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Abstract

Background—Elevated immune activation is associated with an increased risk of HIV
acquisition. Tenofovir (TFV) has immunomodulatory properties in vitro, but how this extends in
Vivo remains unknown.

Methods—HIV-negative adults received daily co-formulated tenofovir-disoproxil-fumarate
(TDF) 300 mg/emtricitabine (FTC) 200 mg for 30 days followed by a 30-day washout. Markers of
T-cell activation, inflammation and cytokines were measured before drug and on days 30 (on
drug) and 60 (30-day washout). Data were analyzed using one-way ANOVA/pairwise
comparisons. Intracellular disposition of TFV-diphosphate (TFV-DP) and FTC-triphosphate
(FTC-TP) in CD4* and CD8* T-cells and monocytes was characterized, and the relationship with
immune activation was evaluated using Pearson correlation coefficient.

Results—T-cell activation was available in 19 participants. CD38/HLA-DR co-expression on
CD8* T-cells decreased from baseline to day 30 (3.97 vs. 2.71%;P=0.03) and day 60 (3.97 vs.
2.41%;P=0.008). Soluble CD27 decreased from baseline to day 60 (184.1 vs. 168.4 pg/
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ml;P=0.001). Cytokines and inflammation markers were not significantly different. TFV-DP and
FTC-TP were approximately 4-fold higher in monocytes vs. CD4" and CD8* T-cells, but neither
correlated with activation markers.

Conclusions—TDF/FTC therapy was associated with decreased T-cell activation in HIV-
negative adults, which could contribute to the antiviral effect of pre-exposure prophylaxis.

Keywords

immune activation; tenofovir; pre-exposure prophylaxis; clinical pharmacology; intracellular
nucleoside analog

Background

T-cell immune activation and inflammation are well-known to accelerate the progression of
HIV/AIDS in chronically infected individuals [1,2,3]. Recently, an emerging body of
literature has also identified a direct association between immune activation and the
susceptibility to HIV infection. Studies in macaques [4,5] and humans [6,7,8,9] have
reported that an immune quiescent phenotype, manifested by decreased cytokine production,
low CD4* T-cell activation marker expression, suppression of cellular alloimmune
responses and decreased CD4™ T-cell gene expression, may confer protection against HIV
infection in highly exposed-seronegative individuals. The CAPRISA 004 trial identified that
women who became infected with HIV had higher concentrations of proinflammatory
cytokines, activated natural killer (NK) cells and CD8* T-cell degranulation compared with
uninfected women, irrespective of tenofovir gel use [10]. Based on these findings, it has
been postulated that immune activation may be a modifiable risk factor for HIV acquisition
and that promotion of immune quiescence in high-risk individuals could become a potential
strategy to reduce HIV infection [10,11]. To date, no proven interventions aimed at
promoting immune quiescence to reduce the risk of HIV infection are available.

Tenofovir (TFV) is a nucleotide reverse transcriptase inhibitor (NRTI) widely used for the
treatment of HIV infection and recently approved in the United States as pre-exposure
prophylaxis (PrEP) against HIV acquisition. In addition to its inhibition of reverse
transcriptase to elicit antiviral activity, TFV has diverse immunomodulatory effects in
various human and animal immune cell lines. Previous in vitro research has identified an
anti-inflammatory effect of TFV and other acyclic nucleoside phosphonates in macrophages,
lymphocytes and murine hepatocytes [12,13,14], while other studies have reported a pro-
inflammatory effect [12,15,16]. Recent studies have also associated immune quiescence
with topical TFV exposure in the murine vagina and the human rectum [17,18]. However, it
remains unclear how (or if) these in vitro and in vivo topical findings extend to systemic
immune-modulation or cytokine concentrations in HIV-negative individuals.

