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Background. Although social distancing is a key public health response during viral pandemics, psychosocial stressors, such 
as social isolation, have been implicated in adverse health outcomes in general [1] and in the context of infectious disease, such as 
human immunodeficiency virus (HIV) [2, 3]. A comprehensive understanding of the direct pathophysiologic effects of psychosocial 
stress on viral pathogenesis is needed to provide strategic and comprehensive care to patients with viral infection.

Methods. To determine the effect of psychosocial stress on HIV pathogenesis during acute viral infection without sociobehavioral 
confounders inherent in human cohorts, we compared commonly measured parameters of HIV progression between singly (n = 35) 
and socially (n = 41) housed simian immunodeficiency virus (SIV)-infected pigtailed macaques (Macaca nemestrina).

Results. Singly housed macaques had a higher viral load in the plasma and cerebrospinal fluid and demonstrated greater CD4 
T-cell declines and more CD4 and CD8 T-cell activation compared with socially housed macaques throughout acute SIV infection.

Conclusions. These data demonstrate that psychosocial stress directly impacts the pathogenesis of acute SIV infection and imply 
that it may act as an integral variable in the progression of HIV infection and potentially of other viral infections.
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Stress is broadly defined as an individual’s physical and psy-
chological responses to changes in the physical and social 
environments known as “stressors.” The idea of psychosocial 
stress comes from the understanding that the effect of social 
stressors can be mediated by the psychological understanding 
and processing of the social stressor [4–6]. Loneliness, social 

disruption, and social integration are examples of psycho-
social stressors. Observational studies have demonstrated 
that psychosocial stress has a measurable impact on general 
health outcomes [1]. Today, psychosocial stress, particularly 
that caused by reduced social contact, has taken on greater 
societal significance, with social distancing practices vital 
to slow the severe acute respiratory syndrome coronavirus 
2 pandemic [7], but how psychosocial stress impacts the 
body’s responses to pathogens, including viral infections, re-
mains incompletely understood. Although data are currently 
unavailable for analysis in the SARS CoV-2 2019 pandemic, 
other viral pandemics, such as human immunodeficiency 
virus (HIV), may provide insight. Human immunodeficiency 
virus infection remains widespread and outcomes for people 
with HIV (PWH) vary greatly and depend upon a number 
of factors, including psychosocial stressors. People with HIV 
are at higher risk for psychosocial stress due to stigma associ-
ated with infection and marginalization of people from dem-
ographics that are considered at higher infection risk [8]. In 
particular, PWH experience societal stigma more often com-
pared with the general population [9], and this isolation has 
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been associated with poor health outcomes and more rapid 
disease progression in PWH [10–12].

Determination of the direct physiologic effects of psycho-
social stressors on viral pathogenesis is complicated by its 
multifaceted nature and by sociobehavioral confounders that 
potentially limit access to effective care or otherwise com-
promise health. The present study aims to determine whether 
single housing, as a psychosocial stressor, directly affects 
simian immunodeficiency virus (SIV) pathogenesis by com-
paring how single housing affects the progression of acute 
SIV infection in pigtailed macaques (Macaca nemestrina) 
in a retrospective analysis. Simian immunodeficiency virus 
infection in macaques recapitulates many aspects of HIV 
pathogenesis, including decline in circulating CD4 T cells 
after infection and persistence of virus in latent reservoirs 
despite antiretroviral therapy (ART) [13]. We hypothesized 
that acute SIV infection would have a greater impact on ma-
caques housed individually before and after viral inoculation 
compared to macaques socially housed. We demonstrate that 
housing macaques individually affects SIV viral load, CD4 
T-cell decline, and T-cell activation during acute infection. 
Psychosocial stress thus directly influences disease progres-
sion in a SIV-infected macaque model of HIV, and psycho-
social stressors are likely to have direct pathophysiologic 
impact on health outcomes of PWH and on the pathogenesis 
of other viral infections.

