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ABSTRACT Subclinical viral infections (SVI), including cytomegalovirus (CMV), are highly
prevalent in humans, resulting in lifelong persistence. However, the impact of SVI on the
interplay between the host immunity and gut microbiota in the context of environmen-
tal exposures is not well defined. We utilized the preclinical nonhuman primate (NHP)
model consisting of SVI-free (specific-pathogen-free [SPF]) rhesus macaques and com-
pared them to the animals with SVI (non-SPF) acquired through natural exposure and
investigated the impact of SVI on immune cell distribution and function, as well as on
gut microbiota. These changes were examined in animals housed in the outdoor envi-
ronment compared to the controlled indoor environment. We report that SVI are associ-
ated with altered immune cell subsets and gut microbiota composition in animals
housed in the outdoor environment. Non-SPF animals harbored a higher proportion of
potential butyrate-producing Firmicutes and higher numbers of lymphocytes, effector T
cells, and cytokine-producing T cells. Surprisingly, these differences diminished following
their transfer to the controlled indoor environment, suggesting that non-SPFs had in-
creased responsiveness to environmental exposures. An experimental infection of indoor
SPF animals with CMV resulted in an increased abundance of butyrate-producing bacte-
ria, validating that CMV enhanced colonization of butyrate-producing commensals. Fi-
nally, non-SPF animals displayed lower antibody responses to influenza vaccination com-
pared to SPF animals. Our data show that subclinical CMV infection heightens host
immunity and gut microbiota changes in response to environmental exposures. This
may contribute to the heterogeneity in host immune response to vaccines and environ-
mental stimuli at the population level.

IMPORTANCE Humans harbor several latent viruses that modulate host immunity and
commensal microbiota, thus introducing heterogeneity in their responses to pathogens,
vaccines, and environmental exposures. Most of our understanding of the effect of CMV
on the immune system is based on studies of children acquiring CMV or of immuno-
compromised humans with acute or reactivated CMV infection or in ageing individuals.
The experimental mouse models are genetically inbred and are completely adapted to
the indoor laboratory environment. In contrast, nonhuman primates are genetically out-
bred and are raised in the outdoor environment. Our study is the first to report the im-
pact of long-term subclinical CMV infection on host immunity and gut microbiota, which
is evident only in the outdoor environment but not in the indoor environment. The sig-
nificance of this study is in highlighting the impact of SVI on enhancing host immune
susceptibility to environmental exposures and immune heterogeneity.
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There is a substantial diversity in the immune status of humans at the population
level that contributes to variable immune responses to vaccines and therapy (1).

Mechanisms driving this immune variation are not fully understood. Humans harbor
several latent viruses, including cytomegalovirus (CMV) that are implicated in the
modulation of host immunity (2). However, the impact of subclinical viral inections (SVI)
on the interplay between the host immunity and gut microbiota in the context of
environmental exposures is not well defined.

Although contributions of age, diet, and gut microbiota on host immune status are
being well investigated (3, 4), there is limited understanding of the influence of lifelong
persistent latent viral infections, most notably of the herpesviruses, including CMV and
Epstein-Barr virus (EBV). The seropositivity of CMV among adults is 90% in Africa and
Asia or 60 to 70% in the United States and Europe (5). While the majority of CMV-
infected individuals are asymptomatic due to effective immune control, reactivation of
the virus in immunosuppressed individuals can cause clinical illness (6). About 10% of
memory T cells are found to be CMV-specific in healthy adults with long-term subclin-
ical CMV infection, suggesting interactions between the host immune system and the
virus (7). The maintenance of the high virus-specific T cell responses, coupled with an
age-related expansion, are likely related to the viral antigenic exposure due to the
recurrent viral reactivation (8). This rigorous immune surveillance is reflected by an
increase of CD8� T cells and B cells, and a decrease in the naive CD8� T cell population
(9). Whether these CMV-induced immune changes might modulate host responses to
environmental exposures or alter gut microbiota is unknown. Previous studies exam-
ining the effects of CMV seropositivity on human immune responses to influenza virus
vaccination have yielded different outcomes (10–14).

The gut microbiota have been shown to modulate the development and function-
ing of the host immune system through production of small molecules including
short-chain fatty acids (SCFAs), which stimulate differentiation of immune cells and
epithelial cells and promote host immunity (15). Gut microbiota also support the
induction of effective host vaccine responses through TLR5 (16), trigger antiviral
interferon (IFN) responses against pathogens (17), and maintain memory cell popula-
tions in viral infections (18). Microbial dysbiosis is well documented in symptomatic
viral infections and in noninfectious inflammatory diseases (19–21). In HIV and simian
immunodeficiency virus (SIV) infections, correlations between microbial dysbiosis, ab-
errant pathogen recognition receptor signaling, and inflammatory cytokine production
in the gut were observed and, importantly, were linked to chronic immune activation
(22, 23). However, there is a lack of information regarding the impact of SVI, such as
CMV, on the gut microbiota and associated host immunity and whether these changes
are further modulated due to environmental exposures in the outdoor environment.

