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Cytomegalovirus Replication in Semen Is Associated with Higher
Levels of Proviral HIV DNA and CD4™ T Cell Activation during
Antiretroviral Treatment

Sara Gianella,® Marta Massanella,® Douglas D. Richman,®® Susan J. Little,® Celsa A. Spina,®® Milenka V. Vargas,? Steven M. Lada,?
Eric S. Daar,® Michael P. Dube,? Richard H. Haubrich,® Sheldon R. Morris,® Davey M. Smith,>® the California Collaborative Treatment
Group 592 Team

University of California, San Diego, La Jolla, California, USA?; Veterans Affairs San Diego Healthcare System, San Diego, California, USA®; Los Angeles Biomedical Research
Institute at Harbor-UCLA Medical Center, Torrance, California, USAS; University of Southern California Keck School of Medicine, Los Angeles, California, USAY; University of
California, San Diego, AntiViral Research Center, San Diego, California, USA®

ABSTRACT

Asymptomatic cytomegalovirus (CMV) replication occurs frequently in the genital tract in untreated HIV-infected men and is
associated with increased immune activation and HIV disease progression. To determine the connections between CMV-associ-
ated immune activation and the size of the viral reservoir, we evaluated the interactions between (i) asymptomatic seminal CMV
replication, (ii) levels of T cell activation and proliferation in blood, and (iii) the size and transcriptional activity of the HIV DNA
reservoir in blood from 53 HIV-infected men on long-term antiretroviral therapy (ART) with suppressed HIV RNA in blood
plasma. We found that asymptomatic CMV shedding in semen was associated with significantly higher levels of proliferating
and activated CD4™ T cells in blood (P < 0.01). Subjects with detectable CMV in semen had approximately five times higher av-
erage levels of HIV DNA in blood CD4* T cells than subjects with no CMV. There was also a trend for CMV shedders to have
increased cellular (multiply spliced) HIV RNA transcription (P = 0.068) compared to participants without CMV, but it is un-
clear if this transcription pattern is associated with residual HIV replication. In multivariate analysis, the presence of seminal
plasma CMV (P = 0.04), detectable 2-long terminal repeat (2-LTR), and lower nadir CD4* (P < 0.01) were independent predic-
tors of higher levels of proviral HIV DNA in blood. Interventions aimed at reducing seminal CMV and associated immune acti-
vation may be important for HIV curative strategies. Future studies of anti-CMV therapeutics will help to establish causality and
determine the mechanisms underlying these described associations.

IMPORTANCE

Almost all individuals infected with HIV are also infected with cytomegalovirus (CMV), and the replication dynamics of the two
viruses likely influence each other. This study investigated interactions between asymptomatic CMV replication within the male
genital tract, levels of inflammation in blood, and the size of the HIV DNA reservoir in 53 HIV-infected men on long-term anti-
retroviral therapy (ART) with suppressed HIV RNA in blood plasma. In support of our primary hypothesis, shedding of CMV
DNA in semen was associated with increased activation and proliferation of T cells in blood and also significantly higher levels of
HIV DNA in blood cells. These results suggest that CMV reactivation might play a role in the maintenance of the HIV DNA res-
ervoir during suppressive ART and that it could be a target of pharmacologic intervention in future studies.

Ithough antiretroviral therapy (ART) can suppress HIV RNA

levels to below the limit of detection in the blood of HIV-
infected individuals (1, 2), the virus persists despite prolonged
continuous treatment, and the viral load rebounds when therapy
is interrupted (3). The reason for this rapid rebound is the pres-
ence of a long-lived reservoir of latent HIV proviruses, which is
established early in the course of infection (4, 5).

Several non-mutually exclusive mechanisms underlie HIV
persistence in a very small proportion of memory CD4™ T cells
during suppressive ART (6-9). First, the existence of residual HIV
replication could lead to de novo infection of memory CD4" T
cells (10, 11). Second, the HIV latent reservoir could be main-
tained by proliferation of latently infected CD4™ T cells, driven by
antigenic stimulation (12) or cytokines (homeostatic prolifera-
tion) (13, 14). The relative contributions of antigen-driven and
homeostatic proliferation to the size and maintenance of the HIV
reservoir are unclear, but both mechanisms likely play a role in
HIV persistence (13, 15). Both mechanisms of HIV persistence
(i.e., residual replication and cell proliferation) are modulated by
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inflammation and immune activation, widely described in pa-
tients receiving ART (16). Similarly, inflammatory cytokines and
general CD4™ T cell activation can modulate HIV expression in
latently infected cells, sensitize target cells for new cycles of infec-
tion (17, 18), lead to dysfunctional HIV-specific T cell responses
(19, 20), and impair the clearance of HIV-infected cells (13). It is
therefore crucial to understand which factors contribute to per-
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sistent immune activation and if the same factors also modulate
and maintain the HIV reservoir.

Cytomegalovirus (CMV) infection is highly prevalent among
HIV-infected individuals and is associated with increased levels of
T cell activation and HIV disease progression (21, 22). We have
demonstrated that asymptomatic CMV replication in the male
genital tract is associated with higher levels of total HIV DNA in
the blood of untreated HIV-infected individuals (23). Since our
previous study investigated participants not receiving ART, the
measured HIV DNA levels included both integrated and uninte-
grated viral forms and did not represent solely the latent HIV
reservoir (24). It is unclear if these observed associations still per-
sist during suppressive ART, which is relevant to inform future
eradication strategies.