METHODS

Animals

Seventy-six juvenile male pigtailed macaques (Macaca 
nemestrina) were inoculated intravenously with the same stock 
of SIV inoculum containing neurovirulent clone SIV/17E-Fr 
and immunosuppressive swarm SIV/DeltaB670 as previously 
described; this SIV infection protocol leads to high levels of vi-
remia in plasma and cerebral spinal fluid (CSF) and progression 
to acquired immune deficiency syndrome (AIDS)-defining 
criteria in 3 months [14]. Plasma and CSF viral loads were as-
sessed across all years included in this analysis, and no changes 
to indicate a loss in virulence of the viral stock over time were 
found (P > .1, Spearman correlation) (Supplementary Figure 
S3). A summary of the covariates controlled for in this anal-
ysis can be found in Supplementary Table S1. All macaques 
were seronegative for SIV, simian T-cell leukemia virus, and 
simian type D retrovirus before study. All macaques tested 
negative for the major histocompatibility complex class  I  al-
lele, Mane-A1*08401. Macaques were sedated intramuscu-
larly with 10 mg/kg ketamine at 3 preinoculation time points 
that occurred at least 2 weeks apart and on days 7, 10, and 14 
postinoculation to facilitate blood and CSF collection. On day 
12, the majority of macaques started on ART (Supplementary 
Table S2); any animals that did not begin an ART interven-
tion were excluded from the day 14 postinoculation analysis. 

Samples from each animal group were obtained at the 6 dis-
tinct pre- and postinoculation time points. The data for this 
analysis represent the combined data set of all the singly 
housed animal groups at each time point compared with the 
socially housed animal groups at each time point. Thirty-five 
macaques were singly housed upon assignment to study. These 
animals remained separated from direct physical contact with 
conspecifics before inoculation (approximately 2-month dura-
tion) and throughout the course of the study. All singly housed 
macaques were able to see, hear, and smell conspecifics in the 
same room although they did not share a cage with a conspe-
cific. Forty-one macaques were socially housed (full contact in 
compatible pairs or trios) upon study assignment for at least 
2 months before inoculation, including all preinoculation time 
points, and remained with their conspecific(s) after inocula-
tion. The change from housing macaques singly to housing 
macaques in social groups occurred institutionally in re-
sponse to the 2011 Guide for the Care and Use of Laboratory 
Animals emphasis that single housing should be the exception 
for macaques. Grouping of individuals was completed under 
oversight of an animal behaviorist to ensure social compati-
bility and reevaluated periodically throughout the study; no 
socially housed animals showed signs of incompatibility or 
had to be separated during the course of collecting these data. 
These data represent a retrospective analysis of a total of 18 
studies conducted over a 10-year period, with the 9 studies 
involving the singly housed macaques occurring during the 
first 5-year period, and the 9 studies involving the socially 
housed macaques occurring during the second 5-year period 
(Supplementary Table S2). The number of animals from which 
data was used for this analysis for each parameter is listed in 
Supplementary Table S3. All procedures were approved by the 
Johns Hopkins University Institutional Animal Care and Use 
Committee and conducted in accordance with guidelines in 
the Animal Welfare Regulations and the Guide for the Care and 
Use of Laboratory Animals. All animals consumed commercial 
macaque chow (Purina 5038) and water ad libitum throughout 
the study, and all macaques were provided daily enrichment 
by a behaviorist. These studies were conducted within a fully 
AAALAC-accredited facility.

Quantification of Simian Immunodeficiency Virus Viral Load

Viral ribonucleic acid (RNA) was isolated from plasma and 
CSF using the QuantiTech Virus Kit (QIAGEN). Viral loads 
were quantified by quantitative reverse-transcriptase poly-
merase chain reaction (qRT-PCR) using primers in the SIV 
gag region: forward 5’-GTCTGCGTCATCTGGTGCATTC-3′; 
reverse 5’-CACTAGGTGTCTCTGCACTATCTGTTTTG-3′; 
5’-FAM/3’-Black hole-labeled probe 5’-CTTCCTCAGTGTG
TTTCACTTTCTCTTCTG-3′. All viral RNA extractions and 
PCR reactions over the 10-year period were prepared by 1 spe-
cific, skilled technician within the laboratory.
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Complete Blood Count and Flow Cytometry

