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M Check for updates

Dual antiretroviral therapy with dolutegravir and lamivudine (DTG/3TC) is a
recommended first-line regimen for people with HIV, but whether reduced-
drug therapy maintains adequate antiviral pressure within lymph node (LN)
reservoirs remains uncertain. In the DUALITY clinical trial (EudraCT number
2019-002733-10), the prespecified primary endpoint—change in proviral HIV-1
DNA in peripheral blood CD4 + T cells from baseline to week 48—was similar
between participants initiating DTG/3TC or dolutegravir-based triple therapy.
Here, we investigated prespecified secondary endpoints comprising viral
persistence and antiretroviral drug penetration and distribution in LN using
multimodal imaging. In 39 participants undergoing inguinal LN excision at
baseline or during the first year of treatment, HIV-1 DNA and RNA were
detected by DNAscope/RNAscope and antiretroviral spatial distribution was
mapped by mass spectrometry imaging. HIV-1-infected cells declined rapidly
after treatment initiation across both treatment groups. Antiretrovirals were
widely detected within LN tissue regions containing or adjacent to HIV-positive
cells. These findings provide spatial evidence that DTG/3TC reaches LN tissue
and HIV-positive cells, extending peripheral blood observations to a key ana-
tomical HIV reservoir.

Dual antiretroviral therapy (ART) with dolutegravir and lamivudine
(DTG/3TC) has demonstrated durable virologic suppression, favorable
safety, and long-term effectiveness comparable to three-drug regi-
mens in both clinical trials and real-world settings'>. On the basis of
this evidence, DTG/3TC is now recommended as a preferred first-line
ART option*. Despite its clinical success, questions remain regarding

the biological adequacy of dual therapy with DTG/3TC in anatomical
compartments that harbor persistent HIV reservoirs.

The DUALITY clinical trial compared HIV-1 reservoir dynamics in
ART-naive people with HIV (PWH)initiating first-line ART with DTG/
3TC (2DR) or a three-drug regimen consisting of dolutegravir plus
emtricitabine/tenofovir alafenamide (DTG+FTC/TAF; 3DR). In
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Table 1| HIV-1 DNA- and RNA-positive cells in lymph nodes during the study

VvDNA+ cells/10° cells VRNA+ cells/10° cells
DTG +3TC DTG +FTC/TAF DTG+ 3TC DTG +FTC/TAF
N Median N Median N Median N Median
(nBLQ)  (min-max) (nBLQ)  (min-max) (nBLQ) (min-max) (nBLQ)  (min-max)
Baseline (BL) 4 (0) 2.29 4 (0) 8.51 4 (0) 6.01 4 (0) 15.72
(0.80-4.14) (0.51-36.86) (1.37-13.03) (0.62-38.41)
Week 2 4 (0) 0.43 4 (0) 2.39 4 (0) 1.07 4(1) 0.61
(0.32-2.48) (0.44-5.36) (0.43-1.51) (0.01-2.38)
Week 4 4(0) 0.75 4 (0) 0.47 4(1) 0.64 4(2) 0.07
(0.26-1.48) (0.15-1.27) (BLQ-0.95) (BLQ-0.19)
Week 12 4 (0) 0.29 3(2) BLQ 4(2) 0.05 3(2) BLQ
(0.10-0.82) (BLQ-0.83) (BLQ-0.14) (BLQ-0.12)
Week 48 3(0) 0.33 4 (0) 0.45 3(1) 0.28 4 (3) BLQ
(0.14-0.59) (0.20-1.83) (BLQ-1.46) (BLQ-1.10)
Ratio week48/BL? 0.158 (0.036-0.416) 0.049 (0.002-0.532) 0.055 (0.007-0.692) 0.001 (< 0.01-0.009)

DTG dolutegravir, 3TC lamivudine, FTC emtricitabine, TAF tenofovir alafenamide, BLQ below lower limit of quantification.

“Expressed as median (95% ClI).

addition to comparable plasma viral suppression, the study demon-
strated similar reductions in peripheral blood markers of HIV-1 reser-
voir, including total and intact HIV-1 DNA, cell-associated HIV-1 RNA,
and the inducible reservoir’. However, peripheral blood measure-
ments may not capture viral persistence within lymphoid tissues,
particularly lymph nodes (LN), which are major contributors to the HIV
reservoir®’.