In this study, we evaluated the associations between (i) asymp-
tomatic CMV replication within the male genital tract, (ii) levels
of T cell activation and proliferation in blood, and (iii) the size and
transcriptional activity of the HIV DNA reservoir in paired semen
and blood samples from 53 HIV-infected CMV-seropositive men
on long-term ART and with suppressed HIV RNA in blood
plasma. The results described here will help inform the design of
future clinical studies to investigate the use of anti-CMV thera-
peutics to establish any causal links between CMV shedding, im-
mune activation and the persistence of the HIV reservoir and to
better understand the mechanisms underlying the described asso-
ciations.

MATERIALS AND METHODS

Participants, samples, and clinical laboratory tests. Paired semen and
blood samples collected from asymptomatic, chronically HIV-infected,
sexually active men who have sex with men (MSM) who were prospec-
tively enrolled in the California Collaborative Treatment Group (CCTG)
592 trial were included in this study (25). CCTG 592 is a study of an
Internet-based behavioral intervention with MSM that included baseline
collection of paired blood and semen from a total of 180 HIV-infected
MSM who were on or off ART. For this study, we included baseline semen
samples from a subset of 53 CMV-seropositive subjects who were receiv-
ing effective ART with blood plasma HIV RNA at <200 copies/ml within
3 months before the seminal-sample collection and who had peripheral
blood mononuclear cell (PBMC) samples stored for further analysis. The
individuals started ART during chronic HIV infection, but no informa-
tion is available about the durations of HIV infection. Fifty subjects had
HIV RNA at <50 copies/ml, while three had HIV RNA levels between 50
and 200 copies/ml. All included participants were CMV seropositive (26).
Semen was collected and processed as previously described (27, 28). Blood
CD4" T lymphocyte absolute counts were measured by flow cytometry,
and HIV RNA levels in blood plasma were quantified by the Amplicor
HIV Monitor Test (Roche Molecular Systems Inc.).

The studies were conducted with appropriate written subject consent
and were approved by the Human Research Protections Program at the
University of California, San Diego; the Los Angeles Biomedical Research
Institute at Harbor-UCLA Medical Center; and the University of South-
ern California. Written informed consent was provided by all study par-
ticipants.

Quantification of HIV DNA, 2-LTR circular HIV DNA, and herpes-
virus DNA in PBMCs and semen. DNA was extracted from 5 million
PBMCs and 200 pl seminal plasma for each participant (QIAamp DNA
minikit, Qiagen, CA). For PBMCs, total HIV DNA (Pol) and the 2-long-
terminal-repeat (2-LTR) junction were quantified by droplet digital PCR
(ddPCR) from extracted DNA (29). Briefly, 1,000 ng of DNA per replicate
was digested with BSAJ1 enzyme (New England BioLabs) prior to ddPCR.
Total HIV DNA (Pol) and 2-LTR PCRs were performed as a duplex assay
with VIC (Pol)- and 6-carboxyfluorescein (FAM) (2-LTR)-labeled
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probes, respectively, with the following cycling conditions: 10 min at
95°C, 40 cycles consisting of a 30-s denaturation at 94°C followed by a
60°C extension for 60 s, and a final 10 min at 98°C. Total CMV and
Epstein-Barr virus (EBV) DNA PCRs were performed as a duplex with
FAM (CMV)- and HEX (EBV)-labeled probes, respectively, with the fol-
lowing cycling conditions: 10 min at 95°C, 40 cycles consisting of a 30-s
denaturation at 94°C followed by a 54°C extension for 60 s, and a final 10
min at 98°C. A 1:10 dilution of the digested DNA was used for host cell
ribonuclease P/MRP 30-kDa subunit (RPP30) PCR (probe VIC) and cy-
cled with the same parameters as the Pol-2-LTR duplex. Copy numbers
were calculated as the mean of replicate PCR measurements and normal-
ized to 1 million CD4™ T cells as determined by RPP30 (total cell count)
and flow cytometry (percentage of CD4 T cells). The levels of 7 herpesvi-
ruses (CMV; EBV; herpes simplex virus 1 [HSV-1] and HSV-2; and hu-
man herpesvirus 6 [HHV-6], HHV-7, and HHV-8) were also measured
by real-time PCR in the DNA extracted from seminal plasma, as described
previously (21).

Quantification of cellular HIV RNA in PBMCs. Cellular HIV RNA
was measured for the subset of 42 individuals with enough stored PBMCs
to perform these analyses and completely suppressed HIV RNA levels in
blood plasma (<50 copies/ml). The extracted RNA (500 ng) was reverse
transcribed into 20 wl cDNA (iScript Advanced cDNA synthesis kit for
RT-qPCR; Bio-Rad) using the manufacturer’s protocol. The cDNA prod-
uct (8 pl; approximately 200 ng) was added to the ddPCR reaction mix-
ture. Unspliced HIV RNA (usGag) and multiply spliced (msTat-Rev)
PCRs were performed as a duplex with HEX (usGag)- and FAM (msTat-
Rev)-labeled probes, respectively, using primers and probes as previously
described (30, 31). The cycling conditions for this PCR were as follows: 10
min at 95°C, 60 cycles consisting of a 30-s denaturation at 94°C followed
by a 60°C extension for 60 s, and a final 10 min at 98°C. Copy numbers
were calculated as the mean of replicate PCR measurements and normal-
ized to total RNA as determined by the A,4,/A,, absorption ratio using a
NanoDrop 2000 spectrophotometer (Thermo Scientific).