Citrated whole blood samples were used for complete blood 
count (CBC), which were completed on site using a Hemavet 
(Drew Scientific) hematology analyzer or a Procyte Dx 
Hematology Analyzer (IDEXX Laboratories) (Supplementary 
Table S2). Samples were excluded at select time points from 
this analysis if clotting was noted upon CBC analysis. To as-
sess the lymphocyte composition of macaque whole blood, 
samples were stained with fluorochrome-coupled CD3, 
CD4, CD8a, and CD69 antibodies for 20 minutes at room 
temperature and fixed for 10 minutes with BD FACS Lysing 
Solution (Becton Dickinson, Franklin Lakes, NJ). The sam-
ples from all of the socially housed animals and 17 of the 
singly housed animals were stained using antibodies listed 
in panel A  of Supplementary Table S4; the remaining 18 
singly housed animals were stained using antibodies in 
panel B of Supplementary Table S4. The stained whole 
blood samples were analyzed by a single skilled technician 
using a BD LSRFortessa (panel A) or FACSCalibur (panel 
B) cytometer (Supplementary Table S2). The FACS data files 
were re-analyzed in FlowJo version 10 by another single 
blinded technician at the time of this retrospective analysis 
(Supplementary Figures S4 and S5). To calculate the circu-
lating number of CD4 T cells, the percentage of CD3+CD4+ 
cells identified by FACS were multiplied by the total number 
of circulating lymphocytes quantified by CBC. Similarly, the 
circulating number of CD8 T cells were calculated by multi-
plying the percentage of CD3+CD8+ cells by the total number 
of circulating lymphocytes.

Data Management and Statistical Analysis

All retrospective macaque data were stored in a custom data-
base built in FileMaker Pro 18 Advanced (Claris International 
Inc., Santa Clara, CA). A  series of mixed-effects regression 
models were conducted in SAS PROC MIXED (version 9.4; 
SAS Institute Inc., Cary, NC) to examine whether social housing 
status affects acute SIV infection (Supplementary Table S5). On 
day 12, the majority of macaques started antiretroviral therapy 
(Supplementary Table S2); 15 animals from the singly housed 
group did not begin ART intervention on day 12 and thus they 
were excluded from the day 14 postinoculation analysis. The 
number of animals for each dataset in this study is detailed in 
the legends for each figure and in Supplementary Table S3. For 
some animals, data were unavailable due to sampling consider-
ations during the time of the original study. The distributions 
of data for each parameter were examined, and those that were 
not normally distributed were log transformed before analysis. 
Mixed-effects regression models were used to accommodate re-
peated laboratory measurements across time that were correl-
ated to different degrees. In addition, these models account for 
the fact that different animals were nested in different studies. 
The full SAS code used for this analysis is available upon 

request. Significance was set at P < .05 for a priori analyses, and 
for exploratory analyses a false discovery rate correction was 
used to control for multiple comparisons. Comparison of the 
aggregated standard deviation values for all variables included 
in this analysis (Figure 3) was done using a 2-tailed Wilcoxon 
matched-pairs signed-rank test with significance set at P < .05. 
Graphs were constructed using GraphPad Prism (version 
8.3.0 for Windows; GraphPad Software, San Diego, CA [www.
graphpad.com]). All data, including deidentified raw data on all 
parameters, are available upon request.

RESULTS

Psychosocial Stress Results in Elevated Viral Loads and Greater CD4+ 

T-Cell Decline During Acute Simian Immunodeficiency Virus Infection

Viral load and CD4+ T-cell decline are 2 of the most frequent 
parameters used to assess clinical progression in PWH. To de-
termine whether psychosocial stress directly influences pro-
gression of HIV, we used linear mixed-effects regression models 
to conduct a retrospective analysis of data generated throughout 
acute infection (days 7, 10, and 14 postinoculation) by singly 
housed (n = 35) compared with socially housed (n = 41) SIV-
infected macaques. We assessed the SIV viral load in the plasma 
and CSF using qRT-PCR to detect SIV gag. Singly housed ma-
caques had higher plasma viral loads than socially housed coun-
terparts throughout acute infection (by 6.1%, 6.5%, and 21% on 
days 7, 10, and 14, respectively; P < .0001) (Figure 1A). Singly 
housed macaques also had higher viral loads in the CSF than 
socially housed macaques (13%, 12%, and 18% difference at the 
same time points; P < .0001) (Figure 1B). The magnitude of the 
difference in viral loads between the singly and socially housed 
macaques compounded over time in the plasma (P = .0007) but 
not the CSF.