Human immune complexity is not adequately recapitulated in laboratory mouse
models since they are genetically inbred and housed in extremely hygienic indoor
environment and often fail to predict efficacy of vaccines and therapeutics in human
populations (24, 25). In contrast, rhesus macaques are genetically outbred and share a
significant genetic homology, as well as common physiological and immunological
characteristics with humans (26). To investigate the role of SVI in host immunity and gut
microbiota complexity, we utilized a preclinical translational nonhuman primate (NHP)
model, which consisted of specific-pathogen-free (SPF) rhesus macaques and age-
matched non-SPF animals. The SPF animals are free of persistent latent viral infections,
including infections with rhesus cytomegalovirus (RhCMV), simian B virus, simian foamy
virus (SFV), and simian beta retrovirus (SRV). In contrast, non-SPF animals are naturally
exposed to viral infections endemic in breeding cohorts of NHPs, including RhCMV and
other herpesviruses. Importantly, both SPF and non-SPF animals are housed in the
outdoor setting and experience similar environmental exposures. Our study tested the
hypothesis that subclinical CMV infection may accentuate changes in the host immu-
nity and gut microbiota in the context of environmental exposures. Investigation of gut
microbiota and immune cells from the SPF and non-SPF animals showed that subclin-
ical CMV infection was associated with marked differences in immune cell populations
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and gut microbiota composition in animals that were housed in the outdoor environ-
ment. Non-SPF animals showed greater numbers of lymphocytes, effector T cells,
cytokine-producing T cells, and an increased abundance of potential SCFA-producing
bacteria, especially butyrate-producing microbes. An experimental CMV infection of
SPF animals clearly demonstrated an increase in the abundance of potential butyrate-
producing gut microbiota. Surprisingly, these differences between SPF and non-SPF
animals in immune responses and gut microbiota diminished substantially when animals
were housed in the built-in indoor environment. Despite the minimal differences
observed in the indoor environment, immunization with an influenza vaccine resulted
in significantly greater levels of influenza-specific antibody response in the SPF com-
pared to non-SPF animals in the indoor environment, linking the difference in vaccine
response to the presence of subclinical viruses. Our data highlight the impact of SVI on
changes in the host immune cells and gut microbiota in the context of indoor and
outdoor environmental exposures. This may explain why several vaccine and thera-
peutic studies performed on indoor housed animals may not fully predict immune
variation observed in the immune responses among humans at the population level. In
summary, our data show that subclinical CMV infection may accentuate immune
variation by modulating the host immune system and gut microbiota in response to
environmental exposures.

RESULTS
Marked differences in the gut microbiota of animals from an outdoor environ-

ment versus an indoor environment. Nonhuman primates at the California National
Primate Research Center (CNPRC) are housed in an outdoor environment. Animals are
moved to the built indoor environment for experimental studies and sample collec-
tions. We sought to determine whether housing the animals in an outdoor environ-
ment compared to a controlled indoor environment had any effect on their gut
microbiota. It is noteworthy that outdoor animals are exposed to different environ-
mental antigens and microbes, while the animals housed in the controlled indoor
environment have limited such exposures. However, they may experience several
stressors, including social disruption and limited exposure to the natural daylight and
exercise. Although animals in outdoor and indoor environments receive the same diet,
it is possible that outdoor animals might be ingesting different plant-derived com-
pounds.

The gut microbiota of outdoor animals clustered distinctly from the gut microbiota
of indoor animals (P � 0.001, PERMANOVA [permutational multivariate analysis of
variance] test) as shown by unweighted UniFrac principal coordinate analysis (PCoA)
(Fig. 1A). The most abundant families in the outdoor animals consisted of Prevotel-
laceae, Helicobacteraceae, Ruminococcaceae, Paraprevotellaceae, and Veillonellaceae,
while the indoor animals had a high prevalence of Prevotellaceae, Ruminococcaceae,
p-2534-18B5, Spirochaetaceae, and Paraprevotellaceae (Fig. 1B). We performed linear
discriminant analysis (LDA) effect size (LEfSe) analysis to identify bacterial taxa within
the three most abundant phyla (Firmicutes, Bacteroidetes, and Proteobacteria) that were
characteristic of the animals housed outdoors versus indoors. Overall, Firmicutes were
highly enriched in the indoor animals. Several members of the Clostridia class, including
Ruminococcaceae, Christensenellaceae, Streptococcus, and Oscillospira, were overly rep-
resented in indoor animals compared to outdoor animals. In contrast, only three
members of Firmicutes, including Faecalibacterium and Anaerovibrio, were associated
with outdoor animals. Members of the phyla Bacteroidetes and Proteobacteria, including
Prevotella, Sutterella, Alcaligenaceae, and Campylobacter, were found predominantly in
animals housed outdoors (Fig. 1C). Importantly, we did not observe any significant
effect of age and sex on the microbiota profiles in animals from both indoor and
outdoor environments (see Fig. S1A and B in the supplemental material).

To define the functional capacity of the gut microbiota from indoor and outdoor
animals, we examined potential metagenomic contributions of the microbial commu-
nity by using PICRUSt (27). The LEfSe analysis of the predicted KEGG metabolic
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FIG 1 Differences in the composition and functionality of the gut microbiota of rhesus macaques from outdoor and indoor environments. (A) Unweighted
UniFrac PCoA analysis showed a marked difference in gut microbiota composition of animals from outdoor versus indoor environment. (B) Bar charts are
showing the relative abundance of bacterial families among animals from the outdoor and indoor environments. (C) Cladogram representing the
taxonomic hierarchical structure of bacterial taxa generated by LEfSe analysis. Bacterial taxa enriched in indoor animals are represented in red, and those
from the outdoor environment are represented in green. The yellow circles represent bacterial taxa that were not significantly changed. The analyses
were restricted to the three most abundant phyla (Firmicutes, Bacteroidetes, and Proteobacteria). Selection of discriminative taxa between the groups was

(Continued on next page)
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pathways highlighted enrichment of 36 pathways in indoor animals and 31 pathways
in outdoor animals (Fig. 1D). Notably, carbohydrate metabolism pathways had an
increased representation in indoor animals compared to outdoor animals (22% versus
3%). Lipid metabolism pathways were exclusively associated with indoor animals (19%
of the total pathways identified in indoor animals), and glycan metabolism was
exclusively associated with outdoor animals (13% of the total pathways identified in
outdoor animals) (Fig. 1D). Collectively, our data show that environmental factors play
an important role in shaping the microbiota composition and functionality of rhesus
macaques.

Subclinical viral infections accentuate differences in the gut microbiota com-
position only in the outdoor but not in the indoor environment. SVI are prevalent
among animals and humans and may influence the commensal microbiota of infected
hosts. We examined whether SVI influenced changes in the gut microbial communities
from rhesus macaques in the outdoor environment in comparison to the indoor
environment.