Anti-CMYV IgG antibody levels. As previously described (26), anti-
CMYV IgG antibody levels were measured in blood plasma. The number of
units per ml were determined by interpolation from a standard curve of a
known anti-CMV IgG solution (26, 32).

Multiparameter flow cytometry analysis. For a subset of 49 patients,
analysis of cellular activation and proliferation was performed by multi-
color flow cytometry. Aliquots of 5 million PBMCs were quickly thawed at
37°C, resuspended in RPMI supplemented with 20% fetal bovine serum
(FBS), incubated at room temperature for 20 min, centrifuged, and resus-
pended in 500 pl phosphate-buffered saline (PBS) staining buffer. Cell
viability was assessed using the LIVE/DEAD Fixable Aqua Dead Cell Stain
Kit (Life Technologies). Four subjects (out of the total 53 included sub-
jects) were excluded because of <85% cell viability. Approximately
300,000 to 500,000 PBMCs per tube were stained for cell surface markers
prior to fixation and, when required, followed with permeabilization for
intracellular-protein detection (FOXP3/Transcription Factor Staining
Buffer set; eBioscience). The stained cells were acquired on a FACSCanto
(BD Biosciences). We used the following antibody combinations to eval-
uate immune activation and proliferation in T cells: (tube 1) HLA-DR—
fluorescein isothiocyanate (FITC), CD45RA-phycoerythrin (PE), CD4—
peridinin chlorophyll protein (PerCP)-Cy5.5, CD38-PE-Cy7, CD27-
allophycocyanin (APC), CD3—APC-Cy7, and CD8-Pacific Blue; (tube 2)
Ki67-FITC, CD45RA-PE, CD4-PerCP-Cy5.5, CCR7-PE-Cy7, CD27-
APC, CD3-APC-Cy7, and CD8-Pacific Blue (BD Biosciences). The anti-
body combinations in tube 1 were used to assess naive (CD45RA™
CD27"), central memory (CD45RA™ CD27%), effector memory
(CD45RA™ CD277), and terminally differentiated (CD45RA™* CD27 ")
CD4 and CD8 T cell subsets. With tube 2, T cell subsets were defined as
naive (CD45RA™ CD27" CCR7™), central memory (CD45RA™ CD27*
CCR77), transitional memory (CD45RA™ CD27" CCR7"), and effector
memory (CD45RA™*/~ CD27~ CCR7") in both the CD4™ and CD8*
subsets. Immune activation was defined by CD38* HLA-DR™ expression

jviasm.org 7819


http://jvi.asm.org

Gianella et al.

and proliferation and by Ki67 " in total CD4"* and CD8" T cell popula-
tions and subsets. To normalize the levels of HIV DNA and 2-LTR circles,
the percentage of CD4™ T cells within total PBMCs was determined for
each sample. All data analyses were performed using Flow Jo software
(version 9.6.2).

Statistics. Statistical analyses were performed using SAS (version 9.2).
Each continuous variable was assessed for normal distribution. Viral-load
variables were transformed to log,, values, and CMV shedding and the
presence of the LTR were dichotomized (undetectable/detectable). Com-
parisons were performed using the Fisher exact text (for sparse data), t test
(for continuous, normally distributed variables), or Mann-Whitney U
test (for continuous, non-normally distributed variables). Correlation
analyses were performed using parametric (Pearson) or nonparametric
(Spearman) correlation coefficients. A multivariate linear regression for
the association of detectable seminal CMV DNA with HIV DNA in blood
was performed, adjusting for possible confounders that were found to be
significant in the univariate analysis (P < 0.05). Analyses were performed
on the complete data set of 53 subjects (including three subjects experi-
encing an HIV RNA blip of <200 copies/ml in the 3 months before sample
collection) and on the reduced data set of 50 subjects with fully suppressed
HIV RNA in blood plasma (<50 copies/ml). To estimate the average viral
transcriptional activity per single HIV DNA copy (Pol), we calculated the
ratio between cellular HIV RNA and total HIV DNA for each sample, as
described previously (31, 33). Because of the exploratory character of the
study, we decided not to correct our results for false detection (multiple
comparisons).

RESULTS

Participants, samples, and clinical laboratory tests. The study
participants (n = 53) were HIV-infected men with a median age of
46 (95% interquartile range [IQR], 38 to 51) years who were re-
ceiving ART and had =200 copies of HIV RNA/ml of blood
plasma. Fifty subjects had <50 copies of HIV RNA/ml, while three
had levels between 50 and 200 copies of HIV RNA/ml. The median
time on ART at the time of sample collection was 3.8 (IQR, 1.8 to
5.3) years, and the median CD4 T cell count was 625 (IQR, 535 to
739) cells/pl. Eighty-two percent were on a regimen including
tenofovir, 41% were on a regimen including a nonnucleoside re-
verse transcriptase inhibitor (NNRTI), 61% were on a regimen
including a protease inhibitor (PI), and 16% were on a regimen
also including an integrase inhibitor. Self-reported levels of ART
adherence during the preceding month were >90% of daily doses
for 90.4% of the subjects. The subjects’ characteristics are summa-
rized in Table 1.

