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Long-term consequences of human immunodeficiency virus 
(HIV) are likely the result of persistent inflammation and 
immune dysfunction of which cytomegalovirus (CMV) is a 
known contributor. We leveraged 2 AIDS Clinical Trials 
Group clinical trials exploring the effects of immune 
modulators (ruxolitinib and sirolimus) on inflammation in 
people with HIV on antiretroviral therapy to determine 
whether these interventions affected CMV shedding at 
various mucosal sites. Analyzing 635 mucosal samples 
collected, we found no significant difference in CMV levels 
across study arms or time points. Men had more CMV 
shedding than women. We did confirm an association 
between higher CMV DNA and immune markers associated 
with HIV persistence and HIV-associated mortality rates.
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The long-term consequences of human immunodeficiency vi-
rus (HIV) infection for individuals on suppressive antiretrovi-
ral therapy (ART), including accelerated aging and increased 
end-organ damage, are likely the result of persistent inflamma-
tion and immune dysfunction [1, 2]. Two recent clinical trials 
explored the effect of immune modulators on inflammation 
in people with HIV (PWH) on suppressive ART: AIDS 
Clinical Trials Group (ACTG) A5336 and A5337 [3, 4].

ACTG A5336 (NCT02475655) studied ruxolitinib, a Janus 
kinase (JAK) 1/2 inhibitor. This was a phase IIa multicenter, 

randomized (2:1), open-label, parallel-arm study conducted 
in 14 academic sites across the United States. Ruxolitinib was 
chosen because many of the cytokines induced by JAK–signal 
transducer and activator of transcription (STAT) signaling, in-
cluding tumor necrosis factor α and interleukin 6, play a role in 
the pathogenesis of HIV [5]. Forty healthy individuals on sup-
pressive, stable ART were given 10 mg of ruxolitinib twice daily 
for 5 weeks. This study revealed that ruxolitinib decreased bio-
markers of immune activation and dysregulation, inflamma-
tion, and cell survival while HIV virological measures 
remained unchanged. In addition, the JAK 1/2 inhibitor was 
well tolerated, with no significant safety events. It was conclud-
ed that further studies to elucidate the role of JAK 1/2 inhibitors 
in reducing systemic inflammation in PWH on suppressive 
ART are warranted [3].

ACTG A5337 (NCT02440789) studied sirolimus, a mecha-
nistic target of rapamycin (mTOR) inhibitor. This was an open- 
label, single-arm, pilot study. Sirolimus was chosen because of a 
retrospective analysis showing that liver and kidney transplant 
recipients with HIV on immunosuppressive regimens contain-
ing sirolimus had lower HIV DNA levels [6]. A total of 32 par-
ticipants were enrolled in the study, receiving oral sirolimus 
with an intended treatment duration of 20 weeks. The study re-
vealed a significant decrease in biomarkers of cellular cycling 
and CD4+ T-cell HIV DNA after sirolimus administration 
[4]. Of particular interest, mTOR inhibitors, including siroli-
mus, have been repeatedly associated with fewer cytomegalovi-
rus (CMV) infections in transplant recipients [7, 8]. Current 
data suggests that this effect is partially due to the ability of 
mTOR inhibitors to enhance CMV-specific T cells, not just 
their antiviral properties [8].

With ACTG A5336 and A5337 revealing that immune mod-
ulators decreased biomarkers associated with T-cell activation, 
cell lifespan, immune dysregulation, and inflammation, we 
were interested in exploring how these interventions might af-
fect a known driver of inflammation in PWH: CMV. Persistent 
asymptomatic CMV replication is frequent in PWH and is as-
sociated with increased systemic immune activation and T-cell 
dysfunction [9, 10]. The link between CMV and systemic in-
flammation is complex and has been the focus of intensive in-
vestigation. In addition to eliciting a strong CMV-specific 
T-cell response, CMV shedding is also associated with in-
creased systemic inflammation and bystander cellular activa-
tion [9–13]. Higher anti-CMV immunoglobulin G (IgG) 
levels in plasma were also associated with steeper CD4+ 

T-cell decay in elite controllers and with epithelial gut damage 
in people with or without HIV [14, 15]. CMV replication 
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might also be associated with increased size of HIV reservoirs 
[2, 9, 10].

While it seems intuitive that immunosuppressive interven-
tions might increase CMV shedding, immune modulators, 
like ruxolitinib and sirolimus, could suppress viral shedding 
by reducing inflammation and enhancing immune response. 
Therefore, the objectives of the current substudy were (1) to in-
vestigate whether 2 immune modulators (ruxolitinib and siro-
limus) affected CMV shedding at various mucosal sites and (2) 
to elucidate a possible contributing effect of CMV shedding on 
inflammatory outcomes in PWH.

