance
table by PICRUSt (Phylogenetic Investigation of Communities
by Reconstruction of Unobserved States, which stores Cluster
of Ortholog Genes (COG) and KEGG Ortholog (KO)
information corresponding to Greengene ID), removing the
influence of the 16S marker gene on the number of copies in
the genome, then obtaining COG family and KO information
corresponding to each OTU and calculating the abundance.

Real-time PCR (RT-PCR) validation
Changes in gut bacterial community were validated by RT-
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PCR using a SYBR Premix Ex Taq Il kit (TaKaRa, Japan). We
used DNA extracted from fecal samples as the template.
Primers were designed to amplify specific regions in the
hypervariable region V3 of the bacterial 16S rRNA gene (5'-
ATTACCGCGGCTGCTGG-3' (F) and 5'-CTACGGAGGCAGC
AG-3' (R)), Enterobacteriaceae (5'-CATTGACGTTACCCGC
AGAAGAAGC-3' (F) and 5'-CTCTACGAGACTCAAGCTTGC-
3' (R)), Bacteroides-Prevotella (5'-GAAGGTCCCCCACATTG-
3' (F) and 5-CAATCGGAGTTCTTCGTG-3' (R)), Bifidobac-
terium (5'-GGGTGGTAATGCCGGATG-3' (F) and 5'-
TAAGCCATGGACTTTCACACC-3' (R)), Lactobacillus (5'-AGC
AGTAGGGAATCTTCCA-3' (F) and 5-ATTYCACCGCTACAC
ATG-3' (R)), Enterococcus-Vagococcus (5'-AACCTACCC

ATCAGAGGG-3' (F) and 5-GACGTTCAGTTACTAACG-3'
(R)), Clostridium phoceensis (5'-GATGGCCTCGCGTCCG

ATTAG-3' (F) and 5-CCGAAGACCTTCTTCCTCC-3' (R)),
Clostridium cluster | (5-TACCHRAGGAGGAAGCCAC-3' (F)
and 5-GTTCTTCCTAATCTCTACGCAT-3' (R)), Clostridium
cluster Xl (5-ACGCTACTTGAGGAGGA-3' (F) and 5
GAGCCGTAGCCTTTCACT-3' (R)), and Clostridium cluster
XV (5'-GAWGAAGTATYTCGGTATGT-3' (F) and 5'-
CTACGCWCCCTTTACAC-3' (R)). We used the 22° method
to calculate the richness of the gut bacteria.

Flow cytometry and LiquiChip

Peripheral blood (100 pL) was incubated with antibodies for
30 min at room temperature in the dark and then incubated
with red blood cell lysis buffer and washed with phosphate-
buffered saline (PBS). The cells were analyzed using a
CytoFLEX flow cytometer (Beckman Coulter, USA) according
to the manufacturer’s instructions. The following antibodies
(clones) were used for staining: CD3 (SP34-2), CD4 (L200),
CD20 (2H7), CD8 (RPA-T8), and CD25 (M-A251), all from BD
Bioscience (USA). All antibodies were titered in advance and
used at optimal concentrations for flow cytometry. FlowJo v.10
was used to analyze the data. Measurement of cytokines and
chemokines in the serum was performed using a MILLIPLEX®
MAP NHP cytokine magnetic bead panel kit (Millipore
Corporation, USA) and detected by a Bio-Plex 200 System
(Bio-Rad Laboratories, USA).

Agilent genome microarray

The PBMCs were isolated by density gradient centrifugation
with Lymphoprep medium (Ficoll-Paque PREMIUM; GE
Healthcare, USA). Total RNA was extracted using TRIzol
Reagent (Cat#15596-018, Life Technologies, USA), following
the manufacturer’s instructions, and checked for RNA integrity
numbers (RIN) to determine integrity using an Agilent
Bioanalyzer 2100 (Agilent Technologies, USA). Microarray
analysis was performed using the Agilent Rhesus Macaque
Genome Microarray (USA, 4x44K). The arrays were
hybridized, washed, and scanned according to the standard
protocols. Gene chip tests were performed by the Shanghai
Biochip Company (China). Data were extracted with Feature
Extraction software v10.7 (Agilent Technologies, USA). Raw
data were normalized by the quantile algorithm limma
packages in R. The log-transformed expression values were



adjusted, and fold-change statistical method was used to
select differentially expressed genes (DEGs). Gene Ontology
(GO), pathway enrichment, and network analysis of significant
DEGs were systematically conducted.