Herpesviruses and viral reservoir characteristics. Five partic-
ipants (9.4%) were shedding HIV RNA, and 31 (58.5%) were
shedding at least one herpesvirus in seminal plasma at the time of
collection. Specifically, 23 (43.4%) were shedding CMV, 13
(24.5%) EBV, 2 (3.8%) HSV-2, 3 (5.7%) HHV-6, 4 (7.6%)
HHV-7, and 2 (3.8%) HHV-8 (Table 1; see Fig. S1 in the supple-
mental material). None of the subjects were shedding HSV-1.
Eleven subjects (21%) had detectable levels of CMV DNA in
PBMCs (median, 4.2 copies/million cells among detectable sam-
ples; IQR, 2.6 to 5.8 copies), and 50 (94%) had detectable levels of
EBV in PBMCs (median, 75 copies/million cells; IQR, 18.5 to 389
copies) (see Fig. S1 in the supplemental material).

Total levels of HIV DNA (Pol) as measured by ddPCR were
detectable in 92% of PBMC samples (1 = 49), with a median level
of 2.54 log,, copies per million CD4" T cells (IQR, 2.0 to 3.1
copies), while 2-LTR circles were detectable in 43% of all PBMC
samples (n = 23), with an average level of 1.42 log,, copies per
million CD4™ T cells among detectable samples (IQR, 1.19 to 1.89
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TABLE 1 Subjects’ characteristics

Characteristic Value

No. of subjects 53

Age (yr) [median (IQR)] 46 (38-51)

Race/ethnicity [1 (%)]
Caucasian 22 (41.5)
Hispanic 18 (34.0)
Black 11 (20.8)
Other <5

Time on ART (yr) [median (IQR)] (n = 42)¢ 3.8 (1.8-5.3)

<90% ART adherence in preceding mo [n (%)] 5(9.6)

Nadir CD4 T cell count/pl [median (IQR)]
Last CD4 " T-cell count/pl [median (IQR)]
Last CD8™ T-cell count/pl [median (IQR)]

212 (68-345)
625 (535-739)
820 (544-985)

Detectable HIV RNA in semen [7 (%)] 5(9.4)

Low-level HIV in blood (50-200 copies/ml) [# (%)] 3 (5.7)

Herpesvirus shedding in semen [1 (%)]
Any herpesvirus” 31 (58.5)
HSV-1or-2 2 (3.8)
CMV 23 (43.4)
EBV 13 (24.5)
HHV-6 3(5.7)
HHV-7 4(7.6)
HHV-8 2(3.8)

“ Time on ART was available for 42 subjects.
b Herpesvirus 1 to 8, excluding varicella virus.

copies). In the subset of 42 patients with completely undetectable
HIV RNA levels and sufficient samples available, levels of un-
spliced HIV RNA were detectable in 95% of the samples (n = 40),
while levels of multiply spliced HIV RNA encoding Tat and Rev
were detectable in 64% of the samples (n = 27).

Associations between CMV replication, HIV DNA levels, im-
munological markers, and cellular HIV transcription. (i) Pre-
dictors of higher HIV DNA levels (n = 53). Univariate analysis
revealed significantly higher levels of HIV DNA in the CD4™ T
cells of participants with detectable seminal CMV than in those
without detectable CMV in semen (mean, 2.84 versus 2.11 log,,
copies per million CD4" T cells; P < 0.05) (Fig. 1A). There was
also a trend for increased levels of CMV IgG to be associated with
higher levels of total log,, HIV DNA in CD4" T cells (P = 0.08).
As might be expected, the presence of detectable 2-LTR circles was
associated with higher levels of total HIV DNA (P < 0.01), and we
also found a significant negative correlation between the nadir
CD4™ T cell count and HIV DNA Pol copies per CD4™ T cells (r =
—0.29; P = 0.03), as previously described (34). The presence of
seminal shedding of HIV and herpesviruses other than CMV, the
CD4™ T cell count, age, time on ART, and self-reported adherence
to ART were not associated with levels of total HIV DNA (Table
2).

Multivariate analysis indicated that detectable seminal CMV
was independently associated with higher levels of HIV DNA in
CD4" T cells (P = 0.04) after adjusting for the presence of 2-LTR
circles and nadir CD4* T cells. Of note, CMV IgG presented a
trend toward an association with HIV DNA levels in univariate
analysis (P = 0.08), but it became nonsignificant when added to
the multivariate model (P = 0.69). Even after restricting the anal-
ysis to the 50 subjects with HIV RNA in blood plasma at <50
copies/ml, seminal CMV shedding remained independently asso-
ciated with higher levels of HIV DNA (P = 0.04) (Table 2). Sim-
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FIG 1 Levels of total HIV DNA per million CD4" T cells (A) and percentages of proliferating (Ki67") CD4™ T cells (B), proliferating (Ki67") CD8* T cells (C),
and activated (HLA-DR" CD38") CD4™ T cells (D) in PBMCs of subjects with (CMV ") and without (CMV ™) cytomegalovirus shedding in seminal plasma. P
values were determined using a ¢ test (A) and the Mann-Whitney Wilcoxon test (B, C, and D). The box plots display means and standard deviations (A) and

medians and interquartile ranges (B, C, and D).

ilarly, there was a significant but weak correlation between semi-
nal CMV levels and CD4-associated HIV DNA levels in blood (P
= 0.04; Pearson, r = 0.26), which remained significant after ad-
justing for the presence of 2-LTR circles and nadir CD4™ in a
multivariate model. As previously reported (35), subjects with de-
tectable CMV DNA showed a trend toward lower CD4" T cell
counts than non-CMYV shedders (P = 0.039), but no difference
was found for the nadir CD4* T cell count (P = 0.24). The pres-
ence of CMV DNA in PBMCs was not associated with significantly
higher HIV DNA levels (2.53 versus 2.26 log,,; P = 0.43) or with
higher CD4™" T cell immune activation or proliferation. Similarly,
the amount of EBV DNA in PBMCs did not correlate with HIV
DNA levels (P = 0.26).