Lymph nodes present structural and biological barriers to anti-
retroviral drug delivery. Their complex architecture, fibrosis, and
heterogeneous microenvironment can limit drug penetration and
create gradients in antiretroviral exposure® . These features raise the
possibility that reduced drug pressure under dual therapy with DTG/
3TC could permit ongoing viral persistence in this sanctuary site, even
when systemic viral suppression is achieved>”. Traditional approa-
ches used to quantify viral burden or drug concentrations in lymphoid
tissue, such as bulk PCR or liquid chromatography-mass spectrometry
(LC-MS/MS), provide limited spatial information into these processes
and therefore cannot resolve the relationship between infected cells,
antiretroviral exposure, and tissue structure.

Recent advances in imaging technologies enable spatially
resolved analysis of viral persistence and drug distribution within
complex tissues. In situ hybridization (ISH), immunohistochemistry
(IHC), and mass spectrometry imaging (MSI) allow visualization of
infected cells and antiretroviral drugs within intact lymphoid
architecture®". Here, we applied a multimodal imaging strategy to
characterize HIV persistence and antiretroviral drug distribution in LN
during the first year of ART initiation in participants enrolled in the
DUALITY clinical trial. By integrating in situ detection of viral nucleic
acids with spatial mapping of antiretroviral drugs, we investigated
tissue penetration and the spatial distribution of DTG/3TC within LN,
while comparing LN reservoir dynamics between dual and triple
therapy.

Here, we show that HIV-1 DNA- and RNA-positive cells in LN
decline rapidly after initiation of either DTG/3TC or dolutegravir-based
triple therapy and that DTG and 3TC are detectable within LN regions
containing or adjacent to HIV-positive cells. By integrating in situ
detection of viral nucleic acids with pharmacokinetic measurements
and spatial drug mapping, we characterize antiretroviral penetration
and HIV persistence within intact lymphoid tissue. These findings
provide tissue-level evidence that DTG/3TC distributes within a key
anatomical site of HIV persistence.

Results

Study population and safety

Forty participants in the DUALITY trial initially consented to undergo a
single ultrasound-guided inguinal LN excision during the study. Biopsy
timepoints were randomly assigned within each study arm, at baseline
(pre-ART) or at weeks 2, 4, 12 or 48 after ART initiation, with four
participants representing each arm per timepoint. One participant
from the 2DR group declined the procedure and was not replaced;
therefore, 39 participants were included in the final analysis. Baseline
characteristics are summarized in Supplementary Table 1. The study
population consisted of young men, with a median (IQR) plasma viral
load of 23,828 (4921-50,045) copies/mL and CD4 + T cell count of 460
(364-568) cells/mm?3 at study entry.

No severe complications were observed following LN excision.
Mild seroma formation occurred in eight participants (20.5%), with the
highest incidence observed early in the study (28.6%). This prompted a
procedural review and implementation of a 48h post-biopsy com-
pressive bandage, and following this modification, seroma incidence
declined to 11.1%.

HIV-1 DNA and RNA dynamics in lymph node

In situ hybridization analysis (ISH) of viral DNA (vDNA) and RNA
(VRNA) was performed on subjacent LN sections using an adaptation of
previously reported RNAscope protocols™'. Before ART initiation,
HIV-1 DNA-positive (VDNA +) and RNA-positive (VRNA +) cells were
detectable in all evaluable LN samples (Table 1). Baseline vDNA+ and
VRNA+ cell counts were numerically higher in the 3DR group than in
the 2DR group. At baseline, median (range) vDNA and VRNA levels
were 2.29 (0.80-4.14) and 6.01 (0.62-38.41) positive cells/10° cells in
the 2DR group, and 8.51 (0.51-36.86) and 15.72 (0.62-38.41) positive
cells/105 cells in the 3DR group.