METHODS

Study Design

ACTG A5351s was a prospective, observational, optional sub-
study of PWH on suppressive ART who were receiving an 
immune-modulatory intervention as a part of 2 approved 
ACTG parent protocols: A5336 (ruxolitinib vs open-label 
ART) and A5337 (sirolimus; single arm). Participants provided 
genital secretions (semen or vaginal swab samples), oral swab 
samples, and urine samples, which were assayed for CMV 
DNA. These samples were collected at study entry and longitu-
dinally at 5 time points over 12 weeks for A5336 and 6 time 
points over 44 weeks for A5337. Stored plasma samples were 
used to assay CMV IgG at study entry in both studies. 
Immunological biomarkers previously generated from A5336 
samples were also available for this analysis.

Participants

A subset of participants from A5336 and A5337 were coen-
rolled into this substudy, including PWH who were ≥18 years 
of age on stable, suppressive ART for ≥ 2 months before study 
entry. This trial was approved by the institutional review board 
of each institution. All participants provided written, informed 
consent.

Procedures

Participants were enrolled for the same duration as in their par-
ent protocol. For A5336, participants were followed up for up 
to 12 weeks. For A5337, the duration of the study was 44 weeks 
(12 weeks before sirolimus treatment, 20 weeks on sirolimus, 
and an additional 12 weeks off sirolimus). A5337 participants 
could coenroll in this substudy at any time before the start of 
sirolimus treatment at week 12.

Outcomes

Primary outcome measures included frequency and levels of 
genital, oral, and urinary CMV DNA measured with Taqman 
polymerase chain reaction, as described elsewhere [16]. 
Secondary outcome measures included levels of immunological 
biomarkers previously obtained from A5336 samples and plas-
ma CMV IgG levels at study entry [3]. High-sensitivity 

enzyme-linked immunosorbent assay was used to measure in-
terleukin 6; standard enzyme-linked immunosorbent and mi-
croarray analyses were used to measure soluble CD14, tumor 
necrosis factor α, interleukin 1β, 7, 10, 15, and 18, and trans-
forming growth factor β1/2/3; and flow cytometry, and micro-
array panels were used to measure HLA-DR/CD38, CD25, 
CD127, Bcl-2, Ki67, α4β7, and lymphocyte subsets.

Statistical Analysis

The analyses included all participants who coenrolled in 
A5351s who also met eligibility to be included in efficacy anal-
yses for the parent trial. Analyses were conducted separately by 
parent study and individually by anatomic sites. CMV DNA 
levels from genital secretion samples were compared between 
A5336 arms at each time point using Wilcoxon rank sum 
test. In addition, the proportions with detectable CMV DNA 
were compared between A5336 arms at each time point, using 
a 2-sided mid-P Fisher exact test. Analyses of A5337 were lim-
ited to descriptive summaries owing to the small number of 
participants who coenrolled in A5351s. Relationships between 
CMV DNA and biomarkers measured in A5336 were described 
with Spearman correlations, with an emphasis on magnitude of 
effect sizes owing to the limited sample size. Individuals with 
undetectable CMV DNA or CMV IgG levels were assigned 
the lowest rank. All inferential analyses were assessed with a 
5% significance level; owing to the exploratory nature of this 
analysis, no adjustments for multiple comparisons were 
made. All analyses were conducted using SAS software, version 
9.4 (SAS Institute, Cary, NC, USA).

RESULTS

Thirty-seven participants from A5336 and 9 from A5337 were 
coenrolled in this substudy; 2 participants, 1 from each study, 
were excluded from our analysis population as they were not in-
cluded in the efficacy analysis population in the parent study. 
Overall, 635 samples were collected: 509 from A5336 and 126 
from A5337 participants. Of these, 190 samples were from gen-
ital secretions, 227 from oral swab samples, and 218 from urine 
samples. All samples were tested for CMV DNA (Supplementary 
Figure 1).

The median age was 49 years (range, 25–62 years). 
Seventy-seven percent of participants (n = 34) were male sex 
at birth; 47% (n = 20) were black non-Hispanic, 36% (n = 16) 
white non-Hispanic, and 11% (n = 5) Hispanic. The median 
baseline CD4+ T-cell count was 859/μL (range, 406–1858/ 
μL). All participants but 1 (n = 43) had plasma HIV RNA levels 
<40 copies/mL. The baseline CD4+/CD8+ T-cell ratio was >1 
in 61% of participants. The most common ART regimen a com-
bined efavirenz, emtricitabine, and tenofovir. All but 2 partic-
ipants had a detectable plasma CMV IgG level at study entry 
(Table 1).
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Table 1. Participant Baseline Characteristics

Participants, No. (%)a

A5336

Characteristic Total (N = 44) Ruxolitinib (n = 26) No Treatment (n = 10) A5337 (n = 8)

Age, y

Median (IQR) 49 (43–55) 49.5 (46–55) 43 (33–49) 51 (46–545)