We used flow cytometry coupled with CBCs to examine abso-
lute T-cell numbers in these animals. As expected, all macaques 
demonstrated CD4 T-cell decline upon infection (P < .0001) 
(Figure 2A). Singly housed pigtailed macaques had a 38.5% 
greater decline after SIV inoculation compared with socially 
housed animals (P = .0001) (Figure 2A). In addition, singly 
housed animals had a 34.1% greater decline in CD8 T cells 
(P = .0002) (Figure 2B) and a 44.4% greater decline in total cir-
culating lymphocytes (P < .0001) (Supplementary Figure S1A). 
These differential declines originated preinoculation, during 
which CD4 T-cell numbers were 27.8% higher (P = .007) (Figure 
2A), CD8 T cells were 25.9% higher (P = .0006) (Figure 2B), and 
total lymphocytes were 28% higher (P = .0004) (Supplementary 
Figure S1A) in singly housed compared with socially housed 
animals. A  lower CD4 to CD8 T-cell ratio is associated with 
negative outcomes in PWH [15], and, as expected, infection led 
to lower CD4/CD8 ratios in all animals (P = .0004). However, 
the CD4/CD8 ratio was 18% lower in singly housed animals at 
day 14 after inoculation compared with socially housed animals 
(P = .04) (Supplementary Figure S1B) .
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Psychosocial Stress Alters the Immune Response During Acute Simian 

Immunodeficiency Virus Infection

To further determine the effect of psychosocial stress on the im-
mune response to SIV infection, we examined CD4 and CD8 
T-cell activation. Activated CD4 T cells are susceptible to in-
fection with HIV and are key producers of virus during acute 
infection [16, 17]. Singly housed macaques had 9.2-fold more 
CD69+CD4 T cells at peak activation in acute infection compared 
with preinoculation values (P < .0001) (Figure 2C), whereas so-
cially housed animals demonstrated negligible activation. CD8 T 
cells are essential for viral control, and CD8 T-cell activation is an 
expected sequelae of acute HIV infection [18, 19]. All macaques 
had heightened CD8 T-cell activation during acute infection, 
demonstrated by increased percentage of cells expressing CD69, 
with peak activation on day 7 (P = .001) (Figure 2D). However, 
singly housed animals had 68% more CD69+CD8 T cells at peak 
activation compared with socially housed (P = .0007).

Psychosocial Stress Increases Variability of the Data Produced by Simian 

Immunodeficiency Virus-Infected Macaques

Reduction of exogenous stress through introduction of stress-
reducing refinements has been shown to reduce variability of 
data in other macaque models [20]. To evaluate whether psy-
chosocial stress similarly impacts data variability in this SIV-
infected macaque model, we compared standard deviations 
of all data reported herein between socially and singly housed 
animals. Data produced by singly housed animals were overall 
more variable than data from socially housed animals (P = .02) 
(Figure 3 and Supplementary Figure S2).

DISCUSSION

Our data demonstrate that reducing psychosocial stress by pro-
viding social housing with compatible conspecifics lessens the 
immune impact of acute SIV infection in a pigtailed macaque 
model of HIV infection, resulting in lower plasma and CSF viral 
loads, less marked decline in circulating CD4 T cells, and reduc-
tion in CD4 and CD8 T-cell activation. This effect is observed 
while all other aspects of infection and care remained consistent 
between these groups (Supplementary Table S1), effectively re-
moving the sociobehavioral confounders that affect access to 
care and adherence to treatment common in PWH. Thus, this 
study provides evidence that there is a direct pathophysiologic 
effect of psychosocial stress on the pathogenesis of SIV infec-
tion and implies that psychosocial stressors may have implica-
tions for the pathogenesis of other viral infections.