Following ART initiation both VDNA+ and vRNA+ cells in LN
declined rapidly in both treatment groups (Fig. 1). Despite the
numerically higher baseline values in the 3DR group, both regimens
were associated with substantial reductions in LN vDNA+ and VRNA+
cells by week 48. The median fold change from baseline (95%Cl) in
vDNA+ cells was 0.158 (0.036-0.416) in the 2DR group and 0.055
(0.007-0.692) in the 3DR group. Corresponding fold changes in VRNA
+ cells were 0.049 (0.002-0.532) and 0.001 (<0.001-0.009),
respectively (Table 1).
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Fig. 1| HIV-1 DNA- and RNA-positive cells in lymph nodes following anti-
retroviral treatment initiation. A vDNA-positive cells and B VRNA-positive cells
according to treatment group and sampling timepoint. Each dot represents one
biologically independent participant sample, and lines represent medians. At
baseline and weeks 2 and 4, n = 4 participants per treatment group; at week 12, n =4
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in the 2DR group and n =3 in the 3DR group; and at week 48, n=3 and n=4,
respectively. One lymph-node biopsy was obtained from each participant. vDNA +,
HIV-1 DNA-positive; VRNA +, HIV-1 RNA-positive. Red indicates the two-drug regi-
men (2DR), and blue indicates the three-drug regimen (3DR).

Levels of vDNA+ cells in LN correlated with total and intact HIV-1
DNA in peripheral blood CD4 +T cells measured at the same time-
points (Spearman’s p=0.55, p=0.0005; Spearman’s p=0.67,
p=0.0039, respectively; Fig. 2). Similarly, the level of LN vVRNA+ cells
also correlated with peripheral blood cell-associated HIV-1 RNA
(Spearman’s p=0.59, p=0.0221).

Quantitative analysis of antiretrovirals concentrations in plasma
and lymph node

Venous blood sampling was performed in parallel to LN excision, and
concentrations of antiretrovirals (tenofovir [TFV], FTC, 3TC, DTG) in
plasma and in LN tissue homogenates along with the intracellular
metabolites tenofovir diphosphate (TFVdp), emtricitabine tripho-
sphate (FTCtp), and lamivudine triphosphate (3TCtp) were quantified
using validated LC-MS/MS methods™"”'¢, Paired LN biopsies and
plasma samples were collected -24 h after dosing in 37 participants
(median 26.7 h, min-max 19.5-32.0 h). Two participants sampled ear-
lier post-dose were excluded from pharmacokinetic analyses, since
drug concentrations were not representative of trough
concentrations.

Antiretroviral concentrations in plasma and LN measured by LC-
MS/MS, including parent drugs and phosphorylated active metabolites
for nucleoside reverse transcriptase inhibitors (NRTI), are shown in
Table 2. Plasma concentrations were consistent with previous reported
24 h trough measurements®® %2, Median (range) LN-to-plasma tissue
penetration ratios (TPR) indicated preferential tissue accumulation of
TFV (4.34 [2.06-11.62]), FTC (1.58 [0.24-5.20]), and 3TC (1.46
[0.02-6.46]), but not DTG (0.18 [0.05-0.37]). Despite its lower pene-
tration ratio, DTG exhibited the highest absolute LN tissue con-
centrations (Table 2). Plasma and LN concentrations were strongly
correlated for DTG (Spearman’s p=0.819, p<0.0001), with weaker
correlations for NRTI (Table 2, Supplementary Fig. 1). Notably, the
tissue metabolite-to-parent ratio in LN was higher for 3TC (4.19
[0.58-9.16]) than for FTC (1.59 [0.57-5.73]) or TFV (1.58 [0.57-4.94]),
suggesting more efficient phosphorylation to the active metabolite of
3TC in LN tissue (Table 2).