No significant differences were detected in the beta diversity of the gut microbiota
between SPF and non-SPF animals housed either outdoors or indoors, as shown by
unweighted UniFrac PCoA analysis, indicating that subclinical viral infections do not
significantly alter the overall composition of the gut microbiome (Fig. 2A). However,
direct comparisons of microbial communities at all taxonomic levels between outdoor-
housed SPF and non-SPF animals highlighted 12 bacterial taxa that were significantly
different and predominantly mapped to butyrate-producing bacteria within the Firmi-
cutes phylum (see Table S1 in the supplemental material). Differences between groups
were considered statistically significant when they met the criteria of P � 0.05 and false
discovery rate (FDR)-corrected P (q-value) � 0.1 The abundances of Lachnospiraceae,
Clostridiaceae, Faecalibacterium, Roseburia, Clostridium, and Coprococcus were signifi-
cantly increased in non-SPF animals. The abundance of Phascolarctobacterium, a pro-
pionate producer, was also increased in non-SPF animals (28) (Fig. 2B). In non-SPF
animals, highly abundant butyrate-producing bacteria included members of Clostridium
groups XIVa, XI, and IV. These bacteria are known to be the major butyrate producers
in the gastrointestinal tract (29).

Evaluation of the gut microbiota profiles of SPF and non-SPF animals housed in the
indoor controlled environment showed that their gut microbiota profiles were very
similar. It was surprising to note that the microbiota differences observed between SPF
and non-SPF animals in the outdoor setting diminished when the animals were housed
indoors. The prevalence of potential SCFA-producing microbes was similar in the SPF
and non-SPF animals in the indoor environment (Fig. 2C).

We sought to examine whether the presence of SVI was associated with changes in
the functional capacity of the gut microbiota in non-SPF animals. LEfSe analysis of the
metabolic pathways highlighted the enrichment of 12 KEGG pathways in non-SPF and
8 pathways in SPF macaques in the indoor environment. Pathways related to lipid
metabolism (ether lipid, glycerolipid, and primary and secondary bile acid synthesis)
and the biosynthesis of secondary metabolites (flavone, flavonol, and phenylpro-
panoid) were exclusively associated with non-SPF (RhCMV-seropositive) animals. In
contrast, N-glycan biosynthesis and metabolism of vitamins and cofactors were asso-
ciated only with SPF animals (Fig. 2D). Importantly, analysis of individual KOs predicted
by PICRUSt revealed an increased enrichment of butyryl coenzyme A (butyryl-CoA)
dehydrogenase gene in non-SPF animals compared to SPF animals (Fig. 2E). This is a
key enzyme involved in the butyrate synthesis pathway (30). The LEfSe analysis of the
predicted KEGG metabolic pathways was performed for the indoor animals; no specific
pathways were associated with either SPF or non-SPF animals, suggesting that gut

FIG 1 Legend (Continued)
based on an LDA score cutoff of 2.0. na, not assigned. (D) LEfSe analyses of KEGG metabolic pathways were predicted by PICRUSt. Pathways with a
positive LDA score (green) are enriched in outdoor animals and pathways with a negative LDA score (red) are associated with indoor animals (indoor
animals, n � 12; outdoor animals, n � 40).
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FIG 2 Subclinical viral infections increase abundance of butyrate-producing microbes only in the outdoor environment. (A) No significant differences were
detected in the overall gut microbiota composition of SPF and non-SPF animals housed either in the outdoor or indoor environment as detected by beta
diversity (unweighted UniFrac). (B) The non-SPF animals have an increased abundance of butyrate producers compared to SPF animals in the outdoor
environment. The heatmap shows scaled values for the relative abundance of potential butyrate producers detected in SPF and non-SPF animals. Each column
represents a different animal. Only bacteria taxa statistically different between SPF and non-SPF (P � 0.05 and q-value � 0.1) are shown. (C) No significant

(Continued on next page)
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microbiota from indoor animals have a similar functional capacity that is independent
of the presence of subclinical viral infections. In summary, our data show that persistent
subclinical viral infections are linked to changes in the composition, as well as the
metabolism, of the gut microbiota in non-SPF animals housed in the outdoor environ-
ment but not in the indoor setting.

Experimental CMV infection of SPF macaques resulted in increased prevalence
of butyrate-producing microbes. We sought to investigate the role of CMV in
inducing changes in the gut microbiota of the host because we observed an increased
abundance of potential SCFA-producing bacteria in non-SPF animals only in the outdoor
environment. Four indoor SPF animals were experimentally infected with RhCMV and
monitored for changes in the frequency of potential butyrate and propionate produc-
ers following the primary viral infection. All animals were successfully infected with the
virus as evidenced by CMV seropositivity (Fig. 3A). We found that the levels of many
SCFA-producing bacteria markedly increased following experimental CMV infection
and remained elevated for at least 16 weeks (Fig. 3B). At 2 weeks postinfection,
significant increases in abundance of Coprococcus (fold change [FC] � 5.6, P � 0.03)
and Faecalibacterium (FC � 3.2, P � 0.03) were observed. At 4 weeks postinfection,
Clostridiaceae (FC � 5.1, P � 0.003) was significantly elevated compared to the
preinfection baseline values (Fig. 3B). We also monitored the population of potential
SCFA producers in SPF animals that served as CMV-negative controls. We did not
observe any significant changes over time in the gut microbiota (Fig. 3C), demonstrat-
ing that CMV infection leads to an increased colonization of potential butyrate-
producing microbes.

Increased prevalence of butyrate-producing microbes in non-SPF animals cor-
relates with RhCMV-specific antibody levels in the outdoor environment. Previous
studies reported that SCFAs, including butyrate and propionate, can inhibit histone
deacetylase and thereby activate latent CMV and EBV (31, 32). Activation of HIV
transcription by butyrate has also been reported (33). To determine whether differences
in the butyrate-producing gut microbial communities during subclinical viral infections
are linked to CMV reactivation, we examined correlations between the presence of the
most abundant bacteria taxa at the lowest taxonomic level (�0.1% in all samples) and
the levels of RhCMV-specific antibodies. It has been previously well established that the
levels of RhCMV-specific antibodies correlate with RhCMV shedding (34). Although we
did not directly determine CMV replication, we measured CMV-specific antibody levels
as an indicator of CMV shedding in the host.