(ii) Immunological markers (n = 49). To investigate whether
increased immune activation and proliferation of T cells could be
a possible mechanism connecting CMV replication with higher
levels of proviral HIV DNA, we grouped patients according to
whether CMV was detectable in seminal plasma (Table 3). We
observed that subjects with detectable CMV in semen (n = 21)
had lower total CD4 T cell counts than those with undetectable
seminal CMV (n = 28; P = 0.039). Moreover, the CD4 T cell
compositions were different in the two groups: subjects with de-
tectable CMV in semen had a significantly higher frequency of
transitional memory CD4" (median, 13.1% versus 10.23%;
Mann-Whitney, P = 0.04) and effector memory CD4" (12.6%
versus 7.3%; P = 0.05) T cells in blood than those with undetect-
able seminal CMV. Subjects with detectable seminal CMV DNA
also had higher levels of proliferating (Ki67*) total CD4* T cells
(P =0.01) (Fig. 1B) and effector memory CD4™ T cells (P = 0.09)
(Table 4). There was also a trend toward higher levels of prolifer-
ating CD8™ T cells (P = 0.1) (Fig. 1C) in those with detectable
seminal CMV than in those whose levels were undetectable.
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Among subjects with CMV DNA in semen, there was also a sig-
nificant correlation between HIV DNA levels and frequency of
activated (P < 0.01; Spearman, r = 0.6) (Fig. 2A) and proliferating
(P <0.01; 7 = 0.64) (Fig. 2B) CD4" T cells. However, we did not
find similar correlations between the frequency of proliferating
(r=—0.29; P = 0.15) and activated (r = —0.04; P = 0.85) CD4 ™"
T cells and HIV DNA among CMV nonshedders. The trend, if
any, was a negative correlation, opposite to what we observed for
CMV shedders. After including the entire population (CMV shed-
ders and nonshedders), there was no association between CD4*
proliferation and HIV DNA (r = 0.10; P = 0.51) and a diminished
association between CD4™" activation and HIV DNA (r = 0.35;
P = 0.02). Subjects with detectable seminal CMV DNA also had
significantly increased levels of immune activation (HLA-DR™
CD38™) of total CD4™ T cells (P < 0.01) (Fig. 1D) and effector
memory CD4™ T cells (P = 0.02) (Table 4). No difference was
observed in CD8" immune activation of T cells between the two
groups. All the described associations remained significant after
excluding the three subjects with HIV RNA levels in blood plasma
at 50 to 200 copies/ml.

(iii) Cellular HIV transcription (n = 42). For a subset of 42
subjects with available PBMC aliquots and completely undetect-
able HIV RNA in blood plasma, we investigated if the presence of
seminal CMV replication was associated with the frequency and
levels of 2-LTR circles, cell-associated HIV RNA (unspliced and
multiply spliced, encoding Tat-Rev), and increased average tran-
scriptional activity (estimated as the cellular HIV RNA/HIV DNA
ratio). Subjects with detectable CMV DNA in semen (n = 15) had
higher levels of multiply spliced cell-associated HIV RNA (P =
0.017) and a trend toward increased average transcriptional activ-
ity (P = 0.068) compared to those with undetectable seminal
CMV (n = 27). No association was observed between CMV shed-
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TABLE 2 Predictors of higher HIV DNA levels

P value®
Mean log,, HIV .
Mult
DNA copies Univariate ultivariate

Factor (95% CI)* rvalue (n=53) n=>53 Undetectable
CMYV seminal shedding

Any 2.84(2.27-2.94) 0.05 0.03 0.05

None 2.11 (1.72-2.51)
2-LTR circle®

Any 2.84 (2.60-3.08) <0.01 <0.01 <0.01

None 2.03 (1.63-2.42)
CD4™ T cell count —0.20 0.16
Nadir CD4 " T cell count —0.34 0.03 0.01 <0.01
Age —0.04 0.82
Days on ART (1 = 42)7 —0.03 0.83
CMV IgG (n = 52)°¢ 0.24 0.08
EBV seminal shedding

Any 2.41 (2.03-2.70) 0.86

None 2.37 (2.06-2.76)
Detectable HIV in semen

Any 2.59 (1.63-3.55) 0.6

None 2.36 (2.07-2.64)
<90% ART adherence

Yes 1.81 (0.54-3.08) 0.16

No 2.45 (2.17-2.73)

?95% CI, 95% confidence interval.

b Univariate P values were determined using a ¢ test (for categorical variables) and Pearson correlation analysis (for continuous variables). Multivariate linear regression analysis was
performed for variables with P values of =0.050 in univariate analysis and repeated including only the subset of 50 subjects with HIV RNA levels in blood of <50copies/ml. P values

of =0.05 are in boldface.

¢ Total HIV DNA log;, levels of 2-LTR were normalized per million CD4 " T cells.
9 Days on ART were available for 42 subjects.

¢ CMV IgG was available for 52 subjects.

ding and unspliced HIV RNA (frequency or levels) or 2-LTR cir-
cles (Table 5).