Spatial distribution of antiretrovirals in lymph node and colo-
calization with HIV-1 DNA- and RNA-positive cells

Spatial distribution of antiretrovirals within LN was assessed by Infra-
red Matrix-Assisted Laser Desorption Electrospray lonization (IR-
MALDESI) Mass Spectrometry Imaging (MSI)*"*, In MSI datasets, each
measurement corresponds to a voxel (volumetric pixel), representing
the three-dimensional tissue volume sampled by a single laser ablation

event. Although LC-MS/MS confirmed the presence of TFV in LN
samples, TFV concentrations measured by MSI were below the lower
limit of quantitation (LLOQ) and were therefore not detectable by this
method. As a result, spatial analyses of antiretroviral distribution and
colocalization with vDNA+ or VRNA+ cells focused on participants
allocated to the 2DR group. Notably, because MSI LLOQ exceeded the
reported in vitro IC90 values for both DTG and 3TC"?*%, all locations
in which DTG or 3TC were detected contained drug concentrations
above these reference values.

DTG and 3TC were consistently detectable in LN tissue by MSI.
Figure 3 displays representative spatial maps of DTG and 3TC for ID
295007 (2DR), collected at the week 2 timepoint. Total antiretroviral
distributions are shown relative to CD20 expression of the LN B-cell
follicles, from which it is evident that primary drug accumulation
occurs within the extra-follicular T-cell zone or medulla. Drug dis-
tribution within LN tissue was heterogeneous, with median (range)
relative standard deviations of 60% (36-77) for DTG and 43% (30-80)
for 3TC. The proportion (median [range]) of LN tissue covered by at
least one detectable antiretroviral was 65.3% (11.5-81.8), driven pri-
marily by DTG (58.8% [1.1-79.9]). Notably, 32.0% (3.2-64.0) of LN tissue
area was covered by combined detectable DTG and 3TC (Fig. 4A).

DTG and 3TC distributions were coregistered with vDNA+ and
VRNA+ cells to assess their spatial relationship. This was done
according to three different approaches (Fig. 4B): i) as the proportion
of VDNA+ or VRNA+ cells with direct colocalization of drugs at the
same voxel; ii) as the proportion of all neighboring voxels with
detectable drug; and, iii) as the proportion of vVDNA+ or VRNA+ cells
with detectable drugs at any neighboring voxels. Representative
colocalization between DTG and 3TC and vDNA+ and vVRNA+ cells for
ID 295007 at week 2 can be seen in Fig. 3, where antiretroviral dis-
tributions have been isolated in regions containing vVDNA+ or VRNA+
cells and their nearest neighboring voxels to assess the spatial proxi-
mity of detectable drug signal. Colocalization results for DTG/3TC are
summarized in Fig. 4C, D. Direct colocalization of DTG or 3TC with HIV-
linfected cells occurred in a median (range) of 45% (0 - 100) of vDNA+
cells and 50% (O - 100) of vRNA+ cells, and, as with total tissue cover-
age, this was largely driven by DTG. When considering the proportion
of sampling locations adjacent to infected cells with detectable anti-
retroviral drug, colocalization percentages were 60% (11-100) for
VDNA+ cells and 44% (0-72) for vRNA+ cells. Notably, 100% (50-100)
of VDNA+ cells and 100% (0-100) of VRNA+ cells had at least one
neighboring voxel containing DTG or 3TC.
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Fig. 2| Correlations between HIV-1reservoir measurements in peripheral blood
CD4 +T cells and in lymph nodes. A Total HIV-1 DNA (n = 36 participants), B Intact
HIV-1 DNA (n =17 participants), C Cell-associated HIV-1 RNA (n =15 participants).
Associations were assessed using two-sided Spearman rank correlation tests.
Spearman’s p and exact p values are shown. No adjustment for multiple
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comparisons was applied because the analyses were exploratory. Each point
represents paired measurements from one biologically independent participant.
VDNA +, HIV-1 DNA-positive; VRNA +, HIV-1 RNA-positive; ca-RNA, cell-associated
HIV-1 RNA; TBP, TATA-binding protein. Colours indicate the sampling timepoint, as
defined in the figure.

Collagen deposition and antiretroviral drugs penetration in
lymph node

Collagen deposition was measured in LN by IHC, as a marker of LN
fibrosis. Overall, collagen I occupied a median (range) of 9% (2-19) of
LN tissue area and did not show consistent temporal changes following
ART initiation in either treatment group. Collagen deposition was not
associated with clinical parameters or peripheral blood reservoir
measures (Supplementary Fig. 2).