In addition to cytokines and cell activation marker expression, circulating soluble
biomarkers such as soluble CD14 (sCD14) and CD27 (sCD27) and markers of inflammation
such as C-reactive protein (hs-CRP) are important correlates of immune activation and
inflammation. In HIV infection, sSCD14, sCD27 and hs-CRP have been associated with
disease progression, morbidity and mortality [19,20,21,22,23,24]. For example, soluble
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Methods

CD14 (sCD14), a marker of monocyte and macrophage activation, is highly predictive of
mortality and neurocognitive impairment in HIV infection [20,25]. Likewise, soluble CD27
(sCD27), which is secreted by activated T lymphocytes (particularly CD4* T-cells) [26,27]
has been associated with T-cell decline and virologic response to antiretroviral therapy in
HIV-infected patients [28,29]. In terms of HIV prevention, sCD14 was recently evaluated in
the CAPRISA 004 trial, where plasma concentrations of sSCD14 did not correlate with the
risk of HIV infection, but more information is needed regarding correlations between sCD14
(and sCD27) and HIV prevention [30]. Additionally these soluble biomarkers and hs-CRP
may serve as another correlate to evaluate systemic immune-modulation in HIV-negative
individuals receiving TFV.

TFV may also decrease uric acid concentrations in HIV-infected individuals, as was shown
in subjects previously treated with didanosine [31]. This is of interest since uric acid has
been associated with systemic inflammation and is highly correlated with CRP, tumor
necrosis (TNF)-a and interleukin (IL)-6 [32]. To date, the effect of TFV on uric acid in
HIV-negative individuals has not been fully elucidated.

Given previous in vitro observations, we hypothesized that exposure to TFV would have
systemic immunomodulatory effects in vivo. We sought to test this hypothesis in HIV-
negative individuals who do not exhibit confounding influences from HIV replication. In
this study, we evaluated the changes in T-cell immune activation, cytokine production,
soluble biomarkers and uric acid in HIV-negative individuals exposed to tenofovir-
disoproxil-fumarate/emtricitabine (TDF/FTC) therapy.

Participants and study design

HIV-negative, healthy volunteers were enrolled in an intensive pharmacokinetic study of
daily co-formulated oral TDF/FTC for 30 days followed by 30-day washout
(NCT01040091; www.clinicaltrials.gov). Individuals were eligible if they were between the
ages of 18-55 years, were able to provide informed consent and to comply with study
procedures. All participants were tested for HIV and hepatitis B virus infection upon
screening and were excluded if they tested positive. Individuals who were pregnant (or
planning to become pregnant), breastfeeding, had a history of pathologic bone fractures, a
body weight <110 pounds, an estimated glomerular filtration rate by MDRD <60 mL/min/
1.73 m?, albuminuria:creatinine >30:1 or were taking any concomitant nephrotoxic
medication were also excluded. After completing 30 days of daily TDF/FTC, the
participants were followed for an additional 30 days off-drug and re-evaluated at day 60.
Blood samples for cellular immune activation, cytokines, soluble biomarkers, hs-CRP and
uric acid were collected at baseline (before TDF/FTC initiation) and at days 30 and 60.
Additionally, purified CD3*CD4* and CD3*CD8™" T-cells and monocytes (CD14*) were
obtained once per participant at various time intervals (days 1, 3, 7, 20 and 30) for
intracellular TFV-diphosphate (TFV-DP) and FTC-triphosphate (FTC-TP) measurement.
Approval was obtained by the Colorado Multiple Institutional Review Board and informed
consent was obtained from all participants.
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T-cell immune activation analysis

HLA-DR and CD38 co-expression in CD4* and CD8* T-cells was analyzed at baseline, day
30 and day 60 from whole blood stained with fluorescent anti-CD3/CD4/CD38/HLA-DR or
anti-CD3/CD8/CD38/HLA-DR monoclonal antibodies (BD Biosciences, San Jose, CA).
Cells were incubated for a total of 30 minutes at room temperature and red blood cells were
lysed. The remaining cells were fixed with 450uL of FACS lysing solution (BD
Biosciences) prior to flow cytometry analysis, which was performed using a FACSCalibur
flow cytometer (BD Immunocytometry Systems, San Jose, CA). CD38 and HLA-DR
expression was analyzed using settings determined by FACSComp by using CaliBRITE
beads (BD Biosciences, San Jose, CA). The proportion of HLA-DR*/CD38* CD4* and
CD8™* T-cells was automatically determined using the HLA-DR/CD38 Multiset Algorithm
(BD Biosciences, San Jose CA).

