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Viral dissemination and immune
activation modulate antiretroviral
drug levels in lymph nodes of
SIV-infected rhesus macaques
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Introduction and methods: To understand the relationship between

immunovirological factors and antiretroviral (ARV) drug levels in lymph nodes

(LN) in HIV therapy, we analyzed drug levels in twenty-one SIV-infected rhesus

macaques subcutaneously treated with daily tenofovir (TFV) and emtricitabine

(FTC) for three months.

Results: The intracellular active drug-metabolite (IADM) levels (TFV-dp and FTC-tp)

in lymph nodemononuclear cells (LNMC) were significantly lower than in peripheral

blood mononuclear cells (PBMC) (P≤0.005). Between Month 1 and Month 3, IADM

levels increased in both LNMC (P≤0.001) and PBMC (P≤0.01), with a steeper increase

in LNMC (P≤0.01). The viral dissemination in plasma, LN, and rectal tissue at ART

initiation correlated negatively with IADM levels at Month 1. Physiologically-based

pharmacokinetic model simulations suggest that, following subcutaneous ARV

administration, ART-induced reduction of immune activation improves the

formation of active drug-metabolites through modulation of kinase activity and/or

through improved parent drug accessibility to LN cellular compartments.

Conclusion: These observations have broad implications for drugs that need to

phosphorylate to exert their pharmacological activity, especially in the settings of

the pre-/post-exposure prophylaxis and efficacy of antiviral therapies targeting

pathogenic viruses such as HIV or SARS-CoV-2 replicating in highly inflammatory

anatomic compartments.

KEYWORDS

SIV infection, lymph nodes, immune activation, drug metabolite, rhesus macaque,
tenofovir, pharmacokinetic model, antiretroviral therapy (ART)
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Introduction

The twomost commonly used nucleos(t)ide reverse transcriptase

inhibitors (NRTIs), tenofovir (TFV) and emtricitabine (FTC), in

antiretroviral (ARV) therapy (ART) forHIV-infection in humans are

also the ones, but only in combination with one another, approved

for daily use as pre-exposure prophylaxis (PrEP) of HIV prevention

strategy. In HIV-infection in humans and SIV-infection of rhesus

macaques (RMs), lymphoid tissues are a major site of viral

production and storage (1). Despite effective ART from the

perspective of subdued plasma viremia, the prevailing consensus is

that ART is unable to eliminate latent viral reservoirs and also fails to

fully suppress viral replication in peripheral lymphoid tissues (2–6).

Both inadequate spatial ARV exposure and suboptimal total active-

drug concentrations in reservoir tissues were hypothesized as a basis

for spawning the organs into viral sanctuaries of relentlessly active

low-level virus production during ART. To this end, studies found

anatomically heterogeneous ARV drug distribution in reservoir

tissues (7–10) and significantly lower concentrations of the

pharmacologically active metabolites of TFV (TFV-diphosphate,

TFV-dp) and FTC (FTC-triphosphate, FTC-tp) in peripheral

lymph nodes than in peripheral blood (11–14), although it is

unknown whether those levels are sufficiently high enough to

produce an optimal antiviral activity in the lymph node

compartment (15, 16) or in other lymphoid organs (e.g. the spleen)

(17, 18) in humans.

Understanding factors that regulate penetration of NRTIs

across the peripheral blood-lymphatic barrier and into lymph

nodes, their availability to cells, phosphorylation within the cell,

and their clearance can help develop novel therapeutic formulations

such as lipid-based nanoparticles optimized for HIV treatment and

prevention (19–21). To study the relationship between

immunovirological factors and drug levels in lymph nodes, we

analyzed data from a dataset that was originally conceived as part of

a larger study designed to evaluate anti-a4b7 monoclonal antibody

therapy in the control of SIV-infection (22).
Materials and methods

Animals, study design, and
antiretroviral therapy

Twenty-one of twenty-two Indian rhesus macaques (RMs)

(Macaca mulatta) described in Di Mascio et al. (22) were used in

this study following the National Institute of Allergy and Infectious

Diseases (NIAID) Animal Care and Use Committee approved

protocol. This study excluded one animal from the original

twenty-two because we were unable to collect lymph node (LN)

tissue during the animal’s biopsy procedures. Briefly, twenty-one

juvenile to adult RMs (10 female, 11 male; age at recruitment:

median 5.4 years (range 2.6-17.3); weight at recruitment: median

7.8kg (range 3.8-12.8)), negative for Mamu A001, B008, and B017

alleles (the alleles associated with spontaneous control of SIV) were

inoculated intravenously with 200 TCID50 SIVmac239-nef-stop.
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After five weeks of acute SIV-infection, all twenty-one animals

were antiretroviral (ARV) treated for 13 weeks (91 days)

(Supplementary Figure 1). Administered once daily, the

antiretroviral therapy (ART) regimen consisted of three ARV

drugs: two nucleos(t)ide reverse transcriptase inhibitors (provided

by Gilead) tenofovir (TFV, 20mg/kg subcutaneous), and

emtricitabine (FTC, 30mg/kg subcutaneous), and an integrase

strand transfer inhibitor (provided by Merck) L-870812 (20mg/kg

(max 100mg), oral, mixed in food). Stock solutions of TFV and FTC

were prepared once every two weeks in sterile water, stored at 4°C,

and injected subcutaneously in the scapular area of the back. For the

drug mixed in food, macaques were observed to ensure the drug

was taken.

Between Day 28 and Day 91 of ART, starting on Day 28 and

administered once every three weeks, animals received three

intravenous infusions of 50mg/kg of either a primatized anti-a4b7
monoclonal antibody (mAb) (n=11) or an isotype-matched control

mAb (n=10).

For logistic feasibility and to maintain rigorous timings, animals

were split into four study groups (five or six animals per group),

with each group starting the study two weeks apart. All animal

experiments and processing were carried out under a rigid schedule

and by the same lab personnel. All procedures were performed at

the National Institutes of Health (NIH) Animal Center. Animals’

health was monitored daily and are cared for according to the Guide

for the Care and Use of Laboratory Animals, 8th Ed., Animal Welfare

Act regulations, and policies of NIH, an AAALAC-accredited

facility. Macaques were individually housed in 18 cu ft stainless

steel cages on a 12-hour light/dark cycle in a temperature-controlled

indoor facility with access to behavioral enrichment toys and were

fed Purina Old World Primate Diet with rotating enrichment food.

Animals were anesthetized with standard doses of Ketamine or

Telazol for procedures considered to cause pain or distress

to humans.
Blood, lymph node, and rectal sample
collection and processing

To monitor peripheral blood (PB) cell counts and plasma

viremia, PB was collected at baseline (pre-viral inoculation) and

weekly for the first nine weeks after viral inoculation and then every

three weeks thereafter.

For ARVmeasurement, plasma, PB mononuclear cells (PBMC),

and LN tissue samples were collected at two timepoints - on Day 28

and Day 91 of daily ART. The animals were bled and biopsied just

before the collection day’s ARV administration, i.e., 24 hours post-

dose. The LN biopsy procedure generally lasted 30-40 min, during

which time the blood for plasma and PBMC was collected from the

femoral vein in Cell Preparation Tube (BD Vacutainer CPT). Post

centrifugation at room temperature for 30 min at 1600xg, plasma

was immediately removed and stored at -80°C, and PBMC were

isolated from the buffy coat. The buffy layer was transferred to a

15mL centrifuge tube and washed with 10mL of phosphate-buffered

saline (PBS) at 400xg for 5 min. After lysing the red blood cells for 1
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min using ACK lysing buffer, cells were rewashed, resuspended in

1mL PBS for counting with a hemocytometer, and pelleted into

aliquots of 1-2 million viable cells.

On Day 28 (M1), the left axillary LN was harvested, and on Day

91 (M3), the right inguinal LN was collected. The surgically excised

LN was divided into pieces for use. The first preference was given to

storing a piece at -80°C for the measurement of tissue levels of SIV-

RNA and SIV-DNA. Next, a portion of tissue was used to isolate LN

mononuclear cells (LNMC) by mechanically disrupting by pressing

it with the rubber end of a syringe plunger through a 100µm pore

size nylon mesh cell strainer (Corning). LNMC were transferred to

a 15mL centrifuge tube and washed with 10mL of PBS at 400xg for 5

min. After lysing the red blood cells for 1 min using ACK lysing

buffer, cells were rewashed, resuspended in 1mL PBS for counting

with a hemocytometer, and aliquoted into pellets of 1 million viable

cells. To prevent the degradation of intracellular active-drug

metabolites (IADM), PBMC and LNMC cell pellets were snap-

frozen in liquid nitrogen and stored at -80°C until analysis. Finally,

when enough LN tissue was obtained, a piece was secured in

aluminum foil, snap-frozen in liquid nitrogen, and stored at -80°

C until ARV drug and endogenous nucleotide analysis of tissue

homogenate. Because of the order of priority and the amount of LN

tissue collected within a reasonable biopsy time, we have n=21 for

lymph node SIV-RNA and -DNA levels, n=21 for IADM levels in

LNMC, but only n=12 (at M1) and n=13 (at M3; the same 12

animals of M1 plus one additional animal) for the data extracted

from LN tissue homogenates (Subgroup A).

In addition to LN tissue collections at M1 and M3 of daily ART,

a right axillary LN biopsy was performed on the day before ART

initiation (M0). Along with the LN biopsy, five rectal pinches were

also collected using 3mm round jaw biopsy forceps at all three

timepoints and stored at -80°C until the measurement of tissue SIV-

RNA and SIV-DNA levels (Supplementary Figure 1).

