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Abstract

Background: The majority of HIV-infected cells during antiretroviral therapy (ART) persist in 

lymphoid tissues. Studies disagree on whether suboptimal tissue ART concentrations contribute to 

ongoing HIV replication during viral suppression.

Methods: We performed a cross-sectional study in virally-suppressed HIV+ participants 

measuring lymphoid tissue ART (darunavir [DRV], atazanavir [ATV], and raltegravir [RAL]) 

concentrations by LC-MS/MS assay. Tissue and plasma ART concentrations were used to estimate 

tissue:plasma penetration ratios (TPRs) as well as drug-specific tissue:inhibitory concentration 
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ratios (TICs). HIV DNA and sequentially-produced HIV RNA transcripts were quantified from 

rectal biopsies using droplet digital PCR (ddPCR) assays.

Results: Tissue samples were collected in duplicate from 19 participants: 38 rectal, 8 ileal (4 

RAL, 2 DRV, 2 ATV), and 6 lymph node (4 RAL, 2 DRV) samples. Overall, median TICs were 

higher for RAL than DRV or ATV (both P=0.006). Median TICs were lower in lymph nodes vs. 

ileum (0.49 vs. 143, P=0.028) or rectum (33, P=0.019), and all ART levels were below target 

concentrations. Higher rectal TICs were associated with lower HIV RNA transcripts (read-

through, long LTR, and Nef, P all<0.026) and a lower long LTR RNA/long LTR DNA ratio 

(P=0.021).

Conclusions: We observed higher tissue ART concentrations in ileum and rectum compared to 

lymph nodes. We observed higher HIV transcription in participants with lower rectal ART 

concentrations. These findings add to the limited data supporting the idea that viral transcription 

may be influenced by ART concentrations in lymphoid tissues. Further exploration of tissue 

pharmacokinetics is needed in future HIV eradication strategies.

Keywords

antiretroviral therapy; pharmacokinetics; pharmacodynamics; HIV transcription; lymphoid tissue

INTRODUCTION

Persistent HIV despite effective antiretroviral therapy (ART) may contribute to the “HIV 

reservoir”1 and drive high levels of immune activation and increased mortality rates in HIV+ 

compared to HIV-negative individuals.2,3 The majority of persistently HIV-infected cells are 

in lymphoid tissues.4 Whether or not suboptimal ART concentrations in lymphoid tissues 

contribute to residual viral replication during ART has been strongly debated. Some ART 

intensification studies in which a fourth drug (e.g., raltegravir, RAL) is added to an existing 

suppressive ART regimen demonstrated support for ongoing viral transcription,5,6 but others 

studies have not.7–10 Though some studies found evidence of lower ART concentrations in 

lymphoid tissues to be associated with increased viral transcription and evolution,11,12 a 

recent study using in situ ART quantification methods13 found no association between 

concentrations of integrase inhibitors (raltegravir [RAL] and dolutegravir [DTG]) and copies 

of HIV total DNA or unspliced RNA in rectal tissue by droplet digital PCR (ddPCR).14

ART concentrations have also been shown to be lower in lymphoid tissues than in plasma,
11,12 lower in lymph node than in gut-associated lymphoid tissue (GALT),12 and among gut 

tissues, lower in rectal than in ileal tissue.15 These findings are somewhat difficult to 

interpret, as prior studies have used different methods to quantify ART concentrations in 

tissue. Two prominent methods include quantifying ART from tissue homogenates15 versus 

from extracted mononuclear cells.12,16 The former method may overestimate ART 

concentrations due to homogenization of whole biopsy tissues (which might contain ART in 

non-lymphoid cells)17 while the latter method may underestimate ART concentrations (ART 

cell permeability and processing steps can lead to reduced intracellular concentrations).18 In 

addition, ART regimens may have differential lymphoid tissue penetration. RAL, an 

integrase inhibitor (INI) had superior concentrations in rectal tissue compared to other drugs 
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(protease inhibitors [PIs], nucleoside reverse transcriptase inhibitors [NRTIs], non-

nucleoside reverse transcriptase inhibitors [NNRTIs], and CCR5 inhibitors),19 and higher 

rectal concentrations than DTG, another INI.13,20

We performed a cross-sectional study of HIV+ ART-suppressed individuals treated during 

chronic or early HIV infection. Tissue ART pharmacokinetics were measured in 

homogenates of rectal, ileal, and lymph node samples using validated liquid 

chromatography-mass spectrometry (LC-MS) methods compared to copies of HIV DNA and 

RNA using ddPCR assays that captured specific sequential stages of HIV transcription.