Overall, the abundance of SCFA-producing bacteria, especially butyrate producers,
positively correlated with the levels of RhCMV antibody in non-SPF animals, suggesting a
frequent reactivation of latent CMV (Fig. 4A). The abundance of Faecalibacterium (rho �

0.47, P � 0.04), Lachnospiraceae (rho � 0.45, P � 0.04), and Phascolarctobacterium (rho �

0.53, P � 0.02) exhibited significant positive correlations with RhCMV antibody levels (Fig.
4B).

Increased levels of lymphocytes and effector T cells in non-SPF animals com-
pared to SPF animals in the outdoor environment. To determine the impact of
subclinical viral infections on immune cell subsets and function, immunophenotypic
analysis was performed on peripheral blood mononuclear cells (PBMC) from SPF and
non-SPF rhesus macaques housed outdoors.

Remarkably, non-SPF animals had 3-fold-higher numbers of lymphocytes compared
to SPF animals (Fig. 5A). In multiple regression analysis, this difference did not correlate
with the age or sex of these animals. Measurement of the frequencies of naive, effector,

FIG 2 Legend (Continued)
differences in the abundance of butyrate producers were found between SPF and non-SPF animals in the indoor environment. (D) LEfSe analyses of KEGG
metabolic pathways predicted by PICRUSt. Pathways with a positive LDA score (blue) are enriched in SPF animals, and pathways with a negative LDA score (red)
are associated with non-SPF animals. (E) Butyryl-CoA dehydrogenase gene counts predicted by PICRUSt in outdoor animals. Increased prevalence of butyryl-CoA
dehydrogenase gene was found in non-SPF animals (35% increase) compared to SPF animals (P � 0.05, two-tailed Mann-Whitney test). Data are shown as group
means � the standard errors of the mean (SEM). SPF outdoor, n � 20; non-SPF outdoor, n � 20; SPF indoor, n � 6; non-SPF indoor, n � 6.
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FIG 3 Experimental CMV infection of indoor SPF macaques led to increased abundance of potential butyrate-
producing microbes. SPF animals (n � 4) were experimentally infected with RhCMV, and the frequencies of

(Continued on next page)
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and memory CD8� T cell populations in SPF and non-SPF animals by flow cytometry
revealed that non-SPF animals had significantly higher levels of effector (CD28�

CD95�) and lower levels of memory (CD28� CD95�) CD8� T cells compared to SPF
animals (Fig. 5B; see reference 2). As for the CD4� T cell populations in SPF and non-SPF
animals, there were no major differences in the distribution of effector and memory
cells or proliferating CD4� T cells (see Fig. S2A and B in the supplemental material).
Functional T-cell responses to heat-inactivated RhCMV virions showed the presence of

FIG 3 Legend (Continued)
butyrate and propionate producers were monitored during the course of CMV infection. (A) RhCMV-specific
antibodies were detected by ELISA in plasma samples at 16 weeks postinfection as a measure of CMV infection. (B)
Abundance of SCFA-producing microbes increased following experimental CMV infection. Significant increase in
Coprococcus and Faecalibacterium was observed at 2 weeks postinfection and Clostridiaceae was significantly
elevated at 4 weeks postinfection compared to preinfection baseline values. Friedman, followed by Dunn’s posttest,
was used for comparisons of gut microbiota changes over time following the experimental RhCMV infection of indoor
SPF animals. Significant differences are represented by asterisks (*, P � 0.05; **, P � 0.01). (C) SPF animals (n � 5) without
RhCMV infection served as controls and were monitored for changes in the population of potential SCFA producers over
time; no significant changes were observed (Wilcoxon matched-pair signed-rank test).

FIG 4 Correlation between the abundance of SCFA-producing microbes with RhCMV-specific antibody levels in the
animals from outdoor environment. (A) Heatmap of Spearman correlation coefficients between the most abundant
bacteria taxa at the lowest taxonomic level (�0.1% in all samples) and RhCMV-specific antibody levels. The red
color indicates a positive correlation, and the blue color represents a negative correlation. Significant correlations
(FDR-adjusted P � 0.05) are indicated with an asterisk. (B) The abundance of Lachnospiraceae, Faecalibacterium, and
Phascolarctobacterium significantly positively correlated with RhCMV-specific antibody titers.
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CMV-specific CD4� and CD8� T cells producing gamma interferon (IFN-�) and tumor
necrosis factor alpha (TNF-�) in non-SPF animals (see Fig. S3 in the supplemental
material). However, non-SPF animals harboring subclinical viral infections had signifi-
cantly higher frequencies of Th1, Th2, and Th17 CD4� T cells as determined by
intracellular cytokine immunostaining following ex vivo mitogenic stimulation. The
proportions of IFN-�- and TNF-�-producing cells were 2- and 3-fold higher in non-SPF
compared to SPF animals. Interestingly, SPF animals had very few interleukin-4 (IL-4)-
producing cells, while non-SPF animals had a 7-fold-higher frequency of these cells (Fig.
5C). No apparent differences were observed for the percentages of Treg cells (see
Fig. S1C in the supplemental material). Our data on higher frequencies of effector
cells, cytokine-producing T cells, and absolute numbers of circulating lymphocytes
in non-SPF animals suggest that SVI are major drivers for the expansion and
maturation of host immunity. The numbers and distribution of circulating lympho-
cytes and T cell subsets from SPF and non-SPF animals from the indoor environment
were compared. Surprisingly, there was no significant difference in lymphocyte
numbers between SPF and non-SPF animals that were housed indoors (Fig. 6A). In
fact, SPF animals housed indoors had significantly higher numbers of circulating
lymphocytes compared to SPF animals housed outdoors (compare Fig. 6A and 5A).