Due to the original design constraints (22), to collect LN tissue

at every biopsy timepoint, either axillary or inguinal LN clusters

were strategically targeted. While drug levels from different LN

clusters were evaluated, the parent TFV and FTC concentrations

and their IADM levels in LNs of RMs have been shown to be not

significantly different among different LN clusters (16, 23).
Quantification of drug levels in plasma,
cells, and tissue

In plasma, TFV and FTC concentrations (ng/mL) were

measured. In PBMC, intracellular TFV-diphosphate (TFV-dp)

and FTC-triphosphate (FTC-tp), the pharmacologically active

moieties of TFV and FTC, respectively, were measured. LN drug

levels were investigated using two methods: by isolating LNMC and

by tissue homogenization. In LNMC, TFV-dp and FTC-tp levels

(femtomoles (fmol) per million cells) were measured. In LN tissue

homogenate, parent TFV and FTC concentrations (ng/g), TFV-dp

and FTC-tp concentrations (picomoles/g), and concentrations of

three endogenous nucleotides - deoxyadenosine triphosphate

(dATP), deoxycytidine triphosphate (dCTP), and deoxyguanosine
Frontiers in Immunology 03
triphosphate (dGTP), quantified as picomoles/g of tissue -

were measured.

Following protein precipitation with isotopically labeled

internal standards, the plasma, PBMC/LNMC lysates, and tissue

homogenate samples were extracted by adapting liquid

chromatography with tandem mass spectrometry (LC-MS/MS)

methods previously published (15). Calibration standards and

quality control samples were prepared in matched blank matrices

for the plasma and tissue assays or in 70:30 methanol:water for the

cell assay. Precision and accuracy were within 20% for the following

calibrated ranges: plasma TFV and FTC 2-2000ng/mL, cell lysate

TFV-dp and FTC-tp 0.02-20ng/mL, and tissue homogenate TFV

and FTC 0.4-500ng/mL, TFV-dp and FTC-tp 0.1-100ng/mL, and

dATP, dCTP, and dGTP 0.2-1000ng/mL.

With cells lysed in 0.3mL, and the dynamic range of cell lysate

assay from 0.02-20ng/mL, for a sample of one million cells, the

lower limits of quantification for TFV-dp and FTC-tp were 13.4 and

12.3 fmol/million cells, respectively. TFV and FTC concentrations

in LN tissue were converted from ng/g to ng/mL of tissue using LN

tissue density of 1.03g/mL (24). The metabolite-to-endogenous-

nucleotide ratios (MERs) were calculated by dividing the active

metabolites with their corresponding endogenous nucleotide

concentrations, both obtained from LN tissue homogenate

(Supplementary Table 4). When ratios of covariates are provided

in the tables, the ratios are first calculated for each animal and then

the descriptive statistics of these ratios are shown.
Lymphocyte immunophenotyping, plasma,
and tissue-associated viral load

EDTA-treated fresh blood samples were stained for CD3, CD4,

CD8, CD20, and Ki67, and analyzed by flow cytometry as

previously described (25). Plasma SIV-RNA was measured using

a gag-targeted quantitative real-time/digital RT-PCR assay with a

lower limit of quantification of 3 copies/mL as previously described

(26, 27). LN and rectal tissue SIV-RNA and SIV-DNA were

quantified using gag-targeted, nested quantitative hybrid real-

time/digital RT-PCR and PCR assays and expressed as SIV-RNA

or DNA copies per 106 diploid genome cell equivalents as

previously described (26, 27).
Estimation of viral decay rates

A two-phase exponential decay model previously described (28)

was used to estimate the decay rates of the rapid first phase and the

slower second phase of plasma viremia. For each macaque, plasma

viral load data during the 13 weeks of ART (9 timepoints) was best

fitted to the model using a maximum-likelihood procedure that

allows for censored data (29). The initial viral load of the model was

fixed at the measured value at ART initiation, and the viral load that

measured below 3 copies/mL was considered censored data in the

range of 1 to 3 copies/mL. Model fitting was carried out by coding in

LabVIEW 2013 (National Instruments, TX).
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The decay rates of SIV-RNA and SIV-DNA in LN and rectal

tissues were estimated by linear regression of the natural logarithm

of the size of SIV-RNA and DNA pools in tissues using GraphPad

Prism 8.2.
Statistical analysis

Paired samples were compared with the non-parametric Wilcoxon

signed-rank test, unpaired samples were compared with the non-

parametric Wilcoxon rank-sum test, and associations were assessed

with Spearman rank correlation and multivariate regression using

Winstat software (Cambridge, MA). A P-value <0.05 was considered

statistically significant.
Physiologically-based pharmacokinetic
model of tenofovir and its
pharmacologically active moiety

The physiologically-based pharmacokinetic (PBPK) model

schematic of TFV and the phosphorylation cascade to its

pharmacologically active intracellular moiety is illustrated in

Figure 1A. This model was simplified from a novel and extended
Frontiers in Immunology 04
PBPKmodel recently proposed by Perazzolo et al. (30) and properly

validated for TFV in nonhuman primates, which included a more

complex representation of the lymphatic system and its

communication with other anatomic compartments. The reduced

PBPK model here consisted of seven compartments: subcutaneous

space, blood (plasma and PBMC), lymph nodes (sinus and LNMC),

kidney, and rest-of-body. Briefly, the absorption of TFV into the

blood from the subcutaneous injection site was considered fast and

complete in NHP (Viread Label, Gilead Sciences, Inc.). Since <1% of

the subcutaneous dose goes directly to the lymphatics (30), the

direct lymphatic uptake was ignored.

In the blood, PBMC were modeled as an independent

compartment in exchange for TFV in the plasma. The plasma-to-

PBMC exchange kinetics represents a linear cellular transport of

TFV in and out of the cell (kin,PBMC, kout,PBMC). Inside the PBMC,

parent TFV undergoes a kinase-mediated phosphorylation cascade

to an active moiety. Phosphorylation kinetics were modeled on

biochemical parameters from in-vitro PBMC experiments, as per

Dixit et al. (31), and scaled in the PBPK context, as per Perazzolo

et al. (30).

The parent ARV entering the lymph nodes was modeled in two

ways: (i) physiological lymph transport (Qlymph) from the organs

(the lymphatic circulation), (ii) trafficking of mononuclear cells via

high endothelial venules (HEVs). It is expected that since NRTIs
A

B

D E

C

FIGURE 1

(A) Physiologically-based pharmacokinetic (PBPK) modeling of TFV and its pharmacologically active moiety, TFV-dp. The model has a minimized
vascular system for the eliminating organ (kidney), and the combined distributing organ (Rest-of-body, ROB). Lymph formation occurs from ROB
(e.g., muscles) which drains via lymphatic capillaries to the lymphatic system. The lymphatic system was collapsed into a single representative
compartment and divided into sinus and LNMC. NRTIs enter the lymph node by lymphatic circulation and through mononuclear cell migration.
Inside the mononuclear cells, the NRTIs undergo kinase-mediated phosphorylation into active moieties. The trough concentrations of TFV and TFV-
dp from the PBPK model simulation of a typical macaque (orange open circles for increased kinase-mediated phosphorylation rates; blue open
circles for increased LNMC uptake of TFV) and the experimental observations from the 21 macaques (purple crosses) during the 3 months of
antiretroviral therapy in the (B) plasma, (C) lymph node tissue, (D) peripheral blood mononuclear cells (PBMC), and (E) lymph node mononuclear
cells (LNMC).
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distribute in the interstitial fluid of all organs, they have access to

lymphatic recirculation to return to the blood via the thoracic duct.

Trafficking of mononuclear cells is broadly observed and greatly

occurs via the HEV barrier (32). In the lymph node, LNMC were

modeled as an independent compartment in exchange for TFV in

the lymph sinus. And similar to plasma-to-PBMC exchange in the

blood, TFV in LN can be transported in and out of LNMC (kin,

LNMC, kout,LNMC) from the sinusoidal space of the node (sinus). Also

in LNMC, TFV undergoes phosphorylation at the same rates as in

PBMC. In addition to parent ARV, cell migration (kmigration,in,

kmigration,out) via HEVs also carry the phosphorylated content

between LN and blood.

A set of ordinary differential equations describe the PBPK

system (Supplementary). The bolus NRTI dose is the input into

the subcutaneous space (equation 1). The evolution of

concentrations in all the compartments was given in equations 2-

11 with initial conditions set to zero. The compartment volumes,

flow rates, and pharmacokinetic parameters and their values for a

typical nonhuman primate were imported from Perazzolo et al. (30)

and reported in Supplementary Table 5. The model construction

and simulations were carried out in MATLAB 2020a (The

MathWorks, Inc. MA).
Results

Twenty-one RMs, acutely infected for five weeks with

SIVmac239-nef-stop, were treated with daily antiretroviral (ARV)

therapy (ART) for thirteen weeks. During ART, ARV drug levels

were measured at two timepoints – predose on Day 28 (referred to

as Month 1 (M1) timepoint) and predose on Day 91 (the last day of

ART; Month 3 (M3) timepoint). The concentrations of parent TFV

and FTC in the plasma, and the levels of intracellular active drug-

metabolites (IADM) of TFV (TFV-diphosphate, TFV-dp) and FTC

(FTC-triphosphate, FTC-tp) in PBMC and LNMC were measured

in all animals (n=21). Because of the sampling constraints and

limitations discussed in the Methods, the parent ARV

concentrations in LN tissue homogenates were measured from

only a subset of animals (n=12 at M1 and n=13 at M3; subgroup

A). Additionally, LN tissue from subgroup A animals was also used

to measure the concentrations of endogenous nucleotides -

deoxyadenosine triphosphate (dATP) and deoxycytidine

triphosphate (dCTP) (analogs of TFV-dp and FTC-tp,

respectively), and deoxyguanosine triphosphate (dGTP) as well as

the metabolite-to-endogenous nucleotide ratios (MERs). The study

design and sample sizes for each analyte and for each matrix are

detailed in Supplementary Figure 1 and Supplementary Table 1.
Antagonism of a4b7 integrin did not affect
ARV drug levels

We previously reported (22) that compared to the control arm,

the treatment with anti-a4b7 monoclonal antibody (mAb) infusions

in these animals was not associated with prolonged post-treatment

suppression of viremia. In this study, we also observed no
Frontiers in Immunology 05
statistically significant effect of three anti-a4b7 mAb infusions

administered between M1 and M3 on the drug levels measured at

M3, on the IADM ratio between peripheral blood (PB) and

lymphoid compartments at M3, or on the drug level changes

between M1 and M3 (Supplementary Figure 2). As a result, we

gathered animals from both arms in this study.
Parent TFV and FTC concentrations in the
plasma decreased between month one and
month three of daily ART

All 42 plasma samples (21 animals x 2 timepoints) analyzed for

parent ARVs (expressed as ng/mL) measured above the lower limit

of quantification (LLOQ). A high degree of direct correlation

between TFV and FTC trough concentrations was observed at

both M1 and M3 (r >0.67, P ≤0.0005, n=21). Both TFV and FTC

trough concentrations decreased at M3 vs. M1 (by a median of 1.6-

fold and 1.4-fold, respectively, P <0.005, n=21, Figure 2A), with

changes during time not statistically significantly correlated with

the plasma viral load at ART initiation (P =non-significant, NS).
TFV-dp and FTC-tp levels significantly
increased in both PBMC and LNMC
between month one and month three of
daily ART

All 42 PBMC samples analyzed for IADM (expressed as fmol/

million cells) measured above LLOQ. For 42 LNMC samples, one

animal for TFV-dp and nine animals for FTC-tp at M1, none for

TFV-dp and one animal for FTC-tp at M3 measured below LLOQ.

Samples that measured below LLOQ were imputed at LLOQ.

At both M1 and M3, the parent ARV concentrations in plasma

were positively correlated with their respective IADM levels in

PBMC (r =0.42-0.72, P ≤0.03, n=21) but were uncoupled with

LNMC IADM levels (P =NS). Similar to the strong positive

correlations observed between the concentrations of TFV and

FTC in plasma intracellularly, strong positive correlations were

found between TFV-dp and FTC-tp levels in both PBMC and

LNMC at both M1 and M3 (r =0.54-0.79, P ≤0.005, n=21). A

dditionally, PBMC IADM levels were significantly positively

correlated with their respective LNMC IADM levels at M1 (r
≥0.45, P ≤0.02, n=21) but not at M3 (P =NS).

FTC-tp levels were significantly lower (P <0.0001, n=21) than

TFV-dp in both PBMC and LNMC at both M1 and M3

(Supplementary Table 2). The IADM levels in LNMC were

significantly lower than PBMC at both M1 (median 3-fold (TFV-

dp) and 12.3-fold (FTC-tp) lower, P <0.0001, n=21) and M3

(median 2.3-fold (TFV-dp) and 7.1-fold (FTC-tp) lower,

P ≤0.005, n=21) (Figure 2D). Between M1 and M3, TFVdp and

FTCtp levels increased in both LNMC (by median 2.1-fold and 2.9-

fold, respectively, P ≤0.001, n=21) and PBMC (by median 1.4-fold

and 1.5-fold, respectively, P ≤0.01, n=21) (Figure 2D). Though the

median LNMC IADM levels were still significantly lower than

PBMC levels at M3, the accumulation of active drug-metabolites
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in LNMC was much steeper than the increase in PBMC, as

evidenced by a statistically significant increase in the LNMC to

PBMC molar ratio for both TFVdp (median 2.2-fold, P =0.007,

n=21) and FTCtp (median 2.7-fold, P =0.006, n=21) (Figure 2E).
Parent TFV and FTC concentrations in LN
tissue of subgroup A were several-fold
higher than in plasma with an inconclusive
trend during time on ART

The median (interquartile range [IQR]) plasma TFV and FTC

trough concentrations (n=21) at M1 were 42.9ng/mL (IQR: 30.6-

63.6) and 34.9ng/mL (IQR: 23.9-51.3), respectively, and in LN tissue

(n=12) were 754.9ng/mL (IQR: 520.1-1664.8) and 113.3ng/mL

(IQR: 73.0-208.6), respectively (Figures 2A, B). Using matched

plasma and LN tissue homogenate samples at M1, we observed

that the LN ARV concentrations were several-fold higher than

plasma ARV concentrations (P <0.005, n=12) (Figure 2C and

Supplementary Table 3). Between M1 and M3, a slight but not

statistically significant increase in TFV (1.1- fold) and a statistically
Frontiers in Immunology 06
significant increase in FTC concentration (median 20- fold,

P =0.04) was observed in LN tissue
A mechanistic hypothesis to explain
parent drug and metabolite levels via
PBPK modeling

We next investigated if the above dynamics were of

pharmacokinetic origin using a physiological ly-based

pharmacokinetic (PBPK) model (Figure 1A) consisting of a set of

11 equations described in the Methods and Supplementary. With

parameter values in Supplementary Table 5, we simulated the

model in a typical macaque receiving daily subcutaneous ART to

reproduce the trough concentrations of TFV in plasma, TFV-dp in

LNMC and PBMC (all 3 outputs experimentally observed from the

full dataset of n=21), and TFV in LN tissue (observed only in

subgroup A). In subgroup A, we observed trends similar to those

observed in the full dataset including a steeper increase of TFV-dp

in LNMC compared to PBMC (Supplementary Figure 3), however,

because of the lower sample size, the slopes of TFV-dp in LNMC
A B

D
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C

FIGURE 2

The parent antiretroviral (ARV) concentrations in (A) plasma (n=21) and (B) lymph node tissue homogenate (subgroup A, n=12 at M1 and n=13 at M3), and
(C) lymph node tissue to plasma ARV ratios (subgroup A, n=12 at M1 and n=13 at M3) at months 1 and 3 of antiretroviral therapy (ART). The lymph node
tissue ARV concentrations were several-fold higher than plasma ARV concentrations (P <0.005, n=12). (D) The levels of intracellular active drug metabolites
(IADM) in peripheral blood mononuclear cells (PBMC, n=21) and lymph node mononuclear cells (LNMC, n=21), and (E) LNMC to PBMC IADM ratios at
months 1 and 3 of ART (n=21). The IADM levels in LNMC were statistically significantly lower than in PBMC (P ≤0.005, n=21). Data were summarized with
a scatter dot plot with median and interquartile range.
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and PBMC were not statistically significantly different

(Supplementary Figure 3E). Additionally, subset A consists of

animal subjects with plasma viral load at ART initiation lower

than the remaining nine animals (Log10 mean ± standard deviation

5.11 ± 0.54 vs. 5.98 ± 0.61 copies/mL; P = 0.004, n=12 vs. n=9), as

well as a smaller increase of TFV-dp in LNMC between M1 and M3

compared to the remaining nine animals (median 1.7-fold vs. 6.6-

fold, P = 0.016, n=12 vs. n=9). The above trend was in part expected

from the inverse correlation between baseline levels of viral

dissemination and TFV-dp levels at M1 (Figure 3). To this effect,

we also observed a negative correlation between TFV-dp levels in

LNMCs at M1 and the slope of TFV-dp change in LNMC between

M1 and M3 (r = -0.60, P = 0.002, n=21). Though the parent ARV

accumulation trend in LN tissue is inconclusive and obtained from

a smaller sample size, these additional measurements provided

information on the absolute levels of parent drug concentrations

in LNs and their relation to plasma ARV concentrations

(Figure 2C), useful to tune the parameters of the model.

The plasma steady-state concentrationwas achieved within 2 days.

The PBMC and LNMC steady-state concentration of TFV-dp, and LN

tissue steady-state concentration of TFV was achieved by Day 10

(Figures 1B-E). Based on the model configuration, we narrowed down

the ART effects on SIV-infection into two most likely scenarios: (i)

Increased plasma clearance (CL), increased phosphorylation rates

(denoted by kf1 and kf2 rate constants), and increased cell migration

rates (denoted by kmigration,in and kmigration,out rate constants). (ii)

Increased plasma clearance, increased LNMC uptake of ARV in the

lymph nodes (denoted by kin_LNMC), and increased migration rates.

Both scenarios had an increase in plasma CL of ~10%, which

predicted well the plasma observations. The CL change did not

affect IADM levels in both PBMC and LNMC. In fact, PBMC and

LNMC concentrations were more sensitive to the uptake and

intracellular conversion kinetics than plasma CL change. In

scenario (i), the increase in phosphorylation rates alone led to

IADM accumulation in both PBMC and LNMC. Together with

changes in cell trafficking rates, scenario (i) could explain our

IADM levels and their differential change between M1 and M3 in

the two compartments. Here, our model predicted that TFV in LN

tissue would reach an early plateau (by Day 10) and remain

unchanged during time. In scenario (ii), we assumed that the

phosphorylation rates are constant and that there is an

improvement in the availability of parent NRTI in the LN for

more intracellular conversion. This led to higher LNMC IADM

levels, which, along with increased/improved migration rates, could

explain the different degrees of TFV-dp increase in PBMC and

LNMC. Here, our model predicted an increase of TFV in LN tissue

over time with a slope similar to the slope of the LNMC TFV-dp

levels (Figure 1).

Both scenarios robustly matched the differential TFV-dp

dynamics in PBMC and LNMC obtained from the full dataset.

Further research is needed to ascertain the dynamics of TFV levels

in LN tissue homogenates in a larger group of animals with a range

of baseline viral loads wider than Subgroup A. However, exploring

the dynamics of early plateau or a putative increase of TFV in LNs

between M1 and M3 of ART, our model suggests that either

improved LNMC uptake of parent TFV in the lymph node, or
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increased kinase-mediated phosphorylation rates specific for TFV

or a combination of both factors form the mechanistic hypothesis to

explain the full dataset in our study.
Higher viral dissemination was associated
with lower intracellular active drug-
metabolite levels

The plasma viral load (PVL) at ART initiation (week 5 post-viral

inoculation) ranged wide from 1.6 x 104 to 4.4 x 106 SIV-RNA copies/

mL. The plasma viremia at ART initiation (but not PB CD4+ T-cell

count) was inversely associated with LNMC (but not PBMC) IADM

levels at M1 for both TFV-dp (r =-0.58, P =0.003, n=21) and FTC-tp

(r =-0.34, P =0.07, n=21) (Figures 3A, B). In addition, SIV-RNA levels

in LN and rectal tissue at ART initiation (range 4.5 to 6.7, and 4.0 to 6.7

log10 SIV-RNA copies/106 cell equivalent, respectively) were inversely

associated with both LNMC and PBMC IADM levels at M1 for both

TFV-dp (LN: r =-0.36, P =0.06; Rectal: r <-0.43, P <0.05 n=21) and

FTC-tp (LN: r <-0.39, P <0.05; Rectal: r <-0.47, P <0.05 n=21)

(Figures 3C-J).

The PVL at M1 (reduced to <100 copies/mL in 19 of 21 animals,

with 6 animals below LLOQ of 3 copies/mL) correlated negatively

with both PBMC and LNMC IADM levels at M1 for both TFV-dp

(r <-0.41, P <0.05 n=21) and FTC-tp (r <-0.38, P <0.05 n=21).

Similarly, a negative trend was observed for LN SIV-RNA levels at

M1 and both LNMC and PBMC TFV-dp levels at M1 (r <-0.37,

P ≤0.05, n=21). No significant associations were observed with

rectal SIV-RNA levels at M1 (P =NS). However, a negative

correlation was noted between LMNC IADM levels at one

month into therapy and rectal SIV-DNA levels at both ART

initiation (r <-0.59, P ≤0.002, n=21) and at M1 (r <-0.37,

P <0.05, n=21).

Moreover, the area under the curve (AUC) of log10 PVL during

the first month of ART (AUC0-1month) strongly correlated

negatively with LNMC IADM levels at M1 for both TFV-dp and

FTC-tp (r =-0.50, P =0.01 and r =-0.48, P =0.01, respectively,

n=21), but weakly with PBMC (r =-0.44, P =0.02 and r = -0.34, P

=0.07, respectively, n=21). Because by the end of the three months

of ART all animals were PVL suppressed (<10 copies/mL in 17

animals, <30 copies/mL in 3 animals, and <500 copies/mL in one

animal), associations of PVL with IADM levels at M3 were not

assessed. No significant associations were observed between LN or

rectal SIV-RNA and LNMC or PBMC IADM levels at M3 (P =NS).

As expected, the SIV-DNA in LN at M3 (when the PVL is

suppressed in all animals) was correlated positively with PVL at

ART initiation (r =0.6, P <0.01, n=21), and negatively with the

LNMC TFV-dp level at M1 (r =-0.55, P <0.01, n=21).
LNMC active drug-metabolite levels at
month one of ART were not associated
with viral decay rates

With ART, plasma viremia declined in two phases. The rapid

first phase decayed at a median rate of 0.65 day-1 (range 0.31 to
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1.25) and transitioned to the slower second phase at a median of

13.5 days (range: 7.2-33.0) after ART initiation. As expected, the

PVL at ART initiation was not associated with the first phase decay

rate (r =0.1, P =0.33, n=21). Despite the PVL at ART initiation and

AUC0-1month being predictive of LNMC IADM levels after one
Frontiers in Immunology 08
month of ART, higher LNMC IADM levels at M1 were not

associated with faster decay of first phase plasma viremia (P =

NS). Since NRTIs inhibit viral replication by competitive binding of

IADM with the natural endogenous deoxynucleoside triphosphate

for incorporation by viral reverse transcriptase into the growing
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FIGURE 3

Associations between (A, B) plasma viremia (SIV-RNA copies/mL), (C-F) SIV-RNA levels (copies/106 cell equivalent) in lymph node tissue, or
(G-J) SIV-RNA levels (copies/106 cell equivalent) in rectal tissue at the initiation of antiretroviral therapy (ART) and intracellular active drug metabolite
levels (fmol/million cells) in peripheral blood mononuclear cells (PBMC) or lymph node mononuclear cells (LNMC) at one month of ART. Viral
dissemination at ART initiation was generally inversely associated with intracellular active drug metabolite levels at one month into therapy.
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viral DNA chain, we decided to explore the associations after

normalizing the active drug- metabolite concentrations on their

respective competing natural dNTPs (metabolite-to-endogenous

nucleotide ratio, MER). However, the endogenous nucleotide

concentrations in LNs were measured only in subgroup A

animals (Supplementary Table 4).

12 samples for dATP (6 at M1 and 6 at M3) and 4 samples for

dCTP (2 at M1 and 2 at M3) measured below LLOQ and were

imputed at LLOQ. All samples for dGTP measured above LLOQ. At

both timepoints, the three dNTP concentrations were highly

correlated among them (P <0.001, n=12). Also, at both

timepoints, dCTP concentrations were significantly higher than

dATP, and dGTP was significantly higher than both dATP and

dCTP concentrations (P ≤0.002, n=12) (Supplementary Figure 4).

Furthermore, at both timepoints, the active drug- metabolite

concentrations in LN tissue generally correlated positively with

endogenous nucleotide concentrations measured at the same time

(Supplementary. Figure 5). However, there were no statistically

significant changes in all three dNTP concentrations between M1

and M3 (P >0.53, n=12).

Still, MERs at M1 were not significantly associated with faster

first phase plasma viral decay (P =NS). Of note, higher LNMC

IADM levels at M1 were associated with a lower size of the second

phase plasma viral reservoir (range 3 x 100 to 3.9 x 104 SIV-RNA

copies/mL) for both TFV-dp (r =-0.43, P =0.03, n=21) and FTC-tp

(r =-0.60, P =0.002, n=21).

During the three months of ART, the LN SIV-RNA levels

decayed with a median rate of 0.59 week-1 (range: 0.35 to 1.29,

n=21) (betweenM0 andM1: median rate 0.99 week-1 (range: 0.14 to

1.5) and between M1 and M3: median rate 0.42 week-1 (range: 0.27

to 0.98)). Similarly, rectal SIV-RNA and -DNA levels decayed with

ART. Though large sizes of LN SIV-RNA, and rectal SIV-RNA and

-DNA at ART initiation were associated with lower LNMC IADM

levels one month into ART (Figure 3), the tissue viral decay rates

were not significantly associated with LNMC IADM levels (at either

timepoints or the average) (P =NS, n=21) or with MERs

(P =NS, n=12).

Between M1 and M3, viral RNA continued to decrease in LN

and rectal tissue (from median 3.82 to 2.18, and 2.17 to 0.9 log10
SIV-RNA copies/106 cell equivalent, respectively), however

increases in TFV-dp and FTC-tp levels in PBMC or LNMC were

not associated with decreases of viral RNA in both LN and rectal

tissue (P =NS, n=21).
The decrease in immune activation from
baseline was positively correlated with
LNMC active drug-metabolite levels at M1

No significant association was observed between the fraction of

Ki67+ cells within PB CD4+T, CD8+T, and CD20+B cells at M1

and plasma ARV concentrations at M1 (P =NS, n=21). In contrast,

%Ki67+ levels at M1 in both PB CD4+T and CD8+T were inversely

correlated with PBMC IADM levels at M1 (TFV-dp: r ≤-0.43,

P <0.03; FTC-tp: r ≤-0.47, P <0.02, n=21) and LNMC IADM levels

at M1 but only for FTC-tp (r ≤ -0.50, P ≤0.01, n=21). Similarly, the
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%Ki67+ levels at M1 in PB CD4+T, CD8+T, and CD20+B cells were

generally negatively correlated with dNTP concentrations in LN

tissue at M1 but reached statistical significance only for dCTP

(P ≤0.05, n=12). ART initiation reduced immune activation, and

the percent decreases of Ki67+ levels in PB CD4+T (and CD8+T

and CD20+B; data not shown) during the first month of ART

significantly correlated negatively with levels of plasma ARV

concentrations at M1 (TFV: r =-0.49, P =0.01; FTC: r =-0.55,

P =0.005, n=21) (Figures 4A, B). Though no significant associations

were observed between decreases of Ki67+ levels during the first

month of ART and PBMC IADM levels at M1, a larger percentage

reduction in Ki67+ levels during the first month of ART but only in

PB CD4+T trended towards higher LNMC IADM levels at M1

(TFV-dp: r =0.4, P =0.04; FTC-tp: r =0.43, P =0.03, n=21)

(Figures 4C, D).

Further changes in %Ki67+ levels between M1 and M3 were not

significantly associated with the changes in plasma ARV

concentrations or PBMC IADM levels between M1 and M3.

Interestingly, the percent decrease of Ki67+ levels in PB CD4+T,

CD8+T, and CD20+B between M1 and M3 was positively

correlated with the percent increase in LNMC TFV-dp (but not

FTC-tp) levels between M1 and M3 (r >0.5, P ≤0.01, n=21).
Discussion

In the 21 SIV-infected RMs of this study, we recently showed no

immunotherapeutic effect of anti-a4b7 mAb infusions on the viral

setpoint of SIV-infection (22). The observation in this study that

antagonism of a4b7 integrin had no significant effect on PBMC

IADM levels agrees with the finding that blocking the a4b7 integrin
to affect the trafficking of a4b7+ lymphocytes to gut-associated

lymphoid tissue results in a minor perturbation of the PB

compartment with a minimal influx of lymphocytes into PB (33).

This lack of effect allowed us to increase the sample size and

retrospectively study the associations between the dynamics of

viral replication and ARV levels in tissues with higher statistical

power. Here we observed an increase in the concentration of NRTIs

active moieties (IADM) in both lymph nodes and PB between

months 1 and 3 of ART, and an inverse association between viral

dissemination in plasma/tissues (both LN and rectal tissue) at ART

initiation and IADM levels at one month into ART. As NRTIs need

to sequentially phosphorylate inside cells by host enzymes to their

pharmacologically active triphosphates, we suggest that this inverse

association has broad implications for drugs that need to be

phosphorylated to exert their pharmacological activity, especially

in the settings of pre- or post-exposure prophylaxis targeting highly

virulent pathogens replicating in anatomic compartments

characterized by high levels of inflammation, such as rectal

\vaginal tissues of Truvada-PREP recipients with a high risk of

contracting HIV infection (34, 35), or the lungs of Remdesivir

\Molnupiravir recipients for the treatment of SARS-CoV-2

infection (36–39).

Earlier studies of daily administration of subcutaneous TFV and

FTC in SIV-infected macaques and oral tenofovir disoproxil

fumarate (TDF) and FTC in HIV-infected humans agree with the
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observation in this study of significantly lower TFV-dp and FTC-tp

levels in LNMC as compared to PBMC (11–14, 23). One hypothesis

to explain the markedly lower LNMC IADM levels is perhaps a

poor ARV penetration into LN tissues (40). With a single-dose

pharmacokinetic (PK) study in rats and using in-vivo positron

emission tomography imaging coupled with ex-vivo biodistribution,

we previously showed that the parent drug concentration of the

intravenously injected tenofovir is significantly lower in lymphoid

tissues as compared to PB (41). All multiple-dose PK studies on the

characterization of ARV distribution in LN tissue, in addition to

plasma ARV concentrations, analyzed either isolated mononuclear

cells (MNC) or tissue homogenates, but not both. To our

knowledge, this is the first multiple-dose study to measure drug

levels in LN tissue using both MNC isolation and tissue

homogenization methods in nonhuman primates.

The observation that parent NRTI trough concentrations in

homogenized LN tissue are several-fold higher than plasma trough

concentrations (Figure 2C and Supplementary Table 3) is consistent

with an earlier study that dosed juvenile/adult RMs with daily ARVs

for 10 days (16). Hence, the observation of lower LNMC IADM

levels as compared to PBMC is perhaps not due to poor cumulative

access of the parent drug into the LN tissue. The parent ARV

concentration measured in LN homogenate using LC-MS/MS is an

aggregate average drug exposure within the analyzed tissue, and

studies using mass spectrometry imaging have shown that

intratissue spatial ARV drug distribution is heterogenous in

distinct cellular and anatomic compartments (7–10). Hence, the
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presence of the parent drug in tissue does not necessarily mean that

it is indeed available for uptake inside LNMC, or enough to reach

concentrations required to inhibit viral RNA replication. Yet, in this

study, higher ARV concentrations in LN tissue translated to higher

active drug moiety concentrations within the tissue (Supplementary

Figure 6). However, it is worth noting that parent drug

measurement in homogenized tissue is the sum of both

extracellular and intracellular ARV that exists as the parent drug,

and the partition between these two compartments cannot be

ascertained with the current analytical methods.

As TFV-dp and FTC-tp are ion-trapped inside the cells, both

macaque and human studies have demonstrated that they persist

with relatively long intracellular half-lives compared with parent

drug in plasma (42–46), and with daily dosing, this pharmacological

characteristic leads to a gradual buildup of active drug-metabolites

inside the cells to a steady-state concentration (Css). The time to

reach Css depends on the intracellular half-life (47); since the half-

life of FTC-tp is lower than TFV-dp, from oral PrEP trials in HIV-

negative adults (daily TDF/FTC as Truvada), the Css for FTC-tp in

PBMC was achieved faster than for TFV-dp [3-7 days for FTC-tp

compared to 7-12 days for TFV-dp (42, 45, 48)]. In a PK study that

included both HIV-negative and positive participants, both TFV-dp

and FTC-tp concentrations in PBMC were generally lower in HIV-

positive vs. negative participants at Day 30, although the difference

did not achieve statistical significance (42). In a longitudinal study

of HIV-1 infected individuals who initiated effective ART at ~500

CD4+ T-cell counts and ~4 Log10 PVL, Css was reached by M1, and
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FIGURE 4

Associations between percentage decreases of Ki67+ levels in peripheral blood CD4+ T-cells during the first month of antiretroviral therapy (ART)
and (A, B) plasma antiretroviral drug concentrations, and (C, D) lymph node mononuclear cells (LNMC) intracellular active drug metabolite levels at
month 1 of ART.
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no significant changes in PBMC and LNMC IADM levels was

observed until the end of the study at M6 (12). To our knowledge,

only one study of four uninfected macaques showed Css in PBMC

reaching in about a week with daily oral TAF/FTC (49). In contrast,

in this current RM study, both PBMC and LNMC IADM levels are

significantly higher at M3 vs. M1.

Possible reasons for the observed increase in IADM levels

between M1 and M3 entail several cellular and pharmacological

considerations: (a) cell type/cell subset composition within MNCs,

(b) cellular activation state, (c) intracellular kinases responsible for

phosphorylation/phosphorylation rate (47), and (d) parent drug

availability for uptake into the cells. In order:
Fron
(a) Cell-type dependent PK characteristics were previously

demonstrated in-vivo in which Css for both TFV-dp and

FTC-tp in CD14+ cells (monocytes) was reported to be

reaching faster and ~3-fold higher compared to Css in T

and B lymphocytes (42). One explanation for increasing

IADM levels between M1 and M3 is perhaps due to an

increasing frequency of monocytes within the MNC

population during ART. However, studies in macaques

and humans have shown that the proportion of

monocytes in PBMC and LNMC during untreated SIV/

HIV infection is higher than in controls, and decreases with

ART (50, 51). In line with the literature, in the 21 macaques

of this study, the percent of monocytes within the combined

monocyte and lymphocyte population, which makes

up >98% of the MNC population in both PB and lymph

nodes (52), was significantly higher at M0 compared to pre-

infection levels (mean ± SD: 11.8 ± 4.5% vs. 6.1 ± 4.1%,

P <0.001). Though a non-significant decrease was noted by

M1 (11.0 ± 6.0%), compared to M0 and M1, the monocyte

fraction significantly decreased by M3 (8.8 ± 4.4%, P <0.05).

Hence, we excluded the changing proportion of monocyte

cell subset during ART as a lone potential factor for the

observed increase of IADM levels.

(b) Immune activation reduction during ART changes the

fraction of activated vs. resting cells. In-vitro studies have

shown that the cellular activation state significantly

influences the intracellular pharmacology of NRTIs,

demonstrating a 2-3 fold higher accumulation of TFV-dp

in resting vs. activated cells (53, 54). However, to observe a

1.5-fold increase in IADM levels between M1 and M3, our

simulations show that ~65% of the MNCs must be in the

activated state at M1, and for a 2-fold increase between M1

and M3, ~90% of the MNCs at M1 must be in the activated

state. Hence, we excluded the immune activation reduction

during continued ART between M1 and M3 as a sole

potential factor for the continued increase of IADM levels.

(c) NRTIs require kinase-mediated phosphorylation inside the

cells for pharmacologic activation. Since an increase in the

phosphorylation rates should lead to an increase in IADM

levels, we employed a simplified version of a TFV-validated

PBPK model built by Perazzolo et al. (30) as an

investigational tool to test the PK hypothesis. Modeling
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an increase in the phosphorylation rates (kf1 and/or kf2)

coupled with changes in lymphocytes trafficking rates as

result of ART-induced reduction in immune activation (55)

led to an increase in IADM levels in both LNMC and

PBMC, with a steeper growth in the former compartment,

as observed in our dataset. This hypothesis would not

conflict with the observation that endogenous dNTP

concentrations were not statistically significantly different

between M1 and M3 because different (or a subset of)

kinases with widely differing affinities for their

unphosphorylated substrates could be responsible for the

formation of active drug-metabolities vs. endogenous

nucleotides; indeed, enzymes that could potentially

phosphorylate TFV are still under investigation (56). In

this scenario, the simulations also predict an accumulation

of several-fold higher parent drug levels in the LNs than in

the plasma and a plateau reached by month 1 of ART,

which appears consistent with the dynamics of parent TFV

in LNs found in a subgroup of animals for which this

covariate was observed (Subgroup A). This subgroup of

animals is however characterized by lower levels of baseline

viral loads compared to the full group, a feature that may

mask the true changes of parent drug levels during time on

ART in LNs.

(d) Using the same model, an alternative mechanism of

promoting the accessibility of the ARVs to the cellular

compartments within the lymph node could explain the

dynamics of plasma TFV and TFV-dp in LNMC and

PBMC observed with the full dataset as well as a putative

increase in parent drug levels in LNs during time.

Simulating an increased availability of parent ARV in the

LN for cellular uptake by boosting the LNMC uptake of

ARV (kin_LNMC), and coupled with changes in lymphocytes

trafficking rates as result of ART-induced reduction in

immune activation, our PBPK model explained the

observed increase of LNMC and PBMC IADM levels

between M1 and M3. This PK hypothesis, which seems to

point to a blockade of the parent drug in the LN from being

available for phosphorylation in the early stages of ART,

could be tested in future pre-clinical studies by

characterizing ARV exposure during prolonged ART

using mass spectrometry imaging (57, 58).
Several infection-induced damaging factors and ART-induced

rectification of infection-associated damage could contribute to

improved drug distribution in the LN or increased drug uptake

by LNMC during ART. For example, tissue fibrosis caused by

collagen deposition induces structural changes that may affect

ARV distribution and perfusion patterns throughout the LN and

restrict LNMC’s ability to interact with drugs and its motility (40).

Furthermore, TFV was shown to be transported by unspecific

endocytosis across lymphocyte membrane (59) and this

membrane transport could be affected as a consequence of

immune activation levels. TFV has also been shown to be taken

up by active transporters, however, the modulation of afflux and
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efflux transporters of NRTIs following ART-induced reduction in

immune activation, or in general, in disease is still largely unknown

(60). To our knowledge, the effect of long-term ART on NRTIs

active moiety levels in tissues is also unknown. A promising

approach to bypass this putative blockade of the parent antivirals

in the lymph nodes includes encapsulating the drugs in lipid

nanoparticle formulations to improve drug penetration,

distribution, and retention in LN tissue viral reservoirs during

their first passage from the SC space (19, 20, 61).

The reduced PBPK model of nonhuman primates by Perazzolo

et al. (30) was critical to testing the hypotheses abovementioned.

PBPK modeling has the advantage to use the host physiology (e.g.,

organ volumes and blood flows) and drug characteristics (e.g., in-

vitro phosphorylation rates) to test mechanistic hypotheses.

Simplifications of the model were carried out to focus on the

plasma, PBMC, and LNMC compartments. For this reason, a

lymphatic system physiological circulation was included to single

out LN-to-blood MNC migrations and lymph node drug extra/

intracellular kinetics. Including these factors allowed us to explain

our observed data with a certain degree of biological soundness.

However, our simplified model does not take into account the various

cell types within the MNC population and doesn’t distinguish

between the activated vs. resting state of cells. A possible modeling

improvement is to dynamically link current MNC levels with ARV

pharmacodynamic endpoints, such as viral dissemination, cell

counts, and other immunological measurements.

Despite LNMC IADM levels at month one into ART correlated

negatively with the level of viral dissemination at ART initiation,

higher LNMC IADM levels or higher MERs at M1 did not lead to

faster viral decay in plasma or in LN or rectal tissue. One study of

chronically HIV-1 infected patients demonstrated that a lower

TFV-dp:dATP ratio in PBMC at Day 7 of ART was significantly

associated with a reduced viral decay rate (62). The observed MERs

at M1 in this study were similar to previous studies (16, 18). Also,

the plasma SIV viral load in our study decayed with first and

second-phase half-lives (median ~1 day and ~21 days, respectively)

comparable to the biphasic decline of plasma HIV-1 RNA in

humans initiating ART. Perhaps, the ideal timepoints for MERs

measurements to test these associations with viral decay rates are

during the first phase of plasma viral decay (first two weeks of

ART), but the earliest we measured in this study was on Day 28, and

likely too late. Additionally, we did not measure the levels of the

integrase strand transfer inhibitor L-870812, and its differential

levels could in principle individually modulate the viral decay rates,

and/or its presence could mask these associations with other drugs

in the regimen. Furthermore, although we present a model of

trafficking of lymphocytes between peripheral blood and

lymphoid tissues, only peripheral lymph nodes were biopsied.

Other lymphoid tissues may differentially contribute to the

observed dynamics, nevertheless, daily dosing studies in rhesus

macaques have shown that the parent ARV concentrations and

their IADM levels in four different LN clusters (axillary, mesenteric,

inguinal, and iliac) and the spleen are similar (16, 23). A more

robust validation of our observation would however require

following the same dynamics in a group of healthy uninfected

animals as an ART-only control group. Nevertheless, combining the
Frontiers in Immunology 12
inverse correlation between plasma viremia at ART initiation and

levels of active moieties in LNMC at M1, and the inverse correlation

between active moiety levels in LNMC at M1 and the slope of their

change from M1 to M3 suggests that an earlier plateau for IADM

levels will be reached in healthy uninfected controls.

In conclusion, high levels of viral dissemination at the time of

initiation of antiretroviral therapy with nucleos(t)ide reverse

transcriptase inhibitors limits the formation of intracellular active

drug-metabolites in the LN possibly through one or a combination

of two factors: reduced phosphorylation rates of the kinases

involved in the formation of active drug moieties and a blockade

of the parent drug in the LNs.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary material. Further inquiries can be

directed to the corresponding author.
Ethics statement

The animal study was approved by National Institute of Allergy

and Infectious Diseases (NIAID) Animal Care and Use Committee.

The study was conducted in accordance with the local legislation

and institutional requirements.
Author contributions

SS, SP, RH, and MDM designed the research. SS, PD, SP, AB,

AT, JK, HJ, RT, MD, MC, and MDM performed the research. SS

wrote the manuscript. SS, SP, HJ, and MDM made the figures and

tables. All authors analyzed and interpreted the data and critically

reviewed the manuscript. MDM provided oversight and helped with

the editing of the manuscript. All authors contributed to the article

and approved the submitted version.
Funding

This project has been funded in part with federal funds from the

National Cancer Institute, National Institutes of Health, under

Contract No. 75N91019D00024.
Acknowledgments

We thank the animal care staff and technicians at the National

Institutes of Health Animal Center in Poolesville (Maryland, USA)

for their care and handling of the animals, and Drs R. Byrum and

M. St. Claire from the Division of Clinical Research for veterinary

support and technical assistance throughout the study. We also

thank Dr. Jeff Lifson for PCR support and Gilead for providing

tenofovir and emtricitabine.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1213455
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Srinivasula et al. 10.3389/fimmu.2023.1213455
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Frontiers in Immunology 13
Author disclaimer

The content of this publication does not necessarily reflect

the views or policies of the Department of Health and Human

Services, nor does mention of any trade names, commercial

products, or organizations imply endorsement by the

U.S. Government.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1213455/

full#supplementary-material
References
1. Pantaleo G, Graziosi C, Butini L, Pizzo PA, Schnittman SM, Kotler DP, et al.
Lymphoid organs function as major reservoirs for human immunodeficiency virus.
Proc Natl Acad Sci U S A. (1991) 88(21):9838–42. doi: 10.1073/pnas.88.21.9838

2. North TW, Higgins J, Deere JD, Hayes TL, Villalobos A, Adamson L, et al. Viral
sanctuaries during highly active antiretroviral therapy in a nonhuman primate model
for AIDS. J virology. (2010) 84(6):2913–22. doi: 10.1128/JVI.02356-09

3. Lorenzo-Redondo R, Fryer HR, Bedford T, Kim EY, Archer J, Pond SLK, et al.
Persistent HIV-1 replication maintains the tissue reservoir during therapy. Nature
(2016) 530(7588):51–6. doi: 10.1038/nature16933

4. Martinez-Picado J, Deeks SG. Persistent HIV-1 replication during antiretroviral
therapy. Curr Opin HIV AIDS. (2016) 11(4):417–23. doi: 10.1097/COH.0000000000000287

5. Rose R, Lamers SL, Nolan DJ, Maidji E, Faria NR, Pybus OG, et al. HIV maintains
an evolving and dispersed population in multiple tissues during suppressive combined
antiretroviral therapy in individuals with cancer. J virology. (2016) 90(20):8984–93. doi:
10.1128/JVI.00684-16

6. Chun TW, Nickle DC, Justement JS, Meyers JH, Roby G, Hallahan CW, et al.
Persistence of HIV in gut-associated lymphoid tissue despite long-term antiretroviral
therapy. J Infect Dis (2008) 197(5):714–20. doi: 10.1086/527324

7. Scholz EMB, Mwangi JN, de la Cruz G, Nekorchuk M, Chan CN, Busman-Sahay
K, et al. Quantitative imaging analysis of the spatial relationship between
antiretrovirals, reverse transcriptase simian-human immunodeficiency virus RNA,
and collagen in the mesenteric lymph nodes of nonhuman primates. Antimicrob
Agents Chemother (2021) 65(6). doi: 10.1128/AAC.00019-21

8. Thompson CG, Rosen EP, Prince HMA, White N, Sykes C, de la Cruz G, et al.
Heterogeneous antiretroviral drug distribution and HIV/SHIV detection in the gut of
three species. Sci Transl Med (2019) 11(499). doi: 10.1126/scitranslmed.aap8758

9. Mavigner M, Habib J, Deleage C, Rosen E, Mattingly C, Bricker K, et al. Simian
immunodeficiency virus persistence in cellular and anatomic reservoirs in antiretroviral
therapy-suppressed infant rhesus macaques. J Virol (2018) 92(18). doi: 10.1128/
JVI.00562-18

10. Rosen EP, Deleage C, White N, Sykes C, Brands C, Adamson L, et al.
Antiretroviral drug exposure in lymph nodes is heterogeneous and drug dependent. J
Int AIDS Soc (2022) 25(4):e25895. doi: 10.1002/jia2.25895

11. Estes JD, Kityo C, Ssali F, Swainson L, Makamdop KN, Del Prete GQ, et al.
Defining total-body AIDS-virus burden with implications for curative strategies. Nat
Med (2017) 23(11):1271–6. doi: 10.1038/nm.4411

12. Fletcher CV, Staskus K, Wietgrefe SW, Rothenberger M, Reilly C, Chipman JG,
et al. Persistent HIV-1 replication is associated with lower antiretroviral drug
concentrations in lymphatic tissues. Proc Natl Acad Sci U S A. (2014) 111(6):2307–
12. doi: 10.1073/pnas.1318249111

13. Fletcher CV, Podany AT, Thorkelson A, Winchester LC, Mykris T, Anderson J,
et al. The lymphoid tissue pharmacokinetics of tenofovir disoproxil fumarate and
tenofovir alafenamide in HIV-infected persons. Clin Pharmacol Ther (2020) 108
(5):971–5. doi: 10.1002/cpt.1883

14. Rothenberger M, Nganou-Makamdop K, Kityo C, Ssali F, Chipman JG, Beilman
GJ, et al. Impact of integrase inhibition compared with nonnucleoside inhibition on
HIV reservoirs in lymphoid tissues. J acquired Immune deficiency syndromes. (2019) 81
(3):355–60. doi: 10.1097/QAI.0000000000002026

15. Cottrell ML, Yang KH, Prince HM, Sykes C, White N, Malone S, et al. A
translational pharmacology approach to predicting outcomes of preexposure
prophylaxis against HIV in men and women using tenofovir disoproxil fumarate
with or without emtricitabine. J Infect Dis (2016) 214(1):55–64. doi: 10.1093/infdis/
jiw077

16. Burgunder E, Fallon JK, White N, Schauer AP, Sykes C, Remling-Mulder L, et al.
Antiretroviral drug concentrations in lymph nodes: A cross-species comparison of the
effect of drug transporter expression, viral infection, and sex in humanized mice,
nonhuman primates, and humans. J Pharmacol Exp Ther (2019) 370(3):360–8. doi:
10.1124/jpet.119.259150

17. Devanathan AS, Fallon JK, White NR, Schauer AP, Van Horne B, Blake K, et al.
Antiretroviral penetration and drug transporter concentrations in the spleens of three
preclinical animal models and humans. Antimicrob Agents Chemother (2020) 64(10).
doi: 10.1128/AAC.01384-20

18. Devanathan AS, Pirone JR, Akkina R, Remling-Mulder L, Luciw P, Adamson L,
et al. Antiretroviral penetration across three preclinical animal models and humans in
eight putative HIV viral reservoirs. Antimicrob Agents Chemother (2019) 64(1). doi:
10.1128/AAC.01639-19

19. Perazzolo S, Shireman LM, Koehn J, McConnachie LA, Kraft JC, Shen DD, et al.
Three HIV drugs, atazanavir, ritonavir, and tenofovir, coformulated in drug-combination
nanoparticles exhibit long-acting and lymphocyte-targeting properties in nonhuman
primates. J Pharm Sci (2018) 107(12):3153–62. doi: 10.1016/j.xphs.2018.07.032

20. Perazzolo S, Shireman LM, McConnachie LA, Koehn J, Kinman L, Lee W, et al.
Integration of computational and experimental approaches to elucidate mechanisms of
first-pass lymphatic drug sequestration and long-acting pharmacokinetics of the
injectable triple-HIV drug combination TLC-ART 101. J Pharm Sci (2020) 109
(5):1789–801. doi: 10.1016/j.xphs.2020.01.016

21. Perazzolo S, Shen DD, Ho RJY. Physiologically based pharmacokinetic modeling
of 3 HIV drugs in combination and the role of lymphatic system after subcutaneous
dosing. Part 2: model for the drug-combination nanoparticles. J Pharm Sci (2022) 111
(3):825–37. doi: 10.1016/j.xphs.2021.10.009

22. Di Mascio M, Lifson JD, Srinivasula S, Kim I, DeGrange P, Keele BF, et al.
Evaluation of an antibody to alpha(4)beta(7) in the control of SIVmac239-nef-stop
infection. Science (2019) 365(6457):1025–9. doi: 10.1126/science.aav6695

23. Van Rompay KK, Babusis D, Abbott Z, Geng Y, Jayashankar K, Johnson JA, et al.
Compared to subcutaneous tenofovir, oral tenofovir disoproxyl fumarate
administration preferentially concentrates the drug into gut-associated lymphoid
cells in simian immunodeficiency virus-infected macaques. Antimicrob Agents
Chemother (2012) 56(9):4980–4. doi: 10.1128/AAC.01095-12

24. Wayson MB, Leggett RW, Jokisch DW, Lee C, Schwarz BC, Godwin WJ, et al.
Suggested reference values for regional blood volumes in children and adolescents. Phys
Med Biol (2018) 63(15):155022. doi: 10.1088/1361-6560/aad313

25. Sinharay S, Srinivasula S, Schreiber-Stainthorp W, Shah S, Degrange P,
Bonvil lain A, et al . Monitoring immune activation with whole-body
fluorodeoxyglucose-positron-emission tomography in simian immunodeficiency
virus-infected rhesus macaques. Immunohorizons (2021) 5(7):557–67. doi: 10.4049/
immunohorizons.2100043

26. Hansen SG, Piatak MJr., Ventura AB, Hughes CM, Gilbride RM, Ford JC, et al.
Immune clearance of highly pathogenic SIV infection. Nature (2013) 502(7469):100–4.
doi: 10.1038/nature12519

27. Okoye AA, Hansen SG, Vaidya M, Fukazawa Y, Park H, Duell DM, et al. Early
antiretroviral therapy limits SIV reservoir establishment to delay or prevent post-treatment
viral rebound. Nat Med (2018) 24(9):1430–40. doi: 10.1038/s41591-018-0130-7
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1213455/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1213455/full#supplementary-material
https://doi.org/10.1073/pnas.88.21.9838
https://doi.org/10.1128/JVI.02356-09
https://doi.org/10.1038/nature16933
https://doi.org/10.1097/COH.0000000000000287
https://doi.org/10.1128/JVI.00684-16
https://doi.org/10.1086/527324
https://doi.org/10.1128/AAC.00019-21
https://doi.org/10.1126/scitranslmed.aap8758
https://doi.org/10.1128/JVI.00562-18
https://doi.org/10.1128/JVI.00562-18
https://doi.org/10.1002/jia2.25895
https://doi.org/10.1038/nm.4411
https://doi.org/10.1073/pnas.1318249111
https://doi.org/10.1002/cpt.1883
https://doi.org/10.1097/QAI.0000000000002026
https://doi.org/10.1093/infdis/jiw077
https://doi.org/10.1093/infdis/jiw077
https://doi.org/10.1124/jpet.119.259150
https://doi.org/10.1128/AAC.01384-20
https://doi.org/10.1128/AAC.01639-19
https://doi.org/10.1016/j.xphs.2018.07.032
https://doi.org/10.1016/j.xphs.2020.01.016
https://doi.org/10.1016/j.xphs.2021.10.009
https://doi.org/10.1126/science.aav6695
https://doi.org/10.1128/AAC.01095-12
https://doi.org/10.1088/1361-6560/aad313
https://doi.org/10.4049/immunohorizons.2100043
https://doi.org/10.4049/immunohorizons.2100043
https://doi.org/10.1038/nature12519
https://doi.org/10.1038/s41591-018-0130-7
https://doi.org/10.3389/fimmu.2023.1213455
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Srinivasula et al. 10.3389/fimmu.2023.1213455
28. Perelson AS, Essunger P, Cao Y, Vesanen M, Hurley A, Saksela K, et al. Decay
characteristics of HIV-1-infected compartments during combination therapy. Nature
(1997) 387(6629):188–91. doi: 10.1038/387188a0

29. Di Mascio M, Dornadula G, Zhang H, Sullivan J, Xu Y, Kulkosky J, et al. In a
subset of subjects on highly active antiretroviral therapy, human immunodeficiency
virus type 1 RNA in plasma decays from 50 to <5 copies per milliliter, with a half-life of
6 months. J Virol (2003) 77(3):2271–5. doi: 10.1128/JVI.77.3.2271-2275.2003

30. Perazzolo S, Shireman LM, Shen DD, Ho RJY. Physiologically based
pharmacokinetic modeling of 3 HIV drugs in combination and the role of lymphatic
system after subcutaneous dosing. Part 1: model for the free-drug mixture. J Pharm Sci
(2022) 111(2):529–41. doi: 10.1016/j.xphs.2021.10.007

31. Dixit NM, Perelson AS. Complex patterns of viral load decay under
antiretroviral therapy: influence of pharmacokinetics and intracellular delay. J Theor
Biol (2004) 226(1):95–109. doi: 10.1016/j.jtbi.2003.09.002

32. Ager A, May MJ. Understanding high endothelial venules: Lessons for
cancer immunology. Oncoimmunology (2015) 4(6):e1008791. doi: 10.1080/
2162402X.2015.1008791

33. Fedyk ER, Wyant T, Yang LL, Csizmadia V, Burke K, Yang H, et al. Exclusive
antagonism of the alpha4 beta7 integrin by vedolizumab confirms the gut-selectivity of
this pathway in primates. Inflammation Bowel Dis (2012) 18(11):2107–19. doi: 10.1002/
ibd.22940

34. Bailey JL, Molino ST, Vega AD, Badowski M. A review of HIV pre-exposure
prophylaxis: the female perspective. Infect Dis Ther (2017) 6(3):363–82. doi: 10.1007/
s40121-017-0159-9

35. McKinnon LR, Liebenberg LJ, Yende-Zuma N, Archary D, Ngcapu S, Sivro A,
et al. Genital inflammation undermines the effectiveness of tenofovir gel in preventing
HIV acquisition in women. Nat Med (2018) 24(4):491–6. doi: 10.1038/nm.4506

36. Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, et al.
Remdesivir for the treatment of covid-19 - final report. N Engl J Med (2020) 383
(19):1813–26. doi: 10.1056/NEJMoa2007764

37. Jayk Bernal A, Gomes da Silva MM, Musungaie DB, Kovalchuk E, Gonzalez A,
Delos Reyes V, et al. Molnupiravir for oral treatment of covid-19 in nonhospitalized
patients. N Engl J Med (2022) 386(6):509–20. doi: 10.1056/NEJMoa2116044

38. Perazzolo S, Zhu L, Lin W, Nguyen A, Ho RJY. Systems and clinical pharmacology
of COVID-19 therapeutic candidates: A clinical and translational medicine perspective. J
Pharm Sci (2021) 110(3):1002–17. doi: 10.1016/j.xphs.2020.11.019

39. Di Mascio M. Towards COVID-19 prophylaxis: an AIDS preclinical research
perspective. Cancer Stud Ther (2020) 5(2):1–5. doi: 10.31038/CST.2020525

40. Scholz EMB, Kashuba ADM. The lymph node reservoir: physiology, HIV
infection, and antiretroviral therapy. Clin Pharmacol Ther (2021) 109(4):918–27. doi:
10.1002/cpt.2186

41. Di Mascio M, Srinivasula S, Bhattacharjee A, Cheng L, Martiniova L,
Herscovitch P, et al. Antiretroviral tissue kinetics: in vivo imaging using positron
emission tomography. Antimicrob Agents Chemother (2009) 53(10):4086–95. doi:
10.1128/AAC.00419-09

42. Seifert SM, Chen X, Meditz AL, Castillo-Mancilla JR, Gardner EM, Predhomme
JA, et al. Intracellular tenofovir and emtricitabine anabolites in genital, rectal, and
blood compartments from first dose to steady state. AIDS Res Hum Retroviruses (2016)
32(10-11):981–91. doi: 10.1089/aid.2016.0008