METHODS

Study participants

HIV-infected adults from the University of California San Francisco (UCSF) SCOPE cohort 

were consented to undergo a rectal biopsy; a subset also consented to optional ileal and 

lymph node sampling. Inclusion criteria were confirmed HIV-1 infection, viral suppression 

for ≥12 months on initial ART regimen, and plasma HIV RNA <40 copies/mL. Participants 

were included if they were taking oral (1) RAL 400 mg daily + emtricitabine/tenofovir 

disoproxil fumarate (TDF/FTC) bid, (2) atazanavir (ATV) 300 mg daily + ritonavir 100 mg 

daily + TDF/FTC daily, or (3) darunavir (DRV) 800 mg daily + ritonavir 100 mg daily + 

TDF/FTC daily. Major exclusion criteria were pregnant or breastfeeding women, a history of 

a blood coagulation disorder, inflammatory colitis, recent serious illness requiring 

hospitalization, recent vaccination, and recent use of immunodulatory drugs. Additional 

exclusion criteria for lymph node biopsy were a history of inguinal skin infection, lower 

extremity venous stasis, and cancer of the lower extremity. All participants provided written 

informed consent, and the institutional review board of UCSF approved the research.

Sampling procedures

All participants underwent rectal sampling, with removal of up to 30 3-mm biopsies. Ileal 

biopsies were collected in a subset of participants who consented to a colonoscopy (using 

similar sampling methods). For rectal and ileal sampling, 10–12 biopsy pieces were 

immediately flash-frozen and stored at –80°C. Four to 6 gut biopsy pieces were analyzed for 

ART concentrations,21,22 while another 6 pieces were analyzed for cellular HIV RNA and 

DNA.23 For optional lymph node sampling, a single inguinal lymph node was carefully 

excised and dispersed to a single cell suspension, flash-frozen, and sent for tissue 

pharmacokinetic analysis.24–26

Antiretroviral quantification (plasma, GALT, and lymph nodes)

RAL, DRV, and ATV concentrations were quantified by validated LC-MS/MS methods. 

Whole tissue biopsies were weighed and homogenized in Precellys® tubes (Cayman 

Chemicak, MI, USA), analytes were extracted from tissue homogenate and plasma samples 

by protein precipitation with isotopically labeled internal standards and then detected on an 

API-5000 Triple Quad mass spectrometer (AB SCIEX, Foster City, CA, USA). Calibration 

standards and quality control samples were within 20% of nominal values with the following 
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dynamic ranges: 1–10,000ng/ml of tissue homogenate (ATV, DRV and RAL), 5–5000ng/ml 

of plasma (raltegravir), and 50–20,000ng/ml of plasma (ATV, and DRV).

HIV RNA and DNA quantification (GALT)

A novel panel of reverse transcription (RT)-ddPCR assays was performed to quantify HIV 

RNAs produced during sequential stages of viral transcription.23 Intact flash frozen rectal 

biopsies (6 pieces) were homogenized and total cellular RNA and DNA were isolated from 

homogenized rectal cells using Trireagent (Molecular Research Center).23 HIV DNA (Long 

LTR) and sequential steps in HIV RNA transcription were quantified from rectal biopsies 

using RT-ddPCR assays (Bio-Rad QX100 Droplet Digital qPCR System) reflecting HIV 

transcriptional interference (“read-through”), transcriptional initiation (TAR), elongation 

(“Long LTR”), distal transcription (Nef), completion (“PolyA”), and multiple splicing (Tat-

Rev) events.23 HIV DNA was measured under the same ddPCR conditions and using the 

same primers and probes used to measure each HIV RNA. The total cell equivalents (for 

normalizing the frequency of DNA and RNA copies) were determined by measuring the 

absolute copy numbers of a nonduplicated cellular gene, Telomere Reverse Transcriptase 