DISCUSSION

The long-lived latent HIV reservoir that persists during suppres-
sive ART is a major obstacle in achieving a cure (9). We previously
demonstrated that asymptomatic CMV shedding in the genital
tract by untreated HIV-infected men is associated with increased
local and systemic T cell immune activation and higher levels of
total HIV DNA in blood (21, 23). Understanding these relation-
ships in the setting of ART is most relevant to the HIV cure re-
search agenda. The present study in HIV-infected men whose in-
fections were well suppressed with ART demonstrated that
asymptomatic shedding of CMV in the male genital tract is asso-
ciated with more than 5-fold higher mean levels of HIV provirus
in peripheral CD4" lymphocytes. We also found higher levels of
multiply spliced HIV RNA transcripts in the cells of study partic-
ipants with detectable CMV in semen. Although the current study
design does not allow causality to be inferred, it does support the
theory that CMV shedding in the male genital tract drives local
and systemic immune activation with a subsequent increase in the
HIV reservoir. Confirming this hypothesis will require a clinical
trial of antiviral therapy aimed at stopping CMV shedding in the
male genital tract as a way to reduce the HIV reservoir. The study
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presented here provides a rationale for such an interventional
study.

The size of the latent HIV reservoir is relatively maintained
throughout the life of an HIV-infected individual (9). There are
two possible explanations for this persistence. First, residual or
intermittent viral replication replenishes the pool of infected cells
over time. Second, HIV-infected cells undergo homeostatic or an-
tigen-driven proliferation. Of course, both these mechanisms
could occur and interact to different degrees across individuals.
This study demonstrated higher levels of multiply spliced HIV
RNA transcripts in the cells of study participants with detectable
CMV in semen but no difference in unspliced HIV RNA or 2-LTR
circles. This discordant HIV RNA expression pattern (i.e., higher
levels of multiply spliced than of unspliced HIV RNA) likely rep-
resents “blocked early-stage latency” as a form of latently HIV-
infected cells (36, 37). We also found a trend for CMV shedders to
have increased multiply spliced HIV RNA/HIV DNA ratios but no
difference in unspliced HIV RNA/HIV DNA ratios. Altogether,
these results suggest that the presence of asymptomatic CMV rep-
lication might be associated with some degree of cellular HIV
transcription, but it remains unclear if this isolated increase in
msRNA transcription is associated with ongoing infection.

Persistent immune activation is associated with multiple man-
ifestations of end organ damage during HIV infection, including
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TABLE 3 Characteristics of CMV shedders versus nonshedders

Value P value
Any CMV No CMV between
Characteristic (n=23) (n = 30) groups”
Age (yr) [median (IQR)] 45 (36-49) 46 (39-52) 0.286
Time on ART? (yr) 3.7 (1.6-6.4) 3.8 (1.8-5.3) 0.895
[median (IQR)]
(n=42)
Nadir CD4 T cell count/pl 200 (39-329) 233 (94-408) 0.266
[median (IQR)]
Last CD4™ T cell count/pl 542 (453-734) 660 (577-752)  0.039
[median (IQR)]
Last CD8" T cell count/pl 848 (544-1023) 634 (507-985) 0.253
[median (IQR)]
Detectable HIV RNA in 3 (13) 2(7) 0.420
semen [1 (%)]
Low-level HIV in blood 2(9) 1(3) 0.573
(50-200 copies/ml)
(1 (%)]
CMV IgG (U/ml) [median ~ 34.0 (27.2-44.0)  34.0 (23.9-42.4) 0.451
(IQR)]
Herpesvirus shedding in
semen [n (%)]
Any herpesvirus except 9 (39) 8 (27) 0.384
CMV
HSV-1or-2 1(4) 1(3) 1.000
EBV 8 (35) 5(17) 0.198
HHV-6 0(0) 3(10) 0.249
HHV-7 2(9) 2(7) 1.000
HHV-8 1(4) 1(3) 1.000

@ P values were determined using the Mann-Whitney Wilcoxon test. P values of 0.1
are in boldface.
b Time on ART information was available only for a subset of 42 participants.

neurocognitive impairment, cancer, and cardiovascular disease
(16, 22, 38, 39). This chronic activation may also be an important
factor in maintaining the HIV reservoir (16). Along with HIV
itself, CMV could be an important mediator of immune activa-
tion, especially because a large fraction of an infected person’s
immune repertoire is targeted toward CMV (40, 41), and CMV
reactivation in the genital tract is common, even in subjects with
high CD4 " T cell counts during ART (42). Similar to our previous
reports on ART-naive HIV-infected men, we found that asymp-
tomatic CMV replication in the male genital tract was associated
with higher levels of systemic CD4" T cell activation and prolif-
eration and also with higher levels of systemic CD4 " T cell-asso-
ciated provirus, even during suppressive ART. Also, we found a
strong association between CD4" proliferation and activation
with HIV DNA in the CMV shedders but no association among
CMV nonshedders. This observation supports a hypothesis that
CMYV shedding induces an expansion of CD4 T cells, including
HIV-infected cells.