FIG 5 Altered immune cell populations in outdoor rhesus macaques with subclinical CMV infection. (A) Complete blood counts were
performed to enumerate circulating lymphocytes in SPF (n � 25) and non-SPF (n � 35) macaques. (B) CD8� T cell populations in
peripheral blood were examined by flow cytometry. Naive (CD28� CD95-), memory (CD28� CD95�), and effector (CD28� CD95�) CD8�

T cells were identified. (C) The functional potential of CD4� T helper cell subsets was measured by intracellular cytokine staining following
mitogenic stimulation of PBMC from SPF (n � 18) and non-SPF (n � 19) macaques. Data are shown as means � the SEM.
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In the indoor environment, non-SPF animals had significantly fewer naive CD4� and
CD8� T cells than SPF animals (Fig. 6B and C). Non-SPF animals also exhibited an
increased percentage of memory CD4� T cells (Fig. 6B) and effector CD8� T cells
(Fig. 6C). No detectable differences in the CD4� and CD8� T cell proliferation were
observed in indoor-housed animals (data not shown). These findings suggest that
controlled hygienic indoor environment may lead to a reduced level of host
immune activation.

Marked difference in the magnitude of flu vaccine responses between SPF and
non-SPF animals in the indoor environment. To determine whether host immune
responses to vaccine immunogens are different in non-SPF animals compared to SPF
animals as a consequence of subclinical viral infections, SPF and non-SPF animals were
immunized with an unadjuvanted trivalent influenza vaccine. Since these animals had
similar immunologic and gut microbiota profiles in the indoors, they provided an
excellent opportunity to examine the effect of subclinical CMV infection independent
of environmental exposures. The animals received flu vaccine two times 2 weeks apart
and were monitored for the subsequent 5 weeks. The SPF animals had significantly
higher titers of HA antibodies than non-SPF animals (Fig. 7). Our data suggest that
subclinical viral infections may influence the magnitude of primary host immune
response to vaccines.

FIG 6 Prevalence of Immune cell subsets among SPF and non-SPF animals in the indoor environment.
(A) Complete blood counts were performed to enumerate circulating lymphocytes in SPF (n � 6) and
non-SPF (n � 6) macaques in the indoor environment. (B and C) Naive (CD28� CD95�), memory (CD28�

CD95�), and effector (CD28� CD95�) CD4� (B) and CD8� (C) T cell populations in PBMC were examined
by flow cytometry. Data are shown as group means � the SEM.
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DISCUSSION

Most of our understanding of viral interactions with the host immune system and
impact of viral infections on health and disease is based on study of pathogenic viral
infections that cause clinically symptomatic disease states. However, humans and
animals harbor SVI that cause no detectable clinical symptoms or obvious functional
abnormalities. The degree to which these silent infections may influence host immunity
is just beginning to be appreciated. Chronic viral infections impact the immune system
and health in humans, nonhuman primates and mice (35). A study of monozygotic
human twins found that discordance for CMV infection in twin pairs resulted in
significantly increased variance in more than 50% of the immune parameters measured,
compared to the variance seen in CMV-negative twin pairs (2). Such findings suggest
that environmental exposures, including persistent viral infections, may play a greater
role in shaping host immunity than genetics.

Most immunologic studies are performed in laboratory mouse models in the indoor
environment, which do not adequately capture the impact of environmental exposures
and genetic variation among human populations. The inflammation profile, immune
cell distribution, and gut microbiota of inbred laboratory mice are quite different from
those of humans (24, 36). Nonhuman primate models are highly translational because
the animals are outbred, genetically diverse, and housed outdoors, experiencing a wide
range of environmental exposures. The availability of SPF and non-SPF rhesus ma-
caques provides an excellent opportunity to investigate the impact of SVI on the host
immunity and gut microbiota in the context of environmental exposures.

Our study is the first to demonstrate striking differences in the composition of the
gut microbiota of nonhuman primates from the outdoor environment versus indoor
environment. Human microbiome studies have highlighted the impact of the environ-
ment (e.g., geographical location) and lifestyle (e.g., diet) on gut microbiota composi-
tion (37–39). Most preclinical nonhuman primate studies have utilized indoor-housed
animals, and therefore the interacting influences of environmental exposures and
divergent gut microbial communities were not evaluated (40–42). We find that mem-
bers of Firmicutes are associated with indoor housing, while Proteobacteria and Bacte-
roidetes members are associated with outdoor housing. Despite the expected normal
variation in the gut microbiota among animals from different primate centers or animal
service facilities, the proportions of Bacteroidetes (�58%) and Firmicutes (�30%) in
indoor animals in our study are similar to the proportions previously reported in
nonhuman primates by other investigators (40, 41). This is possibly due to the use of
indoor animals in their studies. However, the proportions of these microbes in the
outdoor animals (�68% for Bacteroidetes and only 17% for Firmicutes) in our study were
different from the indoor animals from previously reported studies. Importantly, those
compositional differences were reflected in functional changes in their microbial

FIG 7 Influenza H1N1 titers. The enhanced antibody responses to influenza vaccination in SPF macaques
compared to non-SPF animals in the indoor environment were determined. SPF (n � 6) and non-SPF
(n � 6) animals in the indoor environment were immunized with an inactivated influenza vaccine at
weeks 0 and 2. Plasma samples were collected at weeks 0, 3, and 5, and H1N1-specific antibody titers
were measured by ELISA. Endpoint titers are shown as log-transformed geometric means � the SEM.
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metabolic potential. In general, pathways related to lipid and carbohydrate metabolism
were highly enriched in the indoor animals compared to the outdoor animals. In
contrast, glycan metabolism pathway was exclusively associated with outdoor animals.
A higher abundance of Firmicutes is generally related to increased energy harvesting
through the metabolism of carbohydrates (43), while a higher abundance of Bacte-
roidetes was associated with the metabolism of glycans (44).