Representative colocalization of collagen 1 and DTG or 3TC can be
seen in Fig. 3. Quantitative imaging analysis from individuals allocated
to the 2DR group found that colocalization between antiretrovirals and
collagen (median [range] of 49% [9-77]) was lower than the total
antiretroviral tissue coverage and that the majority of collagen colo-
calization occurred with DTG (45% [1-76]). Notably, greater collagen
deposition in the LN was associated with lower DTG LN-to-plasma
ratios, reduced tissue concentrations of DTG, and diminished anti-
retroviral coverage of LN tissue and HIV-infected cells (Supplementary
Fig. 3), although these relationships did not reach statistical
significance.

Discussion

In this sub-study of the DUALITY clinical trial, we provide an integrated
spatial assessment of HIV-1 persistence and antiretroviral drug pene-
tration in human LN during initiation of first-line ART with DTG/3TC.
Using a multimodal approach combining ISH, MSI, and tissue phar-
macokinetics, we show that HIV-infected cells within LN decline rapidly
after ART initiation following either DTG/3TC or DTG-based triple-

drug therapy. These findings extend our prior observations in per-
ipheral blood and provide direct tissue-level evidence addressing
concerns that dual ART with DTG/3TC may exert insufficient antiviral
pressure within anatomical reservoir sites.

The rapid decline in VRNA+ and vDNA+ cells observed in LN
mirrored the early reductions detected in peripheral CD4 + T cells’?,
consistent with potent antiviral activity across compartments enriched
for long-lived infected cells. As described in prior HIV and SIV
studies®®*, vVRNA declined more rapidly than vDNA, consistent with
preferential clearance of transcriptionally active infected cells. By week
48, both regimens were associated with substantial declines in LN HIV-
1 DNA and RNA, consistent with our previous observations in periph-
eral blood, and reservoir levels in LN were of a similar order of mag-
nitude in both treatment arms. Notably, although fold-change
estimates showed marked reductions in both groups, the numerically
larger reductions observed in the 3DR arm should be interpreted
cautiously given the baseline differences between treatment arms and
the very limited sample size. Consequently, this exploratory substudy
was not designed to establish superiority or equivalence between
regimens. Nevertheless, our findings suggest that DTG/3TC provides
sufficient drug pressure to limit viral persistence in lymphoid tissues.

Our findings also have implications for the use of LN biopsies to
study HIV reservoir dynamics. Lymph node sampling is an invasive
procedure that requires surgical expertise and may be associated with
complications such as seroma formation, bleeding, or infection. In this
study, measures of HIV-1 persistence in LN correlated with corre-
sponding determinations in peripheral blood CD4 +T cells, including
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Table 2 | Antiretroviral drug concentrations in plasma and lymph nodes, measured by LC-MS/MS

N Plasma Lymph Node LN/ LN:Plasma LN Metabolite/ LN Metabolite: Reference
Plasma Ratio Correlation Parent Ratio Parent drug value
Correlation
ng/mL Hg/g fmol/ Spearman’s p, Spearman’s p,
10° cells (p-value) (p-value)
DTG 29 1290 0.261 0.18 0.819 64*%
(620-3240) (0.072-0.739) (0.05-0.37) (<0.0001)
3TC 14 471 0.078 1.46 -0.08,
(31.1-88.9) (0.001-0.286) (0.02-6.46) (0.782)
3TCtp 0.839 527 419 0.688 564**2425
(0.008-1.886)  (5-1251) (0.58-9.16) (0.013)
FTC 15 58.7 0.114 1.58 0.278
(40.0-150.0)  (0.012-0.368) (0.24-5.20) (0.336)
FTCtp 0.342 258 159 0.366 338**3¢
(0.026-1.652) (15-990) (0.57-5.73) (0.198)
TFV 15 9.8 0.044 4.34 0.277
(4.4-14.2) (0.022-0.108) (2.06-11.62) (0.340)
TFVdp 0.145 104 1.58 0.516 5x#x38
(0.049-0.550)  (35-395) (0.57-4.94) (0.059)

Associations were assessed using two-sided Spearman rank correlation tests. No adjustment for multiple comparisons was applied because the analyses were exploratory. Correlation coefficients
are reported as Spearman’s p with exact p values. N represents the number of biologically independent participants included in each analysis.