Cytokine, soluble marker, hs-CRP and uric acid analysis

Concentrations of IL-1a, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-15, IL-17,
IL-23, interferon-gamma (IFN-v), TNF-a, TNF-3, sSCD14, sCD27, hs-CRP and uric acid
were measured in EDTA plasma collected at baseline, day 30 and day 60, which was stored
at —80°C and thawed for analysis. For the cytokine analysis, thawed plasma was diluted 1:1
and cytokine concentrations were measured using the 15-plex high-sensitivity Quansys
Multiplex cytokine array ELISA (Quansys Biosciences, Logan, UT) as per the manufacturer
recommended protocol. Samples were run in duplicate and the wells were analyzed using Q-
view image software; F-stop 2.8, ISO 400, Exposure Times (sec) of 30/60/180 sec. High-
sensitivity 1L-6 was measured using Quantikine ELISA (R&D #HS600B). The wells were
analyzed at 490nm with wavelength correction at 650nm on a Coulter Microplate Reader.
sCD14 and sCD27 concentrations were measured in freshly thawed EDTA plasma diluted
1:500 in calibration diluent (R&D #DY140) and 1:20 in dilution buffer (Pelikine #M1960),
respectively. hs-CRP analysis was performed in plasma diluted 1:100 in calibration diluent.
As necessary, samples were further diluted (1:300, 1:400 and 1:500) and rerun. For all
sCD14, sCD27 and hs-CRP, ELISA was performed as per the manufacturer recommended
protocol and the wells were analyzed at 450nm on a Coulter Microplate Reader. For uric
acid, samples were thawed to 37°C in a water bath for 10 minutes followed by vortexing
vials for 15 seconds and centrifuged at room temperature at 1000g for 10 minutes.
Supernatants were loaded into well cups and analyzed using an ACE clinical autoanalyzer
(Alpha Wasserman, West Caldwell, NJ).

Intracellular quantification of TFV-DP and FTC-TP in CD4* and CD8* T-cells and

monocytes

Blood samples for purified CD4* and CD8* T-cells and monocytes were collected at 2 hours
post-dose from one study visit for each participant. Briefly, PBMCs were isolated from CPT
tubes according to manufacturer’s instructions and labeled with directly fluorescent-
conjugated antibodies (anti-CD3-APC, anti-CD4-APC-Cy7, anti-CD8 Alexa Fluor 405, anti-
CD14-phycoerythrin [PE]) by incubation on ice for 30 minutes. After incubation, the labeled
PBMC sample was washed with 1% BSA/PBS and suspended in 1% BSA/PBS for sorting
by FACSAria flow cytometry, version 6.1.3 (BD). All sorted cell fractions (CD4* and CD8*
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T-cells and monocytes) were counted by an Automated Cell Counter (Countess, Invitrogen)
using tryptan blue exclusion to assess cell viability. Cell fractions were then lysed with
500pL of 70:30 methanol:water for storage at —80°C until analysis. TFV-DP and FTC-TP in
CD4* and CD8™ T-cells and monocytes cells was quantified by a validated liquid
chromatography/tandem mass spectrometry (LC-MS/MS) method, as described previously
[33].

Intracellular drug concentrations were evaluated with a naive-pooled approach by fitting a
mono-exponential equation to the concentration time data with GraphPad version 6.00 for
Windows (GraphPad Software, La Jolla California USA, www.graphpad.com); Ci=
Css*(1-expCK* ) where t is time on therapy, Cq is the fitted steady-state concentration, and
k is the fitted elimination rate constant. Individual C¢5 concentrations were estimated by
adjusting the observed concentration according to time on therapy as follows: C¢= Cy/
(1-expk*D), where C; was the observed concentration at time t and k was the fitted value
from the pooled approach.