A demonstrable difference in the microbiota composition of rhesus macaques was
observed only in the context of their housing environment. We did not detect signif-
icantly different microbiota patterns according to the age in the SPF and non-SPF
animals. Gut microbiota changes between young and aged have been previously
reported in humans (45). However, our experimental groups did not include infants or
very aged animals. Animals in our study groups were already immunologically mature
and possibly developed similar microbiota profiles since they received similar diet and
were housed in the same outdoor environment. The outdoor environmental exposures
may include several factors, including exposure to microbes from soil and plants. It is
likely that outdoor environmental exposures may play a substantial role in driving
differences in microbiota profiles of animals housed in the outdoor versus indoor
environment. Our data reveal new opportunities of using NHP models for preclinical
studies that will be highly relevant and reflective of variations in the human population.

Previous mouse studies showed that approximately 16% of bacterial taxa differed
between wild mice and inbred laboratory mice (46). Another study reported that wild
mice have greater bacterial diversity than laboratory-housed mice (47). However, the
wild mice are genetically highly diverse compared to laboratory inbred mice and their
habitat, diet, and exposure to environmental stimuli are very different. These factors
complicate the comparative analysis of the mice for differences in the gut microbiota
or the presence of subclinical viral infections. Our findings emphasize the importance
of identifying the baseline microbiomes of animal models associated with different
environments in order to identify the clinical relevance of microbiota changes linked to
health and disease.

Although dysbiosis of the gut microbiota has been reported in several diseases,
there is limited information regarding the influence of asymptomatic subclinical
chronic viral infections. Our study is the first to report the impact of SVI on the
composition and function of the microbial community in healthy adult NHP housed
outdoors. In infants or young animals, stable gut microbiota are established as their
immune systems maturate and develop in response to environmental exposures and
encounters with new viral and bacterial agents (48). However, animals in our study
were adults with fully maturated immune system and a long-term SVI. Therefore, their
gut microbiota profiles are similar and would be distinct from those from infants.
Although our study predominantly consisted of female animals in the outdoor envi-
ronment, they were cohoused together with other males. Therefore, we do not expect
an effect of altered social patterns.

Our findings showed that differences in gut microbiota composition and function-
ality between SPF and non-SPF animals in the outdoor environment diminished when
animals were moved to the indoor environment. The non-SPF animals showed an
increased abundance of potential butyrate-producing bacteria such as Faecalibacterium
and Coprococcus (members of Clostridium groups IV and XIVa, respectively) compared
to SPF animals in the outdoor environment. This is particularly intriguing since these
two microbial species are among the most abundant butyrate producers commonly
found in the gastrointestinal tracts of mammals (49). It is interesting to note that severe
loss of butyrate-producing bacteria is reported for several inflammatory infectious
diseases, including HIV/AIDS (19) and Clostridium difficile infection (20), and noninfec-
tious inflammatory diseases, including Crohn’s disease and inflammatory bowel disease
(21, 50). However, an increased prevalence of potential butyrate-producing microbes
was detected in non-SPF animals with SVI in our study. The SPF animals at CNPRC are
confirmed to be seronegative for RhCMV and simian retroviruses (SIV, simian T lym-
photropic virus (STLV), SRV, and SFV), as well as B virus and rhesus rhadinovirus. In
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contrast, most non-SPF animals are seropositive for SFV and RhCMV by the age of 1 year
(51). Experimental infection of indoor SPF animals with CMV resulted in increased
abundance of potential butyrate-producing bacteria, demonstrating that CMV en-
hanced host colonization by butyrate-producing commensals. However, it is possible
that other SVI may also contribute to the gut microbiota changes found between SPF
and non-SPF animals.

Although we did not directly measure the levels of butyrate in the gut, we found
increased counts of butyryl-CoA dehydrogenase gene in the predicted metagenome of
non-SPF animals, suggesting enhanced ability of butyrate production compared to SPF
animals. In our study, we did not measure butyrate levels in fecal samples. In human
fecal samples, acetate is the most prevalent SCFA compared to propionate and
butyrate. In the gut, SCFAs are utilized by host cells, and the levels in the fecal samples
do not adequately reflect SCFAs, specifically butyrate in the intestine (52).

SCFAs, including butyrate and propionate, are known to inhibit histone deacetylase.
Butyrate has been shown to reactivate CMV promoter-driven expression of latent viral
genes (31). Interestingly, the abundance of Faecalibacterium and Lachnospiraceae
positively correlated with RhCMV-specific antibody titers in the outdoor animals.
Although we did not measure CMV replication, it has been previously reported that
levels of CMV-specific antibodies correlate with RhCMV shedding (34). Thus, increased
colonization of butyrate-producing microbiota may correlate with recurrent CMV reac-
tivation and viral persistence in non-SPF animals. Collectively, these findings support
the hypothesis that microbiota-derived butyrate may contribute to the mechanisms of
viral persistence in vivo by inducing low-level CMV gene expression through epigenetic
modifications or activation of transcription binding sites. Concurrently, butyrate plays
an important role on host physiology by inducing anti-inflammatory responses, which
controls excessive viral replication (53). While butyrate is able to reactivate latent viral
expression, butyrate-mediated anti-inflammatory effects may drive the balance be-
tween pro- and anti-inflammatory mechanisms during subclinical viral infections. This
negative feedback to fine-tune viral replication by butyrate maintains the viral persis-
tence in vivo. It is also noteworthy that the changes in the gut microbiota of animals
with SVI mapped to microbes of low abundance in the gut. However, changes in these
low-prevalence microbes were sufficient to impact the functional capacity of the
microbiome. Future investigations are needed to elucidate how increased abundance
of butyrate-producing microbes in hosts with subclinical viral infections would impact
both host immunity and viral persistence.