Data are expressed as median (min-max); *IC90 (ng/mL); **IC50 (fmol/10° cells); ***EC50 (fmol/10° cells).

LN lymph node, DTG dolutegravir, 3TC lamivudine, 3TCtp lamivudine triphosphate, FTC emtricitabine, FTCtp emtricitabine triphosphate, TFV tenofovir, TFVdp tenofovir diphosphate.

CD20+
B cells

vDNA+
cells
17 caDNA+ cells
VRNA+
cells
11 caBNA+ cells
Collagen

Fig. 3 | Representative spatial colocalization of HIV-1 vDNA- and vRNA-positive
cells with antiretroviral drugs in lymph nodes (ID 295007, week 2). Repre-

sentative spatial maps from participant ID 295007 at week 2 show CD20 + B cells,
VDNA+ cells, VRNA+ cells and collagen I alongside the corresponding distributions

Overlay

of 3TC, DTG and their overlay. In the overlay, green indicates 3TC, red indicates
DTG and yellow indicates detection of both drugs. Scale bar, 1 mm; the same scale
applies to all panels.vDNA +, HIV-1 DNA-positive; VRNA +, HIV-1 RNA-positive; DTG,
dolutegravir; 3TC, lamivudine.
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Fig. 4 | Lymph node antiretroviral distribution and spatial proximity to HIV-1-
positive cells. A Antiretroviral coverage of lymph node tissue. B Approaches used
to assess the spatial distribution of antiretroviral drugs relative to HIV-1-positive
cells. Colocalization of antiretroviral drugs with vDNA-positive (C) and VRNA-
positive (D) cells in participants allocated to the 2DR group. Each dot represents
one participant and lines indicate medians. Data were derived from biologically
independent lymph-node samples, with one biopsy obtained from each

participant. In (A), n =14 participants with evaluable mass spectrometry imaging
data; in (C), n =14 participants with evaluable vDNA+ cells; and in (D), n=11 parti-
cipants with evaluable vRNA+ cells. No technical replicates are presented as inde-
pendent observations. Green indicates 3TC, blue indicates DTG and purple
indicates either DTG or 3TC. ARV, antiretroviral; vDNA +, HIV-1 DNA-positive;
VRNA +, HIV-1 RNA-positive; DTG, dolutegravir; 3TC, lamivudine.

total and intact HIV-1 DNA and cell-associated HIV-1 RNA. These
observations suggest that peripheral blood measurements may partly
reflect reservoir dynamics occurring within lymphoid tissues.
Although LN remain a key anatomical site of HIV persistence and
provide spatial insights that cannot be captured in blood, our results
indicate that blood-based reservoir measurements may provide a
useful surrogate for assessing global reservoir dynamics in clinical
studies.

The biological adequacy of DTG/3TC within LN is further sup-
ported by our pharmacokinetic analyses. LC-MS/MS of LN tissue
homogenates, reflecting an average concentration within each sample,
confirmed that all drugs and their active metabolites reached the LN
compartment at concentrations generally near or exceeding reported
in vitro inhibitory reference values'®”**, with DTG achieving the
highest absolute concentrations despite lower LN-to-plasma ratios,
likely reflecting its high degree of plasma protein binding. Consistent
with previous work®", MSI revealed substantial spatial heterogeneity in
the distribution of DTG and 3TC within cross-sections of LN tissue,
indicating the presence of local gradients in total drug exposure.
Nevertheless, DTG was present in approximately 60% of LN tissue, with
combined DTG and 3TC coverage in one-third of the tissue area.
Consistent with its higher lipophilicity, DTG was the primary driver of
tissue and target-cell exposure.