Range 25–62 29–62 25–58 27–62

Sex

Male 34 (77) 21 (81) 7 (70) 6 (75)

Female 10 (23) 5 (19) 3 (30) 2 (25)

Race/ethnicity

White non-Hispanic 16 (37) 9 (36) 3 (30) 4 (50)

Black non-Hispanic 20 (47) 12 (48) 5 (50) 3 (38)

Hispanic (any race) 5 (12) 3 (12) 1 (10) 1 (13)

>1 Race 2 (5) 1 (4) 1 (10) 0 (0)

History of intravenous drug use

Never 36 (82) 20 (77) 9 (90) 7 (88)

Previously 8 (18) 6 (23) 1 (10) 1 (13)

BMIb

Normal (18.5 to <25) 10 (23) 6 (23) 1 (10) 3 (38)

Overweight (25 to <30) 14 (32) 8 (31) 4 (40) 2 (25)

Obese (≥30) 20 (45) 12 (46) 5 (50) 3 (38)

Baseline CD4+/CD+8 T-cell ratio

<0.5 1 (2) 1 (4) 0 (0) 0 (0)

0.5–1 16 (36) 9 (35) 3 (30) 4 (50)

>1 27 (61) 16 (62) 7 (70) 4 (50)

ART regimen

EFV/FTC/TDF 14 (32) 7 (27) 3 (30) 4 (50)

ABC/DTG/3TC 7 (16) 6 (23) 0 (0) 1 (13)

FTC/RPV/TAF 6 (14) 3 (12) 3 (30) 0 (0)

RAL and FTC/TAF 4 (9) 2 (8) 2 (20) 0 (0)

TRV and RAL 4 (9) 3 (12) 1 (10) 0 (0)

DTG and FTC/TAF 3 (7) 2 (8) 1 (10) 0 (0)

Other 6 (14) 3 (12) 0 (0) 3 (38)

Entry CMV levels

Genital secretion sample

Median (IQR), copies/mL 0 (0–38) 0 (0–2604) 0 (0–38) 0 (0–0)

Undetectable 27 (73) 15 (71) 6 (67) 6 (86)

Detectable 10 (27) 6 (29) 3 (33) 1 (14)

Oral swab sample

Median (IQR), copies/mL 0 (0-0) 0 (0–0) 0 (0–0) 0 (0–0)

Undetectable 41 (93) 23 (88) 10 (100) 8 (100)

Detectable 3 (7) 3 (12) 0 (0) 0 (0)

Urine sample

Median (IQR), copies/mL 0 (0-0) 0 (0–0) 0 (0–0) 0 (0–0)

Undetectable 38 (86) 22 (85) 8 (80) 8 (100)

Detectable 6 (14) 4 (15) 2 (20) 0 (0)

Entry CMV IgG level

Median (IQR), IU/mL 31.7 (21.2–41.0) 34.4 (25.8–41.5) 22.1 (18.6–39.3) 31.3 (24.9–41.1)

Undetectable 5 (11) 3 (12) 1 (10) 1 (13)

Detectable 39 (89) 23 (88) 9 (90) 7 (88)

Abbreviations: 3TC, lamivudine; ABC, abacavir; ART, antiretroviral therapy; BMI, body mass index; CMV, cytomegalovirus; DTG, dolutegravir; FTC, emtricitabine; IgG, immunoglobulin G; IQR, 
interquartile range; RAL, raltegravir; RPV, rilpivirine; TAF, tenofovir; TRV, truvada (Emtricitabine/Tenofovir).  
aData represent no. (%) of participants unless otherwise specified.  
bBMI calculated as weight in kilograms divided by height in meters squared.
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Effect of Immune Modulators on CMV Levels

Overall and at any time point, most participants had undetect-
able CMV levels at all 3 sample sites (Figure 1A). CMV DNA 
was detected in 14 participants (31%) in genital secretion sam-
ples, 11 (25%) in oral swab samples, and 10 (23%) in urine sam-
ples. As described elsewhere, CMV DNA was detected more 
commonly in samples obtained from men than in those from 
women [17]. Among the 10 enrolled women, only 1 was posi-
tive across the 3 sample types; however, among men, 13 (38%), 
10 (29%), and 9 (26%) had detectable CMV DNA in genital se-
cretion, oral swab, and urine samples, respectively.

There was no significant difference in CMV DNA levels be-
tween study arms in A5336 (P > .36 for both Wilcoxon and 
Fisher test) (Supplementary Figure 2). In A5337, differences 
were not observed in CMV DNA levels across time points 
(Supplementary Figure 3); comparisons are limited to descrip-
tive summaries.