(TERT), in the extracted cellular DNA by ddPCR.23,27

Statistical Methods

Ileal, rectal, and lymph node ART concentrations were calculated as tissue:plasma 

penetration ratios (TPRs)15 by first converting tissue concentrations to ng/mL (assuming a 

tissue density of 1.06 g/mL28) and then dividing the tissue concentration by the plasma 

concentration for each tissue type. A TPR=1 indicated equal tissue and plasma ART 

concentrations. Drug-specific in vivo inhibitory concentrations29,30 were also used to 

estimate tissue concentration:inhibitory ratios (TICs) as clinically relevant measures of PK 

to be analyzed along with TPRs. Wilcoxon rank sum tests were used to compare median 

TPRs/TICs.

Exploratory analyses to simulate time-dependent PK profiles from our cross-sectional data 

were performed. Using nonlinear mixed effects models, drug concentrations over time were 

estimated for each tissue and each ART type using compartmental plasma-tissue PK 

analyses in NONMEM (version 7.3; Icon Development Solutions, Dublin, Ireland). Monte 

Carlo simulations were performed incorporating self-reported time of last ART dose and 

previously published plasma PK data for each drug.31–33 Simulated TPRs were calculated as 

a fraction of plasma exposure (tissue area under the curve [AUC] ÷ plasma AUC) for each 

biologic duplicate and compared to target plasma in vivo concentrations below which 

virologic failure had been reported in clinical trials.29,30

For the PD analysis, negative binomial regression models34 were fit to assess the effects of 

tissue PK (TPR or TIC) on HIV copies and HIV RNA/DNA ratios. The number of HIV 

copies was modeled as the outcome variable and the number of input cells as the offset 

(exposure) variable. To evaluate HIV RNA/DNA ratios, mixed effects models were fit with 

an interaction term for PK and HIV copies. By specifying the HIV targets (e.g., TAR RNA 

and Long LTR DNA, for example), the interaction term estimated the fold-change in HIV 

RNA/DNA per unit change in TPR (or TIC). Multivariate regressions were performed 
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including covariates for age, gender, nadir CD4+ T cell count, maximum pre-ART HIV 

RNA, recent CD4+ T cell count, early ART initiation (within 6 months of estimated date of 

infection), duration of ART suppression, and ART regimen (PI vs. INI). Similar models 

were fit for evaluating ART regimen (PI=1 vs. INI=0) as the predictor variable with HIV 

copies or HIV RNA/DNA ratio as the outcome variable.

RESULTS

Participants were mostly male, with a median age of 44 years, nadir CD4+ T cell count of 

304 cells/mm3, pre-ART HIV RNA of 5.3 log10copies/mL, recent CD4+ T cell count of 642 

cells/mm3, and duration of ART suppression of 4 years (Table S1). Four participants had 

initiated ART within approximately 6 months of HIV infection (range from 2.0 to 4.9 

months).

PK measures (TPRs and TICs) were relatively consistent between biologic duplicates 

(median intra-assay coefficient of variation=21%) (Figure 1). Median PK measures were 

non-statistically significantly higher in ileum compared to rectum (TPR: 8.13 vs. 2.85; TIC: 

143 vs. 33) and statistically significantly lower in lymph nodes compared to ileum 

(TPR=0.22 vs. 8.13, P=0.0019; TIC=0.49 vs. 143, P=0.028) and lower in lymph nodes 

compared to rectum (TPR=0.22 vs. 2.85, P=0.0001; TIC: 0.49 vs. 33, P=0.019) (Figure 1). 

While median TPRs were not statistically significantly different by ART regimen (PI vs. INI 

from rectal, ileal, or lymph node tissues), median TICs in rectal tissue were statistically 

significantly higher for INI vs. PI regimens (RAL=109 vs. ATV=25 [P=0.0061] or vs. 

DRV=15 [P=0.0059]). There were no statistically significant differences in median rectal 

TPRs or TICs by timing of ART (2 participants on RAL- and 2 participants on DRV-based 

regimens; data not shown).