Importantly, despite heterogeneous drug distribution, nearly all
infected cells were located within regions containing detectable anti-
retroviral signal corresponding to parent drug concentrations above
the reported in vitro IC90 values in their immediate microenviron-
ment. Although direct colocalization occurred in only 40-60% of
infected cells, almost all vDNA+ and VRNA+ cells had at least one

neighboring voxel containing DTG or 3TC. While rapid degradation of
phosphorylated metabolites in thawed tissue sections precludes their
measurement by MSI, it is anticipated that spatial distribution of 3TCtp
may be similar to that of 3TC. Given that CD4 + T cells are highly motile
in LN, infected cells are likely migrating in and out of regions of high
ARV exposure. These spatial findings indicate that DTG/3TC were
detectable within regions containing HIV-infected cells, supporting
biologically plausible antiviral exposure within lymphoid tissue. How-
ever, the present study was not designed to determine the contribu-
tion of individual drugs or establish a causal relationship between local
drug distribution and reservoir decay. Compared with prior MSI stu-
dies in non-human primates using 4-drug ART regimens”", our results
show that DTG/3TC achieves equal or greater proximity to infected
cells, likely reflecting favorable physicochemical properties and pre-
ferential distribution within extra-follicular T-cell zones, where most
HIV-infected cells reside.

We also evaluated collagen I expression as a marker of LN
fibrosis®**. Overall, collagen deposition was modest, stable over time,
and comparable across participants. While no correlation was
observed between collagen content and NRTI tissue concentrations,
greater collagen deposition tended to correlate with lower DTG
penetration and diminished ARV coverage of infected cells. Although
these relationships did not reach statistical significance, likely reflect-
ing limited sample size, their directionality is consistent with the
hypothesis that fibrosis may restrict diffusion of certain antiretroviral
drugs within lymphoid tissue.

This study is strengthened by its integrated, multimodal imaging
approach, which enables simultaneous assessment of viral persistence,
drug exposure, and tissue architecture within human LN during ART
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initiation. The collection of LN samples at multiple early timepoints
enables characterization of reservoir decay at the tissue level. These
data are relevant given the prevalence of infected cells within the LN
and its potential role as a conduit for rapid viral rebound following
treatment interruption. Therefore, these findings have implications
not only for ART durability but also for strategies targeting tissue
reservoirs in HIV remission and cure research. This study longitudinally
integrates spatial antiretroviral drug imaging with measurements of
the HIV reservoir in human LN during the first year of ART, thereby
extending previous observations derived from peripheral blood
analyses.

Several limitations should also be considered. First, each partici-
pant contributed a single LN biopsy, preventing longitudinal within-
subject analysis and limiting the ability to account for inter-individual
variability. Second, the relatively small sample size restricted the
power to evaluate correlations. Although the number of participants
per time point was limited, this sampling design reflects the ethical and
logistical constraints of LN excision studies in humans. Despite modest
sample size, the consistency across virologic, pharmacokinetic, and
spatial analyses supports the robustness of our findings. Finally, MSI
lacked sensitivity for TFV, limiting spatial analyses in the 3DR arm. The
volume of material probed by IR-MALDESI at each sampling location
across a tissue section is inherently much smaller than an LC-MS/MS
tissue homogenate to preserve discrete spatial information, and there
is a commensurate difference in analyte sensitivity. Because TFV con-
centrations were below the MSI LLOQ, the complete spatial distribu-
tion of the triple-drug regimen could not be reconstructed.
Consequently, direct spatial comparison between the complete dual-
and triple-drug regimens was not possible. Accordingly, spatial ana-
lyses were restricted to the 2DR arm, as comparison with DTG/FTC
alone would not represent the complete 3DR regimen and could
therefore mislead interpretation.

In conclusion, this study provides direct human tissue-level evi-
dence that dual ART with DTG/3TC achieves antiretroviral exposure
within LN and is associated with a rapid decline in HIV-infected cells
during the first year of therapy. While the clinical efficacy of DTG/3TC
has been established in randomized clinical trials, these findings
extend previous peripheral blood observations by linking pharmaco-
kinetic and virological measurements within lymphoid tissue. Toge-
ther, these results provide biological evidence of antiviral activity,
antiretroviral distribution, and HIV reservoir decline within a key ana-
tomical site of viral persistence, complementing the established clin-
ical efficacy of DTG/3TC.