Our data show markedly different immune cell phenotypes and functions between
non-SPF animals and SPF animals in the outdoor environment. The major differences
included a significant increase in the numbers of circulating lymphocytes and effector
T cells. These parameters might reflect a cumulative effect of multiple antigenic exposures
in the outdoor environment that are exacerbated by the presence of persistent viral
infections. It is possible that SVI enhance sensitization of the animals to environmental
exposures. The SPF and non-SPF animals in the indoor environment had similar levels
of circulating lymphocytes, but the frequencies of naive and memory T cells were
different between these two groups. It is reasonable to detect an increased percentage
of memory T cells in the indoor non-SPF animals because they harbor persistent CMV
infection. Although CMV infection is associated with variations in immune cell functions
in humans and NHPs (9, 54), it is possible that other persistent or latent viral infections may
also contribute to host immune variation. SFV is considered to be nonpathogenic to rhesus
macaques (55). While intermittent reactivation and shedding of B virus in some animals has
been documented (56), its impact on host immunity has not been fully characterized. All
non-SPF animals in our study were seronegative for SIV and SRV (51).

Previous studies on the impact of CMV infection on host immune responses to
vaccines have been inconclusive. Among elderly humans, CMV seropositivity had either
no effect (10) or an adverse effect (11, 12, 14) on the antibody responses to influenza
vaccination. Studies in younger human populations have also reported mixed results,
including no effect due to CMV seropositivity (11), an adverse effect (12, 14), or a
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positive effect (2) on response rates to influenza vaccination. We examined host
immune responses to flu vaccination in SPF and non-SPF animals housed in the indoor
environment. It was remarkable that SPF and non-SPF animals in the indoor environ-
ment had very similar profiles of the gut microbiota and immune cells. The differences
observed in gut microbiota composition and immune cell subset distribution between
outdoor SPF and non-SPF animals diminished after their transfer to indoor housing
regardless the length of time indoors, suggesting that changes are rapidly established
in the indoor environment. This enabled us to examine the role of CMV and SVI on host
immune responses to vaccines. We transferred animals from outdoor corrals to indoor
housing (for 3 to 34 months) prior to flu vaccination. Based on H1N1-specific IgG titers,
we found that non-SPF animals had lower flu-specific antibody titers than SPF animals,
suggesting that the presence of subclinical viral infections modulated host immunity to
vaccines.

In summary, our study demonstrates that SVI play an important role in inducing host
immune variation and altering gut microbiota colonization in healthy adult rhesus
macaques, both of which are accentuated in the outdoor environment. Our findings
suggest the possibility that subclinical infectious viruses such as CMV sensitize hosts to
environmental exposures, accentuating their impact. We also demonstrate that clini-
cally silent viruses modulate host immune responses to vaccines. Thus, subclinical
virus-driven changes contribute to host variation, at the population level, in the
composition and function of the immune system.

MATERIALS AND METHODS
Animals and Sample collection. Rhesus macaques (Macaca mulatta) were obtained from the

CNPRC. This study was performed in accordance with the recommendations of the Public Health Services
(PHS) Policy on Humane Care and Use of Laboratory Animals. All procedures were performed according
to a protocol approved by the Institutional Animal Care and Use Committee of the University of
California, Davis. Outbred rhesus macaques were obtained from the SPF level 2 and non-SPF colonies at
the CNPRC. The SPF animals are seronegative for SRV, SIV, STLV, B virus, RhCMV, and SFV. The first part
of the study involved a total of 60 rhesus macaques (25 SPF and 35 non-SPF) ranging from 3 to 19 years
old. Both SPF and non-SPF animals were born, reared, and housed in outdoor corrals at the CNPRC and
are exposed to same diet and environment (Table 1). Animals were breast-fed during infancy. Peripheral
blood samples and rectal swabs were collected, and immunophenotypic analysis and gut microbiota
assessment were performed. Animals in the study did not receive any antibiotics during the 6 months
prior to the sample collection.

In the second part of the study, SPF (n � 6) and non-SPF (n � 6) macaques ranging from 3 to 9 years
old were immunized twice with an inactivated, unadjuvanted, influenza vaccine (Fluzone) administered
via the intramuscular route with a dose of 45 �g of hemagglutinin at weeks 0 and 2. All animals were
transferred from outdoor corrals to indoor housing for at least 3 to 34 months prior to the study.
Peripheral blood samples were collected at day 0 (prior to the first immunization) and at weeks 3 and
5 after immunization. Serum samples were used to measure anti-hemagglutinin antibody responses at
weeks 3 and 5 (3 weeks after the prime and booster immunizations), respectively.

Flow cytometric analysis. The distribution of T cell memory subsets in peripheral blood samples and
their activation status were determined by flow cytometry as previously described (54). Tregs were
characterized using the following antibodies: anti-CD3-Alexa 700 (SP34-2), anti-CD95-APC (DX2), anti-
CD28-APC-H7 (CD28.2), anti-CD127-PE (HIL-7R-M21), anti-CD25–PE-Cy7 (M-A251), anti-CD8-PE-Cy5.5
(3B5), anti-CD4-BV650 (L200), and anti-CD45RA-ECD (2H4). A cell viability dye was included to discrim-
inate live from dead cells (Invitrogen Aqua Live/Dead Fixable Dead Cell Stain). Cells were washed and
permeabilized using a FOXP3 Fix/Perm kit (BioLegend), intracellularly stained with anti-Ki67-Alexa 488
(B56) and anti-FOXP3-PacBlue (206D), and fixed in phosphate-buffered saline (PBS) containing 1%
paraformaldehyde. T cell phenotypes were defined by CD28 and CD95 markers: CD28� CD95� (naive),
CD28� CD95� (memory), and CD28� CD95� (effector) (57).