Statistical analysis

Results

The primary outcome was the change in CD4* and CD8" T-cell immune activation as a
result of TDF/FTC therapy. All data were log, transformed and analyzed using one-way
ANOVA for repeated measures (assuming sphericity) and pairwise comparisons for
significant results between baseline and day 30 and baseline and day 60, using Fisher’s
protected least significant difference. The relationship between cell activation and
intracellular TFV-DP and FTC-TP in CD4* and CD8" T-cells and monocytes was assessed
using the Pearson correlation coefficient. Baseline sex and race differences in T-cell
activation, soluble markers, hs-CRP and uric acid were analyzed using unpaired t-test. T-cell
immune activation, cytokines and intracellular TFV-DP and FTC-TP measurements below
the lower limit of quantification (LLOQ) of their respective assays were given a value of the
midpoint between zero and the LLOQ and were included in the analysis. A P value <0.05
was considered significant. Data are presented as geometric mean (95% CI) unless specified
otherwise. All statistical analyses were performed using GraphPad Prism version 6.00 for
Windows.

Study population

A total of 19 participants were enrolled in the study. T-cell immune activation and
intracellular TFVV-DP and FTC-TP concentrations were available for 19 participants,
whereas cytokines, soluble markers, hs-CRP and uric acid concentrations were available for
18 participants. The demographic characteristics of the study population are summarized in
Table 1.

T-cell immune activation

The overall HLA-DR/CD38 co-expression in CD8* T-cells decreased significantly
(ANOVA P=0.02) from baseline to day 30 (3.97% vs. 2.71%; P=0.03; Table 2, Figure 1)
and remained decreased 30 days after drug discontinuation (3.97% vs. 2.41%; P=0.008;
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Cytokines

Table 2 and Figure 1). CD4" T-cell activation also decreased from baseline to days 30 and
60, although these changes were not statistically significant (Table 2; ANOVA P=0.25). For
both CD8* and CD4* T-cells there were no differences in HLA-DR/CD38 co-expression
between day 30 and day 60 (P=0.51). CD8* T-cell activation was reported at 0% for two
participants at day 60 (for which a value of 0.5% was imputed). No sex or race differences
in baseline CD4* and CD8* T-cell immune activation were observed (P=0.18).

Of the 15 cytokines analyzed using the Quansys Multiplex, quantifiable values at baseline,
day 30 and day 60 were observed for IL-10, IFN-y and TNF-a, but no differences were
found (Table 2). High-sensitivity 1L-6 measured with assay-specific ELISA did not exhibit
any changes after 30 days of TDF/FTC or after 30 days off-drug (Table 2). TNF-a and IFN-
y concentrations were below the LLOQ of the assay in four and one participants,
respectively. No sex or race differences in baseline cytokine levels were observed (P=0.08).

Soluble biomarkers, hs-CRP and uric acid

Plasma concentrations of sCD27 decreased significantly from baseline to day 60 (184.1
pg/ml vs. 168.4 pg/ml; P=0.001; Table 2 and Figure 2), but no change at day 30 was
observed. Comparatively, there was a decline in SCD14 concentrations from baseline to days
30 and 60 (1.63 mcg/ml vs. 1.51 mcg/ml; P=0.03 and 1.63 mcg/ml vs. 1.51 mcg/ml; P=0.04;
Table 2 and Figure 2), although the overall repeated measures ANOVA was not significant
(P=0.06). Although a trend towards an initial decline from baseline to day 30 was observed
in hs-CRP (1.91 mcg/ml vs. 1.24 mcg/ml; P=0.06), this was not significant, nor were
changes in uric acid throughout the study (ANOVA P=0.79; Table 2). No baseline sex or
race differences in soluble biomarkers or hs-CRP were observed (P=0.20).