Methods

Study design and objectives

DUALITY was a randomized, open-label clinical trial conducted in 44
ART-naive PWH at the Infectious Diseases Department of Hospital
Universitari Germans Trias i Pujol (Badalona, Spain). Participants were
randomized (1:1) to initiate first-line ART with once-daily dolutegravir
(DTG) 50 mg plus lamivudine (3TC) 300 mg (2DR group) or DTG 50 mg
plus emtricitabine/tenofovir alafenamide 200/25 mg (DTG + FTC/TAF;
3DR group) and were followed for 48 weeks. Randomization was
stratified according to whether the estimated time since HIV acquisi-
tion was <3 or >3 months and whether screening plasma HIV-1 RNA was
<100,000 or =100,000 copies/mL. The prespecified primary endpoint
was the change in proviral HIV-1 DNA in peripheral blood CD4 + T cells
from baseline to week 48 and has been reported previously’. The
prespecified secondary endpoints evaluated in this substudy were HIV-
1reservoir dynamics within peripheral LN during the first year of ART,
and antiretroviral pharmacokinetics and spatial drug distribution in
relation to viral expression within LN tissue.

Lymph node and blood sampling

For these objectives, 40 participants in the DUALITY study (20 per
treatment arm) were invited to undergo a single inguinal LN excision
during follow-up. Biopsy timepoints were randomly assigned within
each arm at baseline (pre-ART) or at weeks 2, 4, 12 or 48 after ART
initiation, with four participants per arm per timepoint. Venous blood
sampling was performed in parallel to LN excision, ~24 h after dosing.
LNs were identified by ultrasound, and biopsies were conducted by
experienced surgeons under local anesthesia using standard sterile
techniques. A single LN was removed through a 1-2 cm skin incision,
snap-frozen, and stored at —-80 °C together with plasma samples until
analysis.

Tissue sectioning

Each flash-frozen LN sample was adhered to a specimen disc with
O.C.T. (Tissue-Tek; Sakura Finetek, Inc., Torrance, CA) and sectioned at
—-20 °C using a Leica CM1950 cryomicrotome (Leica Biosystems, Buf-
falo Grove, IL). Subjacent LN sections (10 pum) from each sample were
thaw-mounted onto positively charged glass slides (IHC and ISH;
n=10) or plain glass slides (IR-MALDESI; n=3). LN tissue from one
participant (3DR, week 12) was damaged during cryosectioning and
excluded from HIV DNA and RNA imaging but retained for drug dis-
tribution analyses.

RNAscope/DNAscope ISH and multiplex IHC

ISH analysis of viral vVRNA and vDNA was performed on subjacent LN
sections using an adaptation of previously reported RNAscope
protocols™®. Specifically, frozen tissues mounted on slides were
thawed and dried at room temperature for 15 min and then dipped in
phosphate-buffered saline (PBS) for 10 s prior to fixation. Slides were
fixed by incubating in 4% paraformaldehyde (PFA) fixative (catalog
number 15714-S; Electron Microscopy Sciences) in PBS for 2 h at room
temperature followed by two 5 min incubations of 100% ethanol and
then two rinses of double-distilled water (ddH,0). Heat-induced epi-
tope retrieval was performed as follows: Slides were submerged in 1x
RNAscope Target Retrieval Reagent (catalog number 322000; ACD)
preheated to 97°C and then incubated and held at constant tem-
perature for 5min, and then immediately transferred to PBS. Slides
were then incubated in peroxidase blocking solution (3% H,0, diluted
in 1x PBS) for 10 min at room temperature, followed by a ddH,0 rinse.

Slides were incubated with clade specific target probes for HIV
RNA or HIV DNA (Catalog numbers 416101, 416111, 429841, 446551,
426341, 425531, 430171, 478191; ACD) for 2 h at 40 °C. Amplification
was performed using the RNAscope 2.5 red detection kit (catalog
number 322360; ACD) using 0.5x wash buffer (catalog number 310091;
ACD) for all washing steps. Slides were developed using Warp Red
(catalog number WR806; Biocare) for 2 min.

Slides were then stained at room temperature using mouse anti-
Collagen I (catalog number C2456; Sigma) (4.0 