We also performed compartmental PK analyses to estimate ART pharmacokinetics over time 

using our cross-sectional data and incorporating previously published plasma PK data31–33 

for each drug (Figure S1–S2). Final PK parameters were estimated for each drug, including 

the ratio of plasma to tissue concentrations accounting for time from last ART dose 

(rpl-tissue) (Table S2). Due to limited data avaible, the rate constant of drug concentration 

from plasma to tissue and vice versa (kpl-tissue) was fixed to a low or high value, dependent 

on the sensitivity analysis performed. These models demonstrated that one participant taking 

DRV had plasma and tissue (rectal, ileal, and lymph node) DRV concentrations that fell 

below the target plasma inhibitory concentration (IC),30 suggesting that this participant had 

suboptimal/missed dosing prior to sample collection (Figure 2A). In contrast, although all 

participants taking RAL and had plasma concentrations above the RAL target plasma IC, 

two participants had lymph node samples below the target IC (Figure 2C).29 Comparison 

across tissues was possible for RAL since all tissue types (rectal, ileal, lymph node, and 

plasma) were collected; predicted RAL PK profiles demonstrated that RAL concentrations 

remained above the target inhibitory concentrations in all tissues except lymph nodes 

(Figure 2C).

Finally, we performed PD analyses by quantifying HIV RNA from rectal tissue in 10 of the 

19 participants and HIV Long LTR DNA in all 19 participants (Tables 1–2, S3–S4). There 
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was an overall inverse relationship between PK measures and copies of HIV (RNA or 

RNA/DNA ratios). There were statistically significantly lower Long LTR RNA/Long LTR 

DNA ratios per two-fold increase in TPR (0.22-fold lower, P=0.04) or TIC (0.36-fold lower, 

P=0.021). There were also statistically significant lower frequencies of HIV RNA copies of 

Readthrough (0.56-fold lower, P=0.026), Long LTR (0.25-fold lower, P=0.014), and Nef 

(0.20-fold lower, P=0.044) for each two-fold increase in TIC (Table 2). These associations 

persisted after controlling for age, nadir CD4+ T cell count, pre-ART HIV RNA, recent 

CD4+ T cell count, duration of ART suppression, ART regimen (PI vs. INI) and early ART 

initiation (Tables S5–S6). In three individuals with ileal data, we observed a similar trend 

between TPR and copies of Long LTR DNA (0.85-fold lower, P=0.046) but this was based 

on only three observations and a similar trend was not observed with TIC (Figure S3). HIV 

RNA data were not available from the lymph node samples.

Participants on PI-based regimens had slightly lower median nadir CD4+ T cell count (312 

vs. 432 cells/mm3), higher pre-ART log10HIV RNA (5.4 vs. 5.3 copies/mL), and were less 

likely to have initiated ART early (14% vs. 67%). Although based on small numbers of 

participants taking ART regimens containing PIs (N=7–11) vs. INIs (N=2–8), there were 

generally higher frequencies of HIV RNA (and similar trends with RNA/DNA ratios) for 

participants on PI- vs. INI-based regimens (Table 3).

DISCUSSION

Our findings add to the limited literature evaluating tissue ART concentrations and residual 

viral replication.6,11–13 Here, we used cross-sectional samples from HIV+ ART-suppressed 

individuals to compare differences in ART concentrations by tissue (rectum, ileum, lymph 

node) and by ART regimen (PI vs. INI). We observed higher tissue PK in ileal and rectal 

compared to lymph node tissues and observed a statistically significant association between 

higher tissue PK (TPR and TIC) and lower levels of viral transcription (HIV RNA and 

RNA/DNA ratios). We observed no differences in tissue PK by ART regimen when 

quantified by TPR or compartmental PK modeling, but we did observe higher tissue TICs 

for INI vs. PI-based regimens. Since we also observed higher viral transcription with PI vs. 

INI-based regimens, this suggests potential PK as well as non-pharmacologic factors 

associated with ART regimen in influencing viral transcription. Clinically, these findings 

suggest that efforts to enhance tissue ART concentrations may be important for preventing 

HIV transmission (e.g., preexposure prophylaxis) and/or reducing potential residual HIV 

transcription (i.e., HIV persistence in tissues). Additional dose-finding studies may help 

elucidate why RAL19,20 (but not DTG13) compared to PI-based regimens appear to be 

associated with higher tissue concentrations and lower viral transcription.