Intracellular TFV-DP in CD4* and CD8* T-cells and monocytes

The estimated median (range) Css for TFV-DP in CD4* and CD8* T-cells was 39 (16-82)
fmol/108cells and 29 (4-54) fmol/106cells, respectively, vs. 137 (48-313) fmol/108 cells in
monocytes. No significant correlation was identified between intracellular TFV-DP and
CD38/HLA-DR expression at day 30 in CD4* (r=0.19, 95% CI —0.28 to 0.59; P=0.42) or
CD8™* (r=0.01, 95% ClI, -0.44 to 0.46; P=0.95) T-cells, or with ACD38/HLA-DR between
baseline and day 30 (P=0.06). Similarly, there was no significant correlation between
intracellular TFVV-DP in monocytes and sCD14 at day 30 (r=0.13, 95% ClI, -0.35 to 0.56;
P=0.59) or with AsCD14 between baseline and day 30 (P=0.43). For FTC-TP, the estimated
median (range) Css in CD4* and CD8* T-cells and monocytes was 5 (3—-6) pmol/10%cells, 4
(3-14) pmol/10%cells and 13 (7-19) pmol/10%cells, respectively. Similar to TFV-DP, no
significant correlations were identified between intracellular FTC-TP and any activation
measures or soluble marker measures (P=0.48).

Discussion

This study identified a new relationship between decreased systemic immune-activation
with TDF/FTC therapy in HIV-negative individuals. Assessing this relationship was a pre-
specified secondary endpoint of this pharmacokinetic study. This novel biologic finding in
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Vivo extends previous in vitro observations where TFV exposure resulted in
immunomodulation in macrophages and lymphocytes [12,13,14,15,16]. Additional research
is needed to replicate our findings in larger populations and to elucidate the clinical
implications of decreased immune activation in HIV-negative persons receiving TDF/FTC
therapy.

One potential clinical implication of our findings relates to PrEP. With the introduction of
PrEP, research has concentrated on the pharmacokinetics of TFV and FTC to determine the
systemic, tissue and cellular thresholds of protective efficacy [34,35,36]. However, little
focus has been placed on the pharmacodynamics of PrEP beyond the antiviral activity at the
site of infection. It is clear that the protective effect provided by PrEP is primarily driven by
the systemic and/or local antiviral effect of TDF and FTC at the time of HIV exposure
[37,38,39]. However, given the relationship between baseline immune activation and the
risk of HIV acquisition [6,8,10], systemic immune quiescence promoted by TDF/FTC
exposure is a potentially attractive characteristic that could modify this biological risk factor
and provide additional protection to the known antiviral effects of current and future HIV
PrEP regimens. Among the proposed mechanisms by which immune quiescence could
reduce the risk of HIV acquisition could be: a) reduced T-cell activation (which would lead
to a smaller pool of HIV-susceptible target cells) [11,40], b) reduced expression of
proinflammatory cytokines (which would prevent infiltration of activated target cells to
propagate the infection) [40], and/or, c) concomitant antiviral activity against other
pathogens (such as herpes simplex viruses), which would dampen immune activation at the
local level [10,30].

Our analysis did not include HIV-infected individuals who often experience elevated
immune activation that decreases during therapy. These fluctuations in immune activation
create challenges for elucidating the independent effect of TDF/FTC in this population.
Nevertheless, this is an important line of research given the potentially detrimental effects of
elevated immune activation in these individuals.

The cellular immune activation findings observed in our HIV-negative population are
supported by changes in soluble biomarkers. In our secondary analyses, we demonstrated a
decrease both in SCD14 and sCD27 after exposure to TDF/FTC. For sCD14, there was an
initial trend towards a decrease from baseline to day 30, which remained unchanged at day
60. Conversely, the plasma concentrations of sCD27 showed a delayed, but significant
decrease from baseline to day 60. Collectively, these observations suggest promotion of
immune quiescence after short-term exposure to TDF/FTC, with a possible initial effect on
innate immune activation (sCD14) followed by a delayed modulation of the adaptive
immunity (SCD27). In contrast to the changes observed in cell-associated immune
activation, we did not observe significant effects on overall inflammation as measured by
hs-CRP concentrations. This might be explained by the healthy nature of our population (as
evidenced by low baseline inflammation), a small sample size, and/or a possible indication
that the effect of TDF/FTC is mainly due to changes in T-cell activation with limited effect
on inflammation.
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The sustained effect of TDF/FTC on CD8" T-cell activation and the delayed effect on
sCD27 observed after drug discontinuation (30 days off-drug) are of particular interest.
Among the possible explanations for this durable effect are the long half-life (~4.2 days) of
intracellular TFV moieties in PBMCs [41] or a sustained immune quiescence phenotype that
persists even after the active drug has been cleared from the cell. The latter explanation is
supported by the lack of correlation between the intracellular concentrations of TFV-DP/
FTC-TP with the cellular activation observed in our study. Further research is necessary to
more fully understand the kinetics surrounding immune activation during TDF/FTC therapy.