43. Kearney BP, Flaherty JF, Shah J. Tenofovir disoproxil fumarate: clinical
pharmacology and pharmacokinetics. Clin pharmacokinet (2004) 43(9):595–612. doi:
10.2165/00003088-200443090-00003

44. Wang LH, Begley J, St Claire RL 3rd, Harris J, Wakeford C, Rousseau FS.
Pharmacokinetic and pharmacodynamic characteristics of emtricitabine support its
once daily dosing for the treatment of HIV infection. AIDS Res Hum Retroviruses
(2004) 20(11):1173–82. doi: 10.1089/aid.2004.20.1173

45. Seifert SM, Glidden DV, Meditz AL, Castillo-Mancilla JR, Gardner EM,
Predhomme JA, et al. Dose response for starting and stopping HIV preexposure
prophylaxis for men who have sex with men. Clin Infect Dis (2015) 60(5):804–10. doi:
10.1093/cid/ciu916
Frontiers in Immunology 14
46. Garcia-Lerma JG, Cong ME, Mitchell J, Youngpairoj AS, Zheng Q, Masciotra S,
et al. Intermittent prophylaxis with oral truvada protects macaques from rectal SHIV
infection. Sci Transl Med (2010) 2(14):14ra4. doi: 10.1126/scitranslmed.3000391

47. Anderson PL, Kiser JJ, Gardner EM, Rower JE, Meditz A, Grant RM.
Pharmacological considerations for tenofovir and emtricitabine to prevent HIV
infection. J Antimicrob Chemother (2011) 66(2):240–50. doi: 10.1093/jac/dkq447

48. Hendrix CW, Andrade A, Bumpus NN, Kashuba AD, Marzinke MA, Moore A,
et al. Dose frequency ranging pharmacokinetic study of tenofovir-emtricitabine after
directly observed dosing in healthy volunteers to establish adherence benchmarks
(HPTN 066). AIDS Res Hum Retroviruses (2016) 32(1):32–43. doi: 10.1089/
aid.2015.0182

49. Daly MB, Clayton AM, Ruone S, Mitchell J, Dinh C, Holder A, et al. Training
rhesus macaques to take daily oral antiretroviral therapy for preclinical evaluation of
HIV prevention and treatment strategies. PloS One (2019) 14(11):e0225146. doi:
10.1371/journal.pone.0225146

50. Tedla N, Dwyer J, Truskett P, Taub D, Wakefield D, Lloyd A. Phenotypic and
functional characterization of lymphocytes derived from normal and HIV-1-infected
human lymph nodes. Clin Exp Immunol (1999) 117(1):92–9. doi: 10.1046/j.1365-
2249.1999.00942.x

51. Kim WK, Sun Y, Do H, Autissier P, Halpern EF, Piatak M Jr., et al. Monocyte
heterogeneity underlying phenotypic changes in monocytes according to SIV disease
stage. J Leukoc Biol (2010) 87(4):557–67. doi: 10.1189/jlb.0209082

52. Kleiveland CR. Peripheral blood mononuclear cells. In: Verhoeckx K, Cotter P,
Lopez-Exposito I, Kleiveland C, Lea T, Mackie A, et al, editors. The Impact of Food
Bioactives on Health: in vitro and ex vivo models. Cham: Springer. (2015). p. 161–7.
doi: 10.1007/978-3-319-16104-4

53. Robbins BL, Srinivas RV, Kim C, Bischofberger N, Fridland A. Anti-human
immunodeficiency virus activity and cellular metabolism of a potential prodrug of the
acyclic nucleoside phosphonate 9-R-(2-phosphonomethoxypropyl)adenine (PMPA),
Bis(isopropyloxymethylcarbonyl)PMPA. Antimicrob Agents Chemother (1998) 42
(3):612–7. doi: 10.1128/AAC.42.3.612

54. Balzarini J, Van Herrewege Y, Vanham G. Metabolic activation of nucleoside
and nucleotide reverse transcriptase inhibitors in dendritic and Langerhans cells. AIDS
(2002) 16(16):2159–63. doi: 10.1097/00002030-200211080-00008

55. Bucy RP, Hockett RD, Derdeyn CA, Saag MS, Squires K, Sillers M, et al. Initial
increase in blood CD4(+) lymphocytes after HIV antiretroviral therapy reflects
redistribution from lymphoid tissues. J Clin Invest. (1999) 103(10):1391–8. doi:
10.1172/JCI5863

56. Hamlin AN, Tillotson J, Bumpus NN. Genetic variation of kinases and activation
of nucleotide analog reverse transcriptase inhibitor tenofovir. Pharmacogenomics
(2019) 20(2):105–11. doi: 10.2217/pgs-2018-0140

57. Prideaux B, Stoeckli M. Mass spectrometry imaging for drug distribution studies.
J Proteomics. (2012) 75(16):4999–5013. doi: 10.1016/j.jprot.2012.07.028

58. Zhao YS, Li C. Mass spectrometry imaging: applications in drug distribution studies.
Curr Drug Metab (2015) 16(9):807–15. doi: 10.2174/1389200216666150812124459

59. Taneva E, Crooker K, Park SH, Su JT, Ott A, Cheshenko N, et al. Differential
mechanisms of tenofovir and tenofovir disoproxil fumarate cellular transport and
implications for topical preexposure prophylaxis. Antimicrob Agents Chemother (2015)
60(3):1667–75. doi: 10.1128/aac.02793-15

60. Yang M, Xu X. Important roles of transporters in the pharmacokinetics of anti-
viral nucleoside/nucleotide analogs. Expert Opin Drug Metab Toxicol (2022) 18(7-
8):483–505. doi: 10.1080/17425255.2022.2112175

61. Kraft JC, McConnachie LA, Koehn J, Kinman L, Collins C, Shen DD, et al. Long-
acting combination anti-HIV drug suspension enhances and sustains higher drug levels
in lymph node cells than in blood cells and plasma. AIDS (2017) 31(6):765–70. doi:
10.1097/QAD.0000000000001405

62. Goicoechea M, Jain S, Bi L, Kemper C, Daar ES, Diamond C, et al. Abacavir
and tenofovir disoproxil fumarate co-administration results in a nonadditive
antiviral effect in HIV-1-infected patients. AIDS (2010) 24(5):707–16. doi:
10.1097/QAD.0b013e32833676eb
frontiersin.org

https://doi.org/10.1038/387188a0
https://doi.org/10.1128/JVI.77.3.2271-2275.2003
https://doi.org/10.1016/j.xphs.2021.10.007
https://doi.org/10.1016/j.jtbi.2003.09.002
https://doi.org/10.1080/2162402X.2015.1008791
https://doi.org/10.1080/2162402X.2015.1008791
https://doi.org/10.1002/ibd.22940
https://doi.org/10.1002/ibd.22940
https://doi.org/10.1007/s40121-017-0159-9
https://doi.org/10.1007/s40121-017-0159-9
https://doi.org/10.1038/nm.4506
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1056/NEJMoa2116044
https://doi.org/10.1016/j.xphs.2020.11.019
https://doi.org/10.31038/CST.2020525
https://doi.org/10.1002/cpt.2186
https://doi.org/10.1128/AAC.00419-09
https://doi.org/10.1089/aid.2016.0008
https://doi.org/10.2165/00003088-200443090-00003
https://doi.org/10.1089/aid.2004.20.1173
https://doi.org/10.1093/cid/ciu916
https://doi.org/10.1126/scitranslmed.3000391
https://doi.org/10.1093/jac/dkq447
https://doi.org/10.1089/aid.2015.0182
https://doi.org/10.1089/aid.2015.0182
https://doi.org/10.1371/journal.pone.0225146
https://doi.org/10.1046/j.1365-2249.1999.00942.x
https://doi.org/10.1046/j.1365-2249.1999.00942.x
https://doi.org/10.1189/jlb.0209082
https://doi.org/10.1007/978-3-319-16104-4
https://doi.org/10.1128/AAC.42.3.612
https://doi.org/10.1097/00002030-200211080-00008
https://doi.org/10.1172/JCI5863
https://doi.org/10.2217/pgs-2018-0140
https://doi.org/10.1016/j.jprot.2012.07.028
https://doi.org/10.2174/1389200216666150812124459
https://doi.org/10.1128/aac.02793-15
https://doi.org/10.1080/17425255.2022.2112175
https://doi.org/10.1097/QAD.0000000000001405
https://doi.org/10.1097/QAD.0b013e32833676eb
https://doi.org/10.3389/fimmu.2023.1213455
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Viral dissemination and immune activation modulate antiretroviral drug levels in lymph nodes of SIV-infected rhesus macaques
	Introduction
	Materials and methods
	Animals, study design, and antiretroviral therapy
	Blood, lymph node, and rectal sample collection and processing
	Quantification of drug levels in plasma, cells, and tissue
	Lymphocyte immunophenotyping, plasma, and tissue-associated viral load
	Estimation of viral decay rates
	Statistical analysis
	Physiologically-based pharmacokinetic model of tenofovir and its pharmacologically active moiety

	Results
	Antagonism of α4β7 integrin did not affect ARV drug levels
	Parent TFV and FTC concentrations in the plasma decreased between month one and month three of daily ART
	TFV-dp and FTC-tp levels significantly increased in both PBMC and LNMC between month one and month three of daily ART
	Parent TFV and FTC concentrations in LN tissue of subgroup A were several-fold higher than in plasma with an inconclusive trend during time on ART
	A mechanistic hypothesis to explain parent drug and metabolite levels via PBPK modeling
	Higher viral dissemination was associated with lower intracellular active drug-metabolite levels
	LNMC active drug-metabolite levels at month one of ART were not associated with viral decay rates
	The decrease in immune activation from baseline was positively correlated with LNMC active drug-metabolite levels at M1

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