Consistent with prior data,15 using the same LC-MS method, we found that ART 

concentrations were slightly higher in ileal vs. rectal tissue, but these associations were not 

statistically significant. Similar to a prior report using a different method,12 we did observe 

statistically significantly higher tissue ART concentrations in rectum and ileum vs. lymph 

nodes. Using compartmental PK analyses to estimate the time above target viral IC for each 

drug,29,30 for individuals taking RAL, we were able to compare across all three tissue types. 

RAL levels were above target in plasma, rectal, and ileal tissues but not in lymph nodes for 
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one participant. Further studies are needed to determine the proportion of participants who 

may have concentrations below the IC as our analyses were based on simulations from 

cross-sectional data from very few participants.

We observed that higher ART concentrations were associated with statistically significant 

fold-reductions in viral transcription using a novel ddPCR-based assay quantifying 

sequential HIV transcripts.23 Our data support prior work demonstrating evidence of viral 

evolution in lymphoid tissues in 5 individuals who were treated during acute infection and 

sampled during the first 6 months of ART suppression11 but are in contrast to reports finding 

no evidence of viral evolution in tissues of HIV+ ART-suppressed individuals initiating ART 

during chronic infection with prolonged duration of ART.35–39 Potential reasons for the 

discrepancy in these studies may include differences in the duration of ART suppression 

and/or the timing of ART initiation in these individuals, which could affect the strength of 

the immune response and subsequent effects on residual viral transcription and replication in 

lymphoid tissues,37,40–42 as well as differences in the sensitivity of the HIV assays.23 Our 

findings also differ from a recent study evaluating RAL and DTG concentrations in rectal 

tissue, which found no association with HIV unspliced RNA or total DNA.13

We observed higher levels of HIV RNA in the rectum of participants on PI- vs. INI-based 

regimens. These findings could be due to the higher tissue PK for RAL than DRV or ATV, as 

measured by TIC (Figure 1B). However, by TPR or by compartmental PK modeling, we did 

not observe a significant difference in tissue PK by ART regimen. Thus, differences in viral 

replication may be due to PK as well as non-PK factors. Yet, none of the ART regimens 

included in our study are known to affect reactivation from latency or to block HIV 

transcription (except insofar as they inhibit new infections), but lower ART concentrations 

might allow progression through parts of the viral lifecycle (or even one cycle) without 

multiple rounds of ongoing replication. The findings might potentially relate to the different 

stages of the viral lifecycle that are blocked by these drugs. Since integrase inhibitors block 

the last step prior to latency or viral transcription, whereas PIs act after viral particle release, 

integrase inhibitors may have a mechanistic advantage over PIs in limiting the frequency of 

integrated HIV, and hence transcription, in tissues. Alternatively, protease inhibitors, which 

have been shown to directly inhibit apoptosis in animal models,43 might actually favor the 

survival of transcriptionally active HIV-infected cells (potentially by enhancing 

mitochondrial stability), leading to further induction of viral transcription.

It should be noted that our PD analyses included only three individuals on INI-based ART, 

Given the limited number of participants in each ART group from our cross-sectional study, 

additional studies including more patients and more sensitive in situ ART quantification 

methods13 may be required to adequately compare tissue exposure and effects of different 

ART regimens. Newer methods employing infrared matrix-assisted laser desorption 

electrospray ionization (IR-MALDESI)13 combined with direct visualization of virus44 (and 

evaluation of replication-competent status) would improve the ability to detect an 

association between ART exposure and inducible virus. The method used here, though 

bioanalytically validated, may overestimate the ART exposure in cells of interest, as 

interstitial fluid and other cell population would be included in the analysis.17 The surface 

area of small intestine gut-associated lymphoid tissue may also be greater than a similar-
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sized biopsy of the large intestine.45 Nonetheless, using a consistent pharmacokinetic assay 

across tissue samples, normalized by sample weight (and several were within the same 

individual), the comparative analyses across tissues and ART regimens were consistent with 

prior reports using different pharmacokinetic assays.12

These results add to the current limited data on tissue ART drug concentrations and have 

potential implications for HIV cure strategies. It is possible that ongoing replication is more 

likely to occur in lymphoid tissues because of cell-to-cell spread of virus,46 which may be 

less efficiently blocked by ART. It is also possible that the higher levels of immune 

activation in tissues influence ongoing viral replication and/or tissue ART penetration.6,47 