Several nonexclusive mechanisms could explain these observa-
tions. First, chronic CMV replication could cause antigen-driven
proliferation of CMV-specific CD4 T cells in blood. However, this
form of cellular activation would result in HIV RNA expression
rather than increased latency (15), and previous studies have sug-
gested that CMV-specific T cells may be less likely to be infected by
HIV in untreated individuals (43, 44). Future studies should in-
vestigate the dynamics of CMV-specific T cells in relation to CMV
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TABLE 4 Differences in T cell proliferation and activation between
seminal CMV shedders and nonshedders

Value
Any CMV No CMV Univariate
Characteristic® (n=21) (n=128) Pvalue®
T cell proliferation
Ki67" (% of CD4™ T
cells) [median
(IQR)]
Total 4.2 (3.4-6.9) 3.0 (2.4-4.3) 0.01
Naive 1.9 (1.3-2.7) 1.5 (1.1-2.6) 0.44
Central memory 3.9 (3.1-5.1) 3.0 (2.5-4.8) 0.1
Transitional memory 4.0 (3.4-5.4) 3.5(2.3-4.9) 0.14
Effector memory 5.8 (3.8-10.2) 4.2 (3.3-5.1) 0.09
Ki67" (% of CD8* T
cells) [median
(IQR)]
Total 3.7 (2.5-7.1) 2.82(2.3-3.9) 0.1
Naive 2.4 (1.5-5.1) 1.73 (1.0-2.6) 0.13
Central memory 4.2 (2.8-8.9) 3.1 (2.5-5.2) 0.13
Transitional memory 2.7 (2.2-6.8) 2.7 (1.9-4.4) 0.2
Effector memory 4.5 (2.2-5.9) 2.9 (2.2-4.0) 0.35
T cell activation
HLA-DR™ CD38" (%
of CD4™ T cells)
[median (IQR)]
Total 3.1 (2.4-7.4) 2.5 (1.7-3.0) <0.01
Naive 2.2 (1.2-3.5) 1.7 (1.0-2.3) 0.27
Central memory 2.4 (1.6-2.7) 1.9 (1.1-2.7) 0.21
Effector memory 5.8 (4.0-14.8) 3.8 (2.5-5.6) 0.02
Terminally 25.5(9.2-33.1) 13.2(6.8-28.3) 0.18
differentiated
HLA-DR™ CD38" (%
of CD8™ T cells)
[median (IQR)]
Total 20.3 (13.2-23.9) 15.6 (8.3-21.8)  0.25
Naive 103 (6.8-13.0) 114 (4.0-17.1)  0.71
Central memory 15.6 (11.0-21.0) 13.3 (6.62-17.5) 0.31
Effector memory 21.5(12.1-24.5) 15.7 (7.2-22.4) 0.17
Terminally 25.1(15.8-33.7) 24.3 (10.8-31.6) 0.57
differentiated

“ Subsets were defined as naive (CD45RA™ CD27" CCR7™), central memory
(CD45RA™ CD27* CCR7™), transitional memory (CD45RA™ CD27" CCR7~ for
proliferation only), effector memory (CD45RA™*/~ CD27~ CCR7 "), and terminally
differentiated (CD45RA™ CD27~ for activation only) in CD4 and CD8 T cell subsets.
Immunological data were available for a subset of 49 subjects.

b Univariate P values were determined using the Mann-Whitney Wilcoxon test. P values
of =0.1 are in boldface.

replication during suppressive ART, as well as determine the pro-
portion of integrated HIV DNA in the large population of CMV-
specific T cells. Second, CMV-associated immune activation
could induce a non-T cell receptor (TCR)-mediated homeostatic
proliferation of (HIV-infected) T cells and consequently lead to an
increase in the HIV latent reservoir. This scenario seems less likely,
since CMV replication tends to occur in effector tissues rather
than in inductive lymphoid tissues, where CD4™" T cells typically
undergo homeostatic proliferation (13).

Third, we observed that CMV shedding was associated with
increased levels of multiply spliced HIV RNA in blood as a possi-
ble correlate of ongoing residual HIV replication. Along this line,
recent reports suggest that there may be low-level reinfection of
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FIG 2 Correlative analysis between levels of log,, total HIV DNA per million CD4" T cells and percentages of activated (HLA-DR" CD38") (A) and
proliferating (Ki67") (B) CD4" T cells among patients with detectable CMV DNA in seminal plasma (n = 20). The P values were calculated using Pearson

correlation analysis. Dashed line indicates the regression line.

new CD4" T cells despite apparently suppressive ART in many
individuals, particularly those on PI-based regimens (which com-
prised the majority of subjects in the current study) (10, 45). On
the other hand, the presence of a significant association between
CMYV shedding and HIV DNA levels after controlling for 2-LTR
circles in our multivariate analysis suggests that CMV is driving
HIV persistence independently of its effect on supporting active
HIV replication, perhaps through proliferation of infected CD4 ™"
T cells. Another possibility is that increased immune activation in

TABLE 5 Differences in cellular transcription between seminal CMV
shedders and non-shedders

Value”
No CMV Univariate
Characteristic® AnyCMV (n=15) (n=27) P value®
HIV RNA copies 0.24 (0.09-0.83) 0.14 (0.08-0.32) 0.247
(us)/ng RNA/CD4
[median (IQR)]
HIV RNA copies 0.024 (0.0067—-0.103) 0.003 (0.0-0.03) 0.017
(ms)/ng RNA/CD4
[median (IQR)]
2-LTR (copies/10° 0 (0-29.6) 0(0-19.7) 0.983
CD4™" T cells)
[median (IQR)]
Any detectable (us) 15 (100) 25(92.6) 0.530
HIV RNA [7 (%)]
Any detectable (ms) 12 (80) 15 (55.6) 0.180
HIV RNA [ (%)]
Any detectable 2-LTR 8 (38.1) 13 (44.8) 1.000
[n (%)] (total, 50)
HIV RNA (us)/HIV  2.17 (1.16-5.63) 1.57 (0.71-3.13)  0.183
DNA ratio
[median (IQR)]
HIV RNA (ms)/HIV ~ 0.31 (0.01-0.63) 0 (0-0.42) 0.068
DNA ratio