Single housing of macaques in the laboratory setting does 
not fully recapitulate the complexity of psychosocial stress in 
general human or macaque populations. One of the hallmarks 
of psychosocial stressors is psychological understanding and 
processing of a social stressor, the implications of which may 
be enhanced or mitigated based on internal factors of the in-
dividual perceiving the psychosocial stressor and their social 
environment [4]. Due to the multitude of factors that can cause 
psychosocial stress, much of the related literature focuses on 
a specific aspect of an individual’s environment, such as the 
level and perceived quality of social contact. Many psychoso-
cial stressors in human society cannot be captured in a model 
system in the laboratory, such as stigma and socioeconomic 
status; however, changes to the housing of social species such 
as macaques can serve as a model of psychosocial stress in 
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ficiency virus viral load in plasma (A) and CSF (B) were quantified utilizing quantitative reverse-transcriptase polymerase chain reaction. Linear-mixed effects regression 
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P ≤ .001. Circles connected by a solid line (red) indicate socially housed animals (N = 41 for all time points), whereas squares connected by a dashed line (blue) represent 
singly housed animals (N = 35 for the preinoculation and days 7 and 10 postinoculation; N = 17 for plasma viral load and N = 14 for CSF viral load for day 14 postinoculation). 
Error bars represent the standard error of the least square mean estimates generated by the linear mixed-effects regression model. Antiretroviral therapy initiated on day 
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general, allowing for study of the mechanisms underlying the 
pathophysiologic impact of these stressors.

This analysis has implications beyond primary infection for 
PWH. Latent reservoirs established during acute infection re-
main the major barrier to cure [21, 22]. Our findings of higher 
viral loads in plasma and CSF in the context of psychosocial 
stress have potential long-term implications for PWH, because 
elevated plasma viral load early in infection in both PWH [23, 
24] and SIV-infected rhesus macaques [25, 26] is associated 
with accelerated clinical course of disease progression. These 
higher viral loads may ultimately originate from the increased 
CD4 activation that we observed in singly housed animals, be-
cause activated CD4 T cells serve as permissive cells for virus 
infection and replication, thus potentiating viral spread and 
reservoir seeding [17]. It is interesting that negligible change 
after infection was observed in the percentage of CD4 T cells 

expressing CD69 in the socially housed group, whereas acti-
vation was noted in singly housed animals. CD69 is an early 
marker of T-cell activation and is transient compared with other 
markers of activation [27]; it is possible that CD4 T cells from 
socially housed animals had short-term increase in CD69 ex-
pression before day 7 postinoculation that was not captured by 
the sample collection schedule. The CD4/CD8 ratio was lower 
late in acute infection and CD4 decline greater in singly housed 
compared with socially housed animals. Lower CD4/CD8 ratio 
predictive for non-AIDS related morbidity and mortality in 
PWH [15], whereas low CD4 counts are a prognostic indicator 
of disease progression throughout infection [28]. Our observa-
tions in the context of psychosocial stress, while controlling for 
many other variables that could impact infection progression, 
provide important evidence that psychosocial stress may have 
a direct adverse effect on the immune response to HIV and, 
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ultimately, viral production, establishment of latent reservoirs, 
and disease outcomes.

Due to the retrospective nature of our analysis, we did not 
evaluate the mechanism underlying the effect of psychosocial 
stress on SIV pathogenesis, yet work on the biology of stress 
responses of people with and without HIV provides insight. 
In uninfected people, chronic stress dysregulates immune 
function [29], leading to reduction in virus-specific T-cell ac-
tivity [30]. Social isolation is associated with overexpression of 
proinflammatory genes concurrent with reduced expression of 
those involved in innate antiviral resistance through type I in-
terferon responses [31], directly affecting immune response 
and viral control. Compounding these effects, PWH generally 
have increased plasma levels of the immunosuppressive gluco-
corticoid cortisol compared with uninfected controls [32, 33], 
potentially mediated by inflammatory cytokines interleukin-1 
and HIV gp120 [34]. Clinical studies demonstrate that gluco-
corticoid receptors of PWH have decreased affinity for cortisol, 
resulting in glucocorticoid insufficiency despite increased cir-
culating cortisol that is not fully attenuated through viral sup-
pression with ART [35]. However, the findings from studies on 
the effect of social support on PWH have been equivocal, and 
any impact of psychosocial stress on disease progression and 
health outcomes in PWH is compounded by the fact that social 
isolation is more prevalent in PWH compared with uninfected 
controls [10]. In sum, psychosocial stressors affect immune 
function and HIV progression, and robust controlled studies 
are needed to better understand the pathophysiologic mechan-
isms underpinning these effects on PWH.