Morphology

The small intestine and brain were fixed in formalin and
embedded in paraffin according to standard histological
protocols. Paraffin-embedded sections were deparaffinized
and stained with hematoxylin-eosin-safran (H&E). The slides
were scanned by a Pannoramic MIDI scanner (3DHISTECH,
Hungary), and all measurements were made using
CaseViewer software v2.2.

Data analysis

Significant differences between the values of two groups were
calculated using Student’s t-tests. IBM SPSS statistics v23
was used for data evaluation. Statistical significance was
considered at P<0.05.

RESULTS

Health status of rhesus monkeys during oral antibiotic
treatment

The three rhesus monkeys exhibited normal food and water
intake, activities, and mental state during antibiotic treatment.
Diarrhea symptoms appeared on day 2 after antibiotic
treatment, which recovered after one week (Table 1).
Hematological levels remained normal after 14 d of antibiotic
(ABX) treatment (Figure 1). Compared with conventional
(Conv) rhesus monkeys, the mean values for white blood
cells, neutrophils, lymphocytes, and mean corpuscular
hemoglobin concentration (MCHC) were significantly lower in
rhesus monkeys treated with antibiotics (Figure 1A, B).
Therefore, the body status tended to be stable after 14 d of
antibiotic treatment.

Table 1 Antibiotic treatment induces diarrhea symptoms in
rhesus monkeys

Severity of diarrhea

Days post-ABX treatment

2 3
0 — — —
1 ++ ++ ++
2 +++ +++ +++
3 +++ +++ +++
4 +++ +++ +++
5 +++ +++ +++
6 ++ ++ ++
7 + + +
8 - + -
9 - - -
10 - - -

1, 2, 3 are IDs of rhesus monkeys. Severity of diarrhea was
determined by number of defecations, characteristics of feces, and
degree of dehydration. +: Mild diarrhea; ++: Diarrhea; +++: Severe
diarrhea; —: Normal stool.

Antibiotic-treated rhesus monkeys display a dramatic
shift in bacterial community structure in the intestine
Antibiotic treatment resulted in a significant reduction in the
abundance of commensal bacteria and reorganization of
bacterial composition. According to the results of 16S rDNA
amplicon sequencing, 538 722 effective sequences were
obtained from samples, with an average length of 448 nt.
Taxonomic analysis of OTUs resulted in 1, 1, 12, 20, 37, 61,
143, 218, and 324 different categories at the domain,
kingdom, phylum, class, order, family, genus, species, and
OTU levels, respectively. Based on a diversity analysis, the
abundance and diversity of each sample were sufficient to
fully describe the composition of the bacteria, and the
sequencing depth was higher than 0.99 (Table 2). After
antibiotic  treatment, the Shannon index decreased
significantly, and the number of OTUs decreased by
96.0%—-98.6% after 21 d (Table 2). At the phylum level, the
intestinal commensal bacteria in untreated rhesus monkeys
mainly consisted of Bacteroidetes and Firmicutes (Figure 2A),
and dominant bacteria included Prevotella, Lactobacillus,
Bacteroides, Lachnospira, Phascolarctobacterium,
Faecalibacterium, Ruminococcus, Megasphaera , and
Subdoligranulum (Figure 2B). The diversity and abundance of
the commensal bacteria decreased significantly after 21 d;
only a few Proteobacteria were detected, and most were
antibiotic-resistant Escherichia and Shigella ( Figure 2B, C).
Based on statistical analysis and PCA, we identified a
significant difference in the structure of the commensal
bacterial community between untreated and antibiotic-treated
rhesus monkeys, and the reorganized bacterial structure
maintained stability (Figure 2D, E). We next investigated the
enterotype according to the clustering of dominant bacterial
communities (Arumugam et al., 2011). Results showed that
the bacterial communities were most naturally categorized into
eight clusters during treatment (Figure 2F), and antibiotic
treatment in rhesus monkeys resulted in a change from
Prevotella enterotype to Escherichia-Shigella enterotype
(Figure 2G). In addition, the diversity and community structure
of the intestinal bacteria in the monkey (ID No. 4) treated only
with sucrose remained unchanged (Figure 2H).