[median (IQR)]

“ Levels of unspliced (us) cellular HIV RNA normalized per ng CD4 T cells, levels of
multiply spliced (ms) cellular HIV RNA encoding Tat-Rev normalized per ng CD4 T
cells, and total log,, levels of 2-LTR normalized per million CD4™" T cells. The HIV
RNA/HIV DNA ratio is the average number of HIV RNA transcripts (i.e.,
transcriptional activity) per HIV DNA copy. Cellular HIV RNA data were available for
a subset of 42 subjects with undetectable HIV RNA levels in blood (<50 copies/ml).

b Patients with HIV blips in blood were excluded from the analysis.

¢ Univariate P values were determined using the Mann-Whitney Wilcoxon test; P values
of <0.1 are in boldface.
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HIV-infected individuals causes both homeostatic proliferation of
HIV-infected cells and CMV replication in semen. However, a
recent randomized study demonstrated a reduction in immune
activation in HIV-infected individuals treated with the anti-CMV
drug valganciclovir (46), suggesting that CMV replication is a
driver of immune activation during HIV infection, though the
study was limited by the fact that only 70% of the subjects had HIV
RNA suppression with ART and the sample size was small (n =
30). Finally, the observed difference in HIV DNA levels between
CMV shedders versus nonshedders might have been present be-
fore ART initiation, but to evaluate this possibility, we would need
a sample collected before the initiation of ART.

The results from this study differ from observations made in
subjects who were not suppressed on ART. Unlike our previous
report (23), we did not find any association between the presence
of detectable CMV in PBMCs and levels of the HIV DNA reser-
voir. However, subjects with detectable CMV in PBMCs had
higher levels of proviral HIV DNA than those without CMV DNA
(2.53 versus 2.26 log,, per million CD4™ T cells), but this differ-
ence was not statistically significant, likely as a consequence of the
low frequency of detectable CMV in PBMCs (22%) compared to
semen (44%). Also, the biological significance of detectable CMV
DNA at such low levels in PBMCs is unclear and might not be
associated with active CMV replication during ART. Additionally,
in this study, we found an association between higher CMV IgG
levels and proviral HIV DNA in univariate analysis, which was not
observed in our previous, larger cohort of ART-naive individuals
(26). However, the association between CMV IgG levels and pro-
viral HIV DNA lost significance in a multivariate analysis, after
adjusting for the presence of seminal CMV DNA. The reasons for
this observation are unclear and may be a result of the use of ART
in the study cohort. The dynamics of CMV replication and im-
mune response before and after suppressive ART are complex and
deserve further investigation. It is also unclear why CMV replica-
tion has less effect on CD8 T cells than on CD4 T cells. Immune
activation and T cell proliferation are driven by homeostatic and
viral factors that differentially affect the CD4 and CD8 T cell pools
(47). CD4 T cell proliferation is driven by the homeostatic re-
sponse to CD4 T cell depletion and by antigen stimulation (such as
HIV or CMV), whereas CD8 T cell proliferation is mainly a result
of antigen stimulation (47). The lower CD4 T cell counts in CMV
shedders might drive homeostatic forces (i.e., increased homeo-
static cytokines, such as interleukin 7 [IL-7]) to replenish this pool
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and might explain the more profound effects observed in the CD4
T cell compartment than in CD8 T cells. However, we cannot
exclude a direct effect of CMV replication in both CD4 and CD8 T
cell immune activation. These relationships deserve further inves-
tigation.

This study had a number of limitations. First, it used a cross-
sectional study design of a cohort of chronically infected individ-
uals in whom the duration of infection was not known; however,
age and time on ART were not associated with the size of the
proviral HIV DNA reservoir. Second, the study assessed CMV
reactivation only in men, and it is not clear if similar mechanisms
are at play in women. Third, it is not clear if the observed increase
in HIV DNA in CD4™" T cells represents replication-competent
latent provirus. In addition, the relatively small sample size lim-
ited our power to observe significant associations in subsets of
CD4" and CD8™ T cells. Most importantly, as mentioned above,
because this was a cross-sectional, observational study, we cannot
establish a causal relationship between CMV reactivation and HIV
DNA levels, and the extent of immune activation during treated
HIV infection could be a determinant of CMV shedding and
higher HIV DNA levels. Also, it is not clear if CMV replication in
the male genital tract is a surrogate for lower-level replication
systemically or if localized genital CMV shedding is driving in-
flammation systemically through increased traffic of activated T
cells from the genital compartment to the blood. Despite these
limitations, this study provides some insights regarding a possible
connection between asymptomatic CMV replication and the la-
tent HIV reservoir. Specifically, it demonstrates that even during
suppressive ART, CMV reactivation in the male genital tract is
associated with increased levels of T cell activation and prolifera-
tion and higher HIV DNA levels. This mechanism might be im-
portant, given that most HIV-infected individuals and almost all
MSM are also infected with CMV (35). Future studies are needed
to determine if persistent CMV replication could be targeted as a
strategy to reduce the size of the latent HIV reservoir and reduce
persistent immune activation.
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