To better understand the biology of TDF/FTC-associated immune modulation, we evaluated
a wide array of cytokines, which were selected based on previous observations
[12,13,15,42]. In our analysis, the vast majority of the measured cytokines were below the
LLOQ at baseline and at days 30 and 60, which is not unexpected given the healthy
population studied. This limited our analysis to those cytokines with measurable
concentrations (IL-6, IL-10, TNF-a and IFN-y), none of which demonstrated changes
associated to TDF/FTC exposure. The absence of an effect on IL-6 secretion confirms our
hs-CRP findings and suggests that TDF/FTC exposure has a minimal effect on this
inflammatory pathway. However, these findings contrast with previous in vitro findings
where TFV exposure resulted in a dose-dependent stimulation of IL-6, TNF-a and IL-10 in
rat macrophages [12,13,14,42] and inhibition of IL-10 in human PBMCs [15]. Additionally,
these findings are also distinct from recent data derived from topical TFV exposure where
this drug decreased IL-2 and TNF-a in vaginal secretions [17] and IL-6 and IL-8 gene
expression in rectal tissue biopsies [18]. These discrepancies highlight the need for more in
vivo studies to bridge findings from in vitro and ex vivo settings.

Our study has some limitations that reflect the need for additional research. First, due to the
small, non-randomized nature of our study, these findings should be confirmed in other
research and/or clinical settings which ideally would include a placebo group (e.g., PrEP
clinical trials). Second, the mechanism behind the immune changes observed in our study
remains poorly understood. Even though it was not observed in our healthy population,
secretion of T-cell suppressive cytokines promoted by TFV exposure is still a plausible
explanation that should be further evaluated. Other potential mechanisms such as
immunomodulatory effects on endogenous nucleotide pools [43,44,45] should also be
pursued. Additionally, it is possible that FTC contributes to these effects, but this could not
be studied independently here. Finally, our study only focused on a small number of healthy
individuals with low-risk for HIV infection and low levels of baseline T-cell immune
activation and soluble biomarkers. Thus, we cannot generalize these findings to populations
with higher baseline immune activation, or high risk of HIV infection [46].

In conclusion, short-term daily TDF/FTC therapy was associated with reduced immune
activation in healthy HIV-negative subjects. This finding opens new research avenues to
determine the mechanism for this effect; to evaluate the effect in HIV-positive individuals;
and to elucidate its potential clinical implications.
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Figure 1.

CD8* T-cell (Panel A) and CD4* T-cell (Panel B) immune activation (CD38/HLA-DR co-
expression) at baseline (before drug), day 30 (after 30 days of TDF/FTC) and day 60 (30
days of washout). CD8* T-cell ANOVA P=0.02. CD4" T-cell ANOVA P=0.25. Bars and
error bars represent geometric means and 95% confidence intervals, respectively. Statistical
tests were conducted on log, transformed data. Abbreviations: TDF/FTC, tenofovir-
disoproxil-fumarate/emtricitabine.
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Figure 2.

Plasma sCD27 (Panel A) and plasma sCD14 (Panel B) concentrations at baseline (before
drug), day 30 (after 30 days of TDF/FTC) and day 60 (30 days of drug washout. sCD27
ANOVA P=0.001. sCD14 ANOVA P=0.06. Bars and error bars represent geometric means
and 95% confidence intervals, respectively. Statistical tests were conducted on loge
transformed data. Abbreviations: TDF/FTC, tenofovir-disoproxil-fumarate/emtricitabine;
sCD27 plasma soluble CD27; sCD14, plasma soluble CD14.
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Table 1

Demographic characteristics of the study population (N=19).

Characteristic Number
Men 9
Women 10
African American 9 (5 Women)

Non-African American
White 9 (5 Women)
Hispanic 1 (Man)

Median age (range) years 30 (20-47)
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