These data also have implications for the translational value 
and reproducibility of HIV research with macaque models. 

Macaque models are instrumental in achieving scientific ad-
vancement for treatment of PWH and continue to be at the fore-
front of discovery in HIV and in other infectious virus research 
[36–41]. However, an animal model’s value is only as great as the 
translational value of its data, and how we keep animals in re-
search settings can impact translational value and reproducibility 
of generated data [42]. Excessive psychosocial stress as a result 
of housing conditions such as single housing has the potential 
to reduce the translational value of animal models. Macaques 
are social animals, and housing macaques individually results in 
psychosocial stress. Otherwise healthy macaques relocated from 
social to single housing show modulated immune responses for 
weeks to months thereafter, as demonstrated by decreases in total 
lymphocytes, CD8+ T cells, and CD4+ T cells [43] and by lower 
CD4/CD8 ratios and less robust proinflammatory cytokine re-
sponses [44, 45]. The mechanisms underlying the full impact of 
social environment on macaque immunological parameters is 
incompletely understood. Howver, because macaques are natu-
rally social animals, the social context of macaques in biomedical 
research is an important area for future study due to its potential 
to impact the validity of data produced by the animals [46]. Such 
changes to the immune system driven by psychosocial stress may 
confound infectious disease research, including vaccine studies 
and trials [47]. Social instability, another psychosocial stressor, 
has previously been shown to be associated with increased risk of 
mortality from SIV infection in untreated macaques [48, 49]. Our 
data complement existing literature by demonstrating differences 
in immune response and viral loads between singly and socially 
housed SIV-infected macaques. Although we cannot directly 
demonstrate improvements in translation and reproducibility 
through this work, the magnitude of the decline in CD4 T-cell 
counts that we observed in socially housed macaques during 
acute infection (2-fold) is more analogous to that seen in humans 
during primary HIV infection [50] than the 3-fold change ob-
served in singly housed macaques. Furthermore, decrease in var-
iability of the data generated by our socially housed macaques 
bodes favorably for study reproducibility. Social housing of ma-
caques is therefore an important refinement that may improve 
translational value and reproducibility of data obtained from 
macaque models of HIV infection, and caution must be taken 
when comparing the data from studies completed under different 
housing conditions.

CONCLUSIONS

We have demonstrated that psychosocial stress from single 
housing of macaques has direct impact on pathogenesis of 
acute SIV infection, leading to elevated peripheral and central 
nervous system viral loads, greater decline in circulating CD4 
T cells, lower CD4/CD8 ratio, and increased T-cell activation. 
These data indicate that social support for PWH may have a di-
rect positive impact on disease progression beyond the positive 
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Figure 3. Psychosocial stress increases the variability of data produced by the 
simian immunodeficiency virus (SIV)-infected macaque model during acute infec-
tion. The standard deviations for all time points (preinoculation, days 7, 10, and 14 
post-SIV infection) of all data sets (plasma and cerebrospinal fluid viral load, CD4 
T cell, CD8 T-cell, and lymphocyte numbers, CD4/CD8 ratio, and the percentage of 
CD69+CD8 T cells and the percentage of CD69+CD4 T cells; N = 30 parameters) for 
both the singly and socially housed macaque groups were compared in a pairwise 
fashion using a 2-tailed Wilcoxon matched-pairs signed-rank test. *, P = .02.
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psychobehavioral effects and practical benefits, and they pro-
vide evidence supporting a direct pathophysiologic effect of so-
cial support on outcomes for PWH. Further research is needed 
to define the implications of psychosocial stressors on the path-
ogenesis of other viral infections. These data should further-
more be considered as evidence for the direct effect that social 
housing has on this vital animal model of HIV infection, be-
cause refinements such as social housing have the potential to 
improve reproducibility and translational value of biomedical 
research conducted with animal models.

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Consisting of data provided by 
the authors to benefit the reader, the posted materials are 
not copyedited and are the sole responsibility of the au-
thors, so questions or comments should be addressed to the 
corresponding author.
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