Association Between CMV and Markers of Immune Activation and 
Inflammation

Subsequently, we examined correlations between CMV DNA 
levels and plasma CMV IgG at study entry and immunological 
markers collected as part of A5336, pooling across arms to in-
crease sample size and power. We observed a consistent posi-
tive correlation between CMV DNA and the percentages of 
Ki67+ cells among CD4+ and CD8+ T cells (r values ranging 
from 0.11 to 0.62; P values, from .58 to <.001) and of 
CD38+HLA-DR+ cells among CD8+ T cells (r values ranging 

from 0.14 to 0.37; P values, from .50 to .03) across time points 
and sample sites. Plasma CMV IgG levels at study entry were 
not correlated with CMV DNA from any sample type or time 
point (Figure 1B and Supplementary Table 1).

DISCUSSION

Despite achieving viral suppression with ART, PWH have signifi-
cantly earlier onset of comorbid conditions than persons without 
HIV [18]. With the population of PWH aging, it is pertinent to 
explore whether limiting CMV replication in PWH affects levels 
of inflammation and long-term morbidity [13, 17, 18]

Leveraging 2 ongoing clinical trials of immune modulators, 
we were interested in determining if the observed effects on im-
munological outcomes might be partially attributable to an im-
pact on CMV shedding. This hypothesis was based on research 
demonstrating CMV shedding to be a driver of systemic in-
flammation and immune dysfunction in PWH [1, 2, 9, 10].

Overall, our study confirmed that CMV DNA was most 
commonly found in genital secretion samples (29% of genital 
vs 11% of oral swab and 18% of urinary samples) and more fre-
quently in men than in women. Based on these observations, 
future trials designed to evaluate the presence of CMV DNA 
should collect genital secretion samples, when possible, to op-
timize the ability to find this virus in male participants. Other 
mucosal sites may be more appropriate for female participants.

Furthermore, we did not find a significant effect on CMV 
DNA shedding with ruxolitinib or sirolimus in PWH on 

Figure 1. A, Proportion of individuals with detectable cytomegalovirus (CMV) by parent study, study visit, and sample type. In A5336, 36 people provided oral swab and 
urine samples across study visits; 30, 33, and 29 provided genital secretion samples (semen or vaginal swab samples) before, during, and after treatment, respectively. In 
A5337, 8 people provided oral swab samples across the study visits; 8 provided urine samples before and during treatment but only 5 after treatment; and 7, 8, and 5, 
respectively, provided genital secretion samples before, during, and after treatment. B, Correlations between CMV DNA level obtained from 3 sites and serum inflammatory 
biomarkers in A5336 participants at 3 time points: entry, week 5, and week 10. *P  < .05. Abbreviations: IgG, immunoglobulin G; IL-6, interleukin 6; IL-10, interleukin 10; IL-15, 
interleukin 15; sCD14, soluble CD14.
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suppressive ART. The absence of an increase in CMV shedding 
is a noteworthy observation for the safety profile of these im-
mune modulators in individuals with CMV infections.

Our study did confirm an association between higher CMV 
DNA and increased expression of Ki67 in CD4+ and CD8+ T 
cells, as well as higher levels of CD38+HLA-DR+ CD8+ T cells, 
previously described by our group and others [19]. These asso-
ciations could have implications for the role of CMV in HIV 
persistence through expansion of activated cycling CD4+ T cells 
and CD8+ T cells, both drivers of inflammation, and through a 
lower CD4+/CD8+ T-cell ratio, which is predictive of poor clin-
ical outcome. One additional noteworthy observation was the 
consistent, negative association between CMV DNA shedding 
and interleukin 15. This proinflammatory cytokine is generated 
in response to viral infection but is also involved in enhancing 
viral control [20, 21]. Research is underway to investigate its 
therapeutic potential [22, 23].

Unfortunately, the modest sample size of 44 participants and 
the high rate of undetectable CMV DNA at mucosal sites lim-
ited our power to observe any significant differences. Eligibility 
criteria restricted trial participation to a unique population of 
generally healthy PWH on suppressive ART who are less likely 
to shed CMV, potentially making CMV-associated inflamma-
tion and CMV effects less observable. Finally, we cannot estab-
lish causality in our correlative analysis, which was pooled 
across study arms.

Further research is warranted to explore whether limiting 
CMV replication in PWH, through immunization or 
CMV-targeted antivirals, affects levels of inflammation [24, 25] 
and long-term morbidity. Several studies are already investigating 
the effect of anti-CMV interventions on HIV immune outcomes, 
including ACTG A5355 (ClinicalTrials.gov NCT05099965), a 
randomized, placebo-controlled trial investigating the safety and 
immunogenicity of a CMV vaccine in CMV seropositive PWH, 
and ACTG A5383 (ClinicalTrials.gov NCT04840199), a random-
ized, controlled trial evaluating the effects of letermovir in 
CMV-seropositive PWH on ART.

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 copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding 
author.
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