Future studies should measure ART tissue concentrations and viral transcription/replication 

in lymph nodes (for which we had limited sample to perform PK measures only), and might 

demonstrate even higher levels of viral transcription in lymph nodes, where we observed 

lower ART tissue penetration compared to blood or gut. To ascertain whether tissue ART 

exposure will play an important role in future HIV cure strategies, the influence of drug 

pressure on viral evolution needs to be further explored using detailed methods to quantify 

replication-competent virus (such as viral outgrowth assays48 or assays that closely estimate 

the frequency of intact virus49,50), along with ultra-sensitive single genome viral sequencing.
51 The ability to apply these assays is challenging given the limited number of cells that can 

be collected from tissue sampling, but would ultimately help guide future strategies aimed at 

improving ART delivery to tissues,52 reducing immune activation, and eliminating long-

lived HIV-infected cells in key anatomic sites.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Tissue PK for each biologic duplicate (marked by study participant ID number) are shown 

by tissue type (ileum, rectum, and lymph node). Individual dots represent unique biologic 

duplicates, with medians shown as horizontal black bars. Tissue:plasma penetration ratios 

(TPRs) were calculated as the ratio of antiretroviral therapy (ART) concentrations in tissue 

(ng/g converted ng/mL) to plasma (ng/mL) (A).8 Ratios >1 indicate that the drug 

concentrates in tissue, whereas ratios<1 indicate concentrations in tissue are lower than in 

plasma. Tissue:inhibitory concentration ratios (TICs) were calculated as the ratio of 

antiretroviral therapy (ART) concentrations in tissue (ng/g) to previously reported drug-

specific in vivo inhibitory concentrations in plasma (ng/mL) (A).28,29 Ratios >1 indicate that 

the drug concentrates in tissue were higher than previously reported inhibitory 

concentrations.

Lee et al. Page 12

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2021 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lee et al. Page 13

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2021 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Visual Predicted Check (VPC) showing simulated darunavir (DRV), atazanavir (ATV), and 

raltegravir (RAL) concentrations over time in plasma, rectal, ileal, and lymph node tissues 

from the final PK model. Simulated medians are shown as red lines, 90% prediction 

intervals are shown as gray shaded regions, and the target concentrations are shown as the 

orange horizontal lines (below which clinical virologic failure was observed in clinical 

trials).28,29 Observed duplicate data are shown as red dots.
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Table 1.

Negative binomial regression estimates of the multiplicative effect of PK (rectal tissue:plasma penetration 

ratio8 [TPR]) on copies of HIV (per million rectal cells) (A) and on HIV RNA/DNA ratios (B).

A) HIV transcripts N Fold-change per 2-fold increase in TPR
a P

 Readthrough RNA 18 1.00 (0.33, 3.06) 1.00

 TAR RNA 20 0.68 (0.34, 1.33) 0.26

 Long LTR RNA 20 0.12 (0.01, 1.54) 0.10

 Nef RNA 20 0.28 (0.01, 6.25) 0.42

 PolyA RNA 20 0.27 (0.02, 4.02) 0.34

 Tat-Rev RNA
b 20 0.02 (0.00, 49.83) 0.32

 Long LTR DNA 38 1.02 (0.58, 1.80) 0.93

B) HIV RNA/DNA ratios N Fold-change per 2-fold increase in TPR
a P

 Readthrough RNA/Long LTR DNA 18 1.41 (0.72, 2.75) 0.31

 TAR RNA/Long LTR DNA 20 0.34 (0.08, 1.43) 0.14

 Long LTR RNA/Long LTR DNA 20 0.22 (0.05, 0.97) 0.046

 Nef RNA/Long LTR DNA 20 0.38 (0.07, 1.92) 0.24

 PolyA RNA/Long LTR DNA 20 0.39 (0.12, 1.26) 0.12

 Tat-Rev RNA/Long LTR DNA 20 0.24 (0.03, 2.22) 0.21

a
Fold-change in HIV copies or fold-change in HIV RNA/DNA ratio per 2-fold increase in tissue:plasma penetration ratio (TPR) with 95% 

confidence intervals.

b
Estimates for copies of tat-rev were unstable, because the majority of values were zero (75%ile = 0 copies, mean 0.63 copies, and standard 

deviation = 1.4 copies).
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Table 2.