To verify the 16S rDNA amplicon sequencing results, we
used quantitative RT-PCR to detect the composition and
abundance of intestinal bacteria in the three rhesus monkeys.
Results showed that the dominant commensal bacteria in
untreated rhesus monkeys consisted of Bacteroides,
Prevotella, Lactobacillu s, and Clostridium (Supplementary
Figure S1A-C ). We also tested antibiotic resistance by
selective agar medium, and found no antibiotic-resistant strain
in the normal commensal bacteria. After 3 d of antibiotic
treatment, the copies of commensal bacteria per milligram of
feces decreased by 10 000 to 100 000 times (Supplementary
Figure S2). After 14 d of antibiotic treatment, the abundance of
the 16S rRNA gene decreased significantly in the feces, and
predominant bacteria were depleted (Supplementary Figure
S1D —F). Furthermore, antibiotics induced the rapid rise of
resistant Escherichia coliand Shigella, which did not exist
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Figure 1 Hematological changes in rhesus monkeys after 14 d of antibiotic treatment

A: Hematological values of white blood cells (WBC), red blood cells (RBC), platelets, mean corpuscular hemoglobin concentration (MCHC),
neutrophils, lymphocytes, monocytes, eosinophils, and basophils. B: Proportion of neutrophils, lymphocytes, monocytes, eosinophils, and basophils
in blood. Conv: Conventional or untreated rhesus monkeys. Graphs show meansztstandard error of mean (SEM). n=3 rhesus monkeys per group.
Significant differences between values were calculated using an unpaired two-tailed t-test. NS: Not significant, *: P<0.05, **: P<0.01, ***: P<0.001.

Table 2 Alpha diversity estimators of 16S rDNA amplicon sequencing

Abundance index

Diversity index

ID_days post ABX treatment - Coverage
Sobs Ace Chao Shannon Simpson

1_D0 284 286.31 286.55 4.175 399 0.045 147 0.999 685
1_D5 28 86.14 41 0.101 25 0.966 94 0.999 573
1._D14 13 18.79 16.33 0.011 107 0.997 727 0.999 874
1_D21 4 5.59 4 0.003 219 0.999 342 0.999 97

2_DO0 227 247 .43 254 3.398 891 0.112 415 0.999 196
2_D5 8 43.56 11 0.477 874 0.702 516 0.999 877
2 D14 15.84 8.5 0.005 4 0.998 908 0.999 918
2_D21 6 6.83 6 0.009 683 0.997 853 0.999 977
3_D0 249 256.00 260.33 3.843 893 0.060 07 0.999 246
3_D5 28 117.74 49 0.190 655 0.926 19 0.999 52

3_D14 32 149.41 95.33 0.027 369 0.994 332 0.999 415
3_D21 10 91.57 17.5 0.013 941 0.996 685 0.999 844

Data were divided as individuals described in the text. Number of alpha diversity indices are shown.

before (Supplementary Figure S1G-I).

Predictive functional
microbial shifts

After standardization of OTU abundances, the 16S functional
predictions were obtained from COG family information
according to the corresponding Greengene ID of each OTU.
Functional abundances were acquired by analyzing the
descriptive and functional information of COG classifications in

profiling changes driven by
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the eggNOG database. According to the analysis of bacterial
functional genomics, we found that the abundance of
functional genes in RNA processing and modification, cell
motility, and intracellular trafficking were the most significantly
increased (P<0.001) after antibiotic treatment (Figure 3A).

To characterize the functional alterations of commensal
bacteria in antibiotic-treated rhesus monkeys, we predicted
the functional composition profiles from the 16S rDNA
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Figure 2 Changes in commensal bacteria spectrum in stool after antibiotic treatment

A: Relationship between samples and bacterial community at phylum level. Data were rendered by Circos (Krzywinski et al., 2009). Left half-circle
represents composition of species in sample, color of outer ribbon represents which group it comes from, and colors of inner ribbon represent phyla.
Right half-circle represents distribution proportion of each phylum in samples from different days, outer ribbons represent phyla, inner ribbon color
represents different groups. Length of bars from each phylum indicates relative abundance of that phylum in corresponding sample. B: Abundances
of top 35 genera in each sample were selected and compared with abundances of these genera in other samples by heatmap. C: Network analysis
elucidating distribution of samples and species (abundance>50) at OTU level, highlighting similarities and differences between samples. D: PCA
plot displaying variation in community structure during treatment at OTU level. Each point represents an individual. E: Bar plot showing significantly
different phylotypes between pre- and post-ABX-treated rhesus monkeys at genus level. Statistical analysis was performed by Student’s t-test and
P-values were adjusted by FDR. n=3, in each group. *: P<0.05, **: P<0.01, ***: P<0.001. F, G: Enterotype analysis. Clustering analysis using
Jensen-Shannon distance (JSD) and partitioning around medoids (PAM) method. Calinski-Harabasz (CH) index was then used to calculate optimal
clustering K value (K=8), and bar plot was used for visualization of each sample’s enterotype. H: Bar plot displaying variation in community structure
of monkey receiving sucrose-treatment only at genus level.
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sequencing data under PICRUSt pre- and post-antibiotic
treatment. We found that multiple KEGG (level 2) categories
were disturbed. The changes in pathways enriched in signal
transduction, excretory system, neurodegenerative diseases,
infectious diseases, and cell motility showed the most
significant differences (P<0.001) between untreated and
antibiotic-treated rhesus monkeys (Figure 3B). Strikingly,
abundances in neurodegenerative disease, infectious disease,
cancer, and metabolism pathways were significantly increased
after commensal bacteria depletion. In addition, abundances
in the digestive system pathway decreased along with
signaling molecules and interaction pathways.

Impact of commensal bacteria alteration on host immune
profile in PBMCs

As the immune system is modulated by the gut microbiota, we
examined whether oral antibiotic treatment affected
lymphocyte populations in peripheral blood. We observed
increased numbers of CD3" T cells and CD16* NK cells after
antibiotic treatment, as well as greater CD4* and CD8" cells
(Figure 4B). In contrast to CD3" T cells, we observed
decreased numbers of Treg cells and CD20* B cells after
antibiotic treatment, suggesting a potential defect in the
humoral immune response (Figure 4B). In the cytokine
expression profile, we found that CD40L maintained a stable
level in serum, indicating a pivotal role in co-stimulation and
regulation of the adaptive immune response. The
concentration of inflammatory cytokines also varied with the
development of intestinal bacterial depletion (Figure 4C).

In addition, we performed an Agilent genome microarray
with PBMC samples to acquire gene expression profiling of
immune cells. In biological process analysis, we focused on
the metabolic process, immune system process, cell
communication, and cell activation GO terms. The GO terms
of leukocyte activation, immune response, cell-cell signaling,
and thyroid hormone metabolic process were significantly
different pre- and post-antibiotic treatment (Figure 5). In
immune system response and cell-cell signaling, the
expression level of LGR4 decreased more than 10-fold. The
protein encoded by this gene is a G-protein coulped receptor
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that binds R-spondins, activates the Wnt signaling pathway,
and is associated with osteoporosis (Styrkarsdottir et al.,
2013). The IFNA2, CXCL10, and TLR7 genes were also
down-regulated, which may affect host susceptibility to viral
infection (Karst, 2016; Spurrell et al., 2005; Wu et al., 2013).
At the same time, the levels of VCAM1 and IL-13 were
upregulated more than 5-fold (Figure 5A, C). It has been
reported that IL-13 induces several changes in the gut that
can lead to detachment of organisms from the gut wall
(Seyfizadeh et al., 2015), and overexpression of IL-13 may
contribute to some features of allergic lung diseases such as
airway hyperresponsiveness, goblet cell metaplasia, and
mucus hypersecretion (Wills-Karp et al., 1998). Several
effector factors of immune checkpoint proteins, tissue
remodeling, and cell adhesion, such as the MMP14, ABL1,
and LILRA6 genes, were markedly elevated. Additionally,
several cell communication genes, including GRIA2, BCAN,
CACNGS3, SLC12A5, SOX17, TDGF1, and VCAM1, were up-
regulated (Figure 5C). These results suggest that the absence
of commensal bacteria may alter the immune system and
disease status of the host.

Depletion of commensal bacteria impairs development of
small intestinal morphology

Compared with the conventional rhesus macaques, the
antibiotic-treated monkeys showed impaired morphology of
the small intestine. The top of the villi of the intestinal mucosa
were diminished, and the epithelial cells of the intestinal
mucosa were denatured, necrotic, and shedding, forming
extensive superficial erosion (Figure 6). Thus, our results
demonstrated that dysbiosis of commensal bacteria could
impair the small intestine, as reported in previous animal
studies (Kernbauer et al., 2014; Yeruva et al., 2016).

Long-term use of antibiotics leads to severe adverse
reactions in a rhesus monkey

Although drugs are a known cause of neurological symptoms,
antibiotics have not been taken seriously and the frequency of
severe central nervous system (CNS) events associated with
antibiotics is reported to be less than 1% (Bhattacharyya et al.,
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Figure 3 Microbial functions altered by restructured bacteria

COG function (A) and KEGG pathway (B) prediction analyses of bacterial microbiome. n=3 per group.
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Figure 4 Host immune responses evoked by alterations in microbiome

A: Gating strategies for detection of lymphocyte subsets by flow cytometry. B: Changes in frequency of CD3*, CD3*CD4*, CD3*CD8*, CD20",
CD16*, and CD4*CD25" T cells among lymphocytes in PBMCs after antibiotic treatment. Red line represents mean value at each point. C: Heatmap
displaying change in different cytokines in serum during antibiotic treatment. Concentrations (pg/mL) were detected by multiplex immunoassay and

values were log2 transformed.

2016; Owens & Ambrose, 2005). However, the results of a
recent retrospective study suggest that bacteria-associated
neurogenic disease may be underestimated (Sandler et al.,
2000). In our study, one rhesus monkey (ID No. 2) exhibited
sudden myoclonus after 20 d of oral antibiotic treatment,
which was improved by the reduction of the antibiotic to one
third of the designed dose, although convulsive seizure
occurred as long as antibiotic treatment continued. Finally, we
found abnormal brain morphology in this rhesus monkey. The
thalamus appeared congested (Figure 7B), and the area
between the inner and outer bundles was sparse, similar to
softening foci (Figure 7C).

DISCUSSION

Under conventional conditions, gut commensal bacteria
inhabit the surface of the intestinal epithelium, forming a stable
symbiotic relationship with the host and shaping a physical
barrier on the surface (Baumgart & Dignass, 2002; Davenport
et al., 2017). The presence of intestinal commensal bacteria
reduces the colonization, translocation, and growth of

conditional pathogens (Kamada et al., 2013) and is therefore
referred to as “colonization resistance”. Dysbiosis or lack of
commensal bacteria can cause extensive proliferation of
pathogenic bacteria or other pathogens in the intestine, even
causing diseases in the host (Thackray et al., 2018; Van den
Bergh et al., 2016; Wienhold et al., 2018). With the
development of genome sequencing technology, we are
aware of the relationship between commensal bacteria and
the host. However, the mechanism of interactions among
dominant bacterial species, pathogens, and hosts remains
unclear.

NHPs exhibit high similarity with humans in anatomical
structure, physiological metabolism, and immune system.
However, few studies have systematically compared gut
commensal microbiomes between human and NHPs
(Davenport et al., 2017). Rhesus macaques can still be used
in basic studies that cannot be completed or simulated with
rodent models. However, due to limitations of body size,
feeding conditions, and growth conditions, no studies have
reported on commensal microbiota using the rhesus monkey
as an animal model. In addition to germ-free animal models,
antibiotic-treated animal models are also commonly used to

Zoological Research 41(1): 20-31, 2020 27



— W - - -
- et - =S
e i Y S o
e i i — -, -'-'_u. ol
S—— ——— e Prsp— . i -
. _— - - e m - = - . - . il
] ‘ (] - o I . =T i .- "'H
- . : ! B =
e ¥ - - - - -l-'-““ - -
- F . e - - S|
F e = . “- ‘ s .
. oo W iy - . — - il -
o . - iy R - o e = =1 n
i — -
- - = " - il o e C &
wn i, R ol i iy i - .
-“ - - . . i = .n-
I."-"- e e ol e - W - -
e . - 5 - -
- e il pr— - m pr - -
e '~ —_— "'-"-I“ P . ':'.‘ - --_. i -.- -._-..
™ - i - - T - -
1 L - -
-'"' > " - - il o '- 1_-5- = =il : = o
o T X -
> - - .- R L N
. -y e - - B —
-"" i il . el b
iy e - . - -
i P b BiE o E s i = — - . -
T —r o e et W o .
- & .
f— e
- :l---l- ‘_""
- &

Figure 5 Network plots showing host-gene responses significantly regulated after antibiotic treatment

Co-occurrence analysis of significantly different GO terms and gene expression profiling, including immune system process (A), metabolic process
(B), and cell communication (C). Square nodes represent GO terms, elliptical nodes represent functional genes, and different colors show different

fold-change values.

study intestinal bacteria (Karst, 2016). In this study, four
broad-spectrum  antibiotics, including  aminoglycoside,
penicillin, glycopeptide, and nitroimidazole, were co-
administered, and were found to deplete commensal bacteria
in the intestines of rhesus monkeys. This study has some
limitations, including that we were unable to completely
deplete the intestinal bacterial community. The relative
abundance of the 16S rRNA gene decreased by more than
80% on day 9 of treatment according to RT-PCR analysis, and
the subsequent bacterial structure remained relatively stable.
Based on the 16S rDNA amplicon sequencing results, the
OTU level of intestinal symbionts decreased by more than
90% on day 9 after antibiotic treatment. After 14 d, the
dominant bacterial group changed to Escherichia-Shigella,
and both the richness and diversity of the intestinal bacterial
community were depleted stably and continuously. Overall,
the aim of eliminating enteric commensal bacteria in rhesus
monkeys can be achieved 9 d after high-dose oral antibiotic
treatment.

The pathological findings of the small intestine indicated that
the absence of commensal bacteria can lead to aberrant
intestinal morphology, including that of intestinal epithelial
cells and villi. Flow cytometry results also showed alterations
in lymphocyte populations, with increased numbers of T
lymphocytes in peripheral blood. At the same time, the
abundance of infectious diseases in KEGG prediction analysis
of the microbiome significantly increased after antibiotic
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treatment. Thus, the lack of commensal bacteria could disrupt
colonization resistance and affect the host immune system.
Microarray analysis of the transcriptome performed on PBMCs
isolated from antibiotic-treated monkeys also showed that the
immune balance was affected by modulation in the expression
of many different genes. The innate immunity-associated
genes demonstrated cross-talk in response to bacterial
dysbiosis with a high level of variation. These genes, including
IL-13, CD28, CCR2, IL-12B, IL-1RL2, VCAM1, and FCER1A,
exhibited obvious up-regulation with activation of the MHC
system, T cell activity, and inflammatory responses. In
addition, genes encoding cytokines and chemokines, such as
IFNa2, CXCL10, and IL-4, were down-regulated. The
alteration in the expression of these genes likely contributes to
the effective functional activation of the innate immune
response (Cross et al., 2004). These results suggest that
bacterial dysbiosis caused by antibiotic treatment may affect
the outcome of intestinal infectious diseases, including both
bacterial and viral infections.

Furthermore, frequent oral antibiotic treatment could lead to
the production of highly resistant E. coli (Van den Bergh et al.,
2016). This study found that drug-resistant E. coli colonies
appeared 4 d after antibiotic treatment, whereas no
Escherichia-Shigella strains were present in the gut before
treatment. This result should serve as an alarm suggesting
that extensive clinical trials and optimization of antibiotic



Figure 6 Histopathological changes in small intestine in antibiotic-treated rhesus monkeys
Comparison of ileum and jejunum between conventional (Conv) and antibiotic-treated (ABX) rhesus monkeys. n=1 per group. Tissue sections
stained with H&E. Images were taken at 20x magnification; Scale bars: 50 ym. Black arrows show aberrant intestinal morphology, including

diminished top of villi and denatured epithelial cells of intestinal mucosa.

Figure 7 Histopathological changes in brain after long-term antibiotic treatment
A: Thalamus of conventional rhesus monkey. B, C: Congestion (black arrows) and lacunar state (blue arrows) pathological changes in thalamus of

antibiotic-treated rhesus monkey. Images were taken at 20x magnification; Scale bars: 200 pm.

treatment should be conducted to minimize the possibility of
strain resistance. In this study, the use of antibiotics caused
adverse reactions such as diarrhea and vomiting in the short
term. In addition, long-term antibiotic use resulted in serious
symptoms such as myoclonus. Predictive functional profiling

of bacteria also showed that abundance of the KEGG pathway
of neurodegenerative diseases increased significantly,
suggesting that the diversity and stability of intestinal
commensal bacteria are important for the maintenance of the
nervous system.
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In conclusion, our data suggest that early childhood
represent a critical period during which perturbations to the gut
microbiota and dysregulation of microbiota-gut-immunity axis
communication may significantly impact the host immune
system in adulthood. Although the precise mechanisms by
which gut microbiota mediate changes in the host have not yet
been elucidated, our findings indicate that rhesus monkeys
with short-term high-dose antibiotic treatment represent a
useful model for assessing the importance of gut microbiota to
the host during distinct stages of early life, without disruption
to host health. This is an unavailable feature of the germ-free
animal model. Further studies focusing on the effects of
bacterial depletion on the host are required to identify its
potential relevance to neurodevelopmental and infectious
diseases and functional mechanisms.
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