The T cell subsets were assessed by cytokine production following mitogenic stimulation. PBMC (106

cells) were incubated for 4 h with phorbol 12-myristate 13-acetate (50 ng/ml) and ionomycin (1 �g/ml)

TABLE 1 Study groups

Group
No. of
subjects

Mean � SD (range)
Sex (no. male:
no. female)Age (yrs) Wt (kg)

Outdoor SPF 25 9.3 � 4.1 (3.25–14.0) 9.3 � 3.0 (4.6–19.2) 4:21
Outdoor non-SPF 35 8.3 � 4.6 (3.1–19.3) 7.8 � 2.7 (3.9–13.1) 0:35
Indoor SPF 6 4.8 � 1.0 (3.9–6.3) 7.4 � 0.6 (6.6–8.2) 4:2
Indoor non-SPF 6 6.1 � 2.6 (3.7–9.1) 9.3 � 3.8 (5.6–15.7) 3:3
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in complete RPMI 1640 medium and with GolgiPlug (5 �g/ml). Cells were washed and immunostained
with anti-CD3-PacBlue (SP34-2), anti-CD8-PE-Cy5.5 (3B5), anti-CD4-BV650 (L200), anti-CD95-APC (DX2),
and anti-CD28-APC-H7 (CD28.2). Cells were permeabilized with Cytofix/Cytoperm kit (BD Biosciences)
and immunostained with anti-IL-17-PE (eBio64DEC17), anti-IFN-�-PE-Cy7 (B27), anti-TNF-�-Alexa Fluor
700 (Mab11), and anti-IL-4 FITC (MP4-25D2). Cells were fixed in PBS containing 1% paraformaldehyde.
Data were acquired on LSR II or Fortessa cytometers (BD Biosciences, San Jose, CA) and analyzed using
FlowJo software (Tree Star, Inc., Ashland, OR).

ELISA. The serological assessment of RhCMV was performed in plasma samples from non-SPF
animals using enzyme-linked immunosorbent assay (ELISA) with RhCMV-binding IgG antibodies as
previously described (58). Data are shown in relative units, which were calculated based on an
eight-point standard curve with a range of 1:100 to 1:12,800 dilutions with the 1:400-diluted assay
control standard arbitrarily set to 100 Ig units. The optical density (OD) values of the test samples were
converted to IgG units by a log-log regression model.

Anti-influenza A antibody levels were quantified following flu vaccination. The 96-well plates
(Immulon 4 HBX; Thermo Scientific) were coated with 0.25 �g/ml of gamma radiation-inactivated
A/California/7/2009 influenza virus (influenza A H1N1; Meridian Life Science). Plasma samples were
serially diluted from 1:400 to 1:256,000 and incubated for 2 h at 25°C, followed by the addition of
horseradish peroxidase-conjugated goat anti-monkey IgG polyclonal antibodies in 1% bovine serum
albumin in PBS plus Tween. Wells were reacted with TMB substrate (Sigma) for 20 min and stopped with
1 N sulfuric acid. The absorbance was read at an OD of 450 nm (OD450) and OD595, and the OD450 was
subtracted from the background OD595. Endpoint antibody titers are defined as the dilution with an OD
value greater than the preimmunization sample plus 2 standard deviations.

Gut microbiota analysis and 16S rRNA sequencing. The gut microbiota was assessed in total DNA
from rectal swabs (MoBio Power Soil kit). Amplification of the V4 region of the 16S rRNA gene was
performed using DNA template and primers 515F and 806R as previously described (23). A unique
combination of these primers was used to barcode each sample. PCR mixtures contained 1 U of Kapa2G
Robust Hot Start polymerase (Kapa Biosystems), 10 pmol of each primer, and 1 �l (ranging from 10 to
40 �g/ml) of template DNA. The final PCR products were purified using Axyprep magnetic beads
(Axygen) and quantified on the Qubit instrument using a Qubit high-sensitivity DNA kit (Invitrogen), and
individual amplicons were pooled in equal concentrations. The pooled library was purified using a 1.5%
Pippin prep gel (Sage Science), the quality was assessed using the Agilent Bioanalyzer 2100 High
Sensitivity DNA assay, and 250-bp paired-end sequencing was performed an Illumina MiSeq instrument.
Sequencing reads were trimmed of their barcodes, demultiplexed, and combined using custom Perl
scripts. Chimeras sequences were removed using VSEARCH (59) and the resulting reads were aligned to
the Greengenes (release 13_8) database using Qiime (60) with the default parameters. The resulting Biom
tables were rarefied at 4,000 reads to avoid biases due to different sequencing depths, filtered to remove
low-abundance operational taxonomic units (relative abundance � 0.1% in all samples), and used for
downstream analysis.

RhCMV experimental infection. The SPF rhesus macaques (n � 4) were subcutaneously infected
with 105 PFU of RhCMV (UCD52 strain) as previously described (61). Peripheral blood samples and rectal
swabs were collected at 2, 3, 4, and 16 weeks postinfection, as well as preinfection. Plasma samples were
evaluated for the levels of RhCMV-specific antibody titers by ELISA as previously described (62, 63). The
composition of gut microbiota was determined as described above.

Statistical analysis. Unpaired t tests or Mann-Whitney tests were used for comparisons of T cell
phenotypes, RhCMV antibody response, and influenza antibody responses (GraphPad Prism). Differences
in microbial abundance between SPF and non-SPF animals were analyzed by using a two-tailed
Mann-Whitney test with FDR correction. Differences between groups were considered significant when
the P value was �0.05 and the FDR-corrected P value (q-value) was �0.1. Microbiome differences
between indoor and outdoor were analyzed by using LDA effect size (LEfSe). Spearman correlations and
correlation heatmaps were performed with the R statistical software. Correlations were considered
significant when the FDR-adjusted P value was �0.05. Unweighted and weighted UniFrac PCoA was
performed with R package phyloseq (64), and PERMANOVA was performed to determine statistically
significant differences between groups. Friedman test (nonparametric ANOVA with repeated measures),
followed by Dunn’s posttest was used for comparisons of microbiota changes over the course of
infection time. Functional analysis of microbial communities was predicted by using PICRUSt (Phyloge-
netic Investigation of Communities by Reconstruction of Unobserved States) (27) and LEfSe analysis
(threshold of 1.5) were performed to identify the pathways that were statistically different between the
groups.
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