Negative binomial regression estimates of the multiplicative effect of PK (rectal tissue: inhibitory 

concentration ratio28,29 [TIC]) on copies of HIV (per million rectal cells) (A) and on HIV RNA/DNA ratios 

(B).

A) HIV transcripts N Fold-change per 2-fold increase in TIC
a P

 Readthrough RNA 18 0.56 (0.34, 0.93) 0.026

 TAR RNA 20 0.55 (0.26, 1.21) 0.14

 Long LTR RNA 20 0.25 (0.09, 0.76) 0.014

 Nef RNA 20 0.20 (0.04, 0.96) 0.044

 PolyA RNA 20 0.31 (0.06, 1.62) 0.17

 Tat-Rev RNA
b 20 0.02 (0.00, 11.44) 0.22

 Long LTR DNA 38 0.76 (0.53, 1.08) 0.13

B) HIV RNA/DNA ratios N Fold-change per 2-fold increase in TIC
a P

 Readthrough RNA/Long LTR DNA 18 0.87 (0.60, 1.26) 0.45

 TAR RNA/Long LTR DNA 20 0.80 (0.37, 1.73) 0.56

 Long LTR RNA/Long LTR DNA 20 0.36 (0.15, 0.86) 0.021

 Nef RNA/Long LTR DNA 20 0.35 (0.11, 1.13) 0.080

 PolyA RNA/Long LTR DNA 20 0.56 (0.23, 1.36) 0.20

 Tat-Rev RNA/Long LTR DNA 20 0.07 (0.00, 3.08) 0.17

a
Fold-change in HIV copies or fold-change in HIV RNA/DNA ratio per 2-fold increase in tissue:inhibitory concentration ratio (TIC) with 95% 

confidence intervals.

b
Estimates for copies of tat-rev were unstable, because the majority of values were zero (75%ile = 0 copies, mean 0.63 copies, and standard 

deviation = 1.4 copies).
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Table 3.

Negative binomial regression estimates of antiretroviral therapy (ART) regimen (protease inhibitor [PI] versus 

integrase inhibitor [INI]) on copies HIV transcripts (per million rectal cells) (A) and on HIV RNA/DNA ratios 

(B).

A) HIV Transcripts PI (N) INI (N) Fold-Change for PI vs. INI
a P

 Readthrough RNA 14 4 3.02 (1.06, 8.56) 0.038
b

 TAR RNA 14 6 5.40 (1.78, 16.36) 0.0029

 Long LTR RNA 14 6 4.55 (0.98, 21.14) 0.053

 Nef RNA 14 6 6.92 (1.06, 45.17) 0.043

 PolyA RNA 14 6 2.70 (0.32, 22.53) 0.36

 Tat-Rev RNA
c 14 6 -- --

 Long LTR DNA 22 16 1.40 (0.73, 2.70) 0.31

B) HIV RNA/DNA Ratios N Fold-Change for PI vs. INI
a P

 Readthrough RNA/Long LTR DNA 14 4 1.32 (0.58, 3.03) 0.51

 TAR RNA/ Long LTR DNA 14 6 3.76 (0.95, 14.91) 0.060

 Long LTR RNA LTR/Long LTR DNA 14 6 4.04 (0.93, 17.54) 0.063

 Nef RNA/Long LTR DNA 14 6 5.00 (0.96, 24.93) 0.055

 PolyA RNA/Long LTR DNA 14 6 1.81 (0.41, 7.89) 0.43

 Tat-Rev RNA/Long LTR DNA
c 14 6 -- --

a
Fold-change in HIV copies or HIV RNA/DNA ratio for PI- vs. INI-based ART with 95% confidence intervals.

b
Estimates for readthrough RNA are based on <5 samples in the INI group and should thus be interpreted with caution.

c
Estimates for copies of tat-rev did not converge; the majority of values were zero (75%ile = 0 copies, mean 0.63 copies, and standard deviation = 

1.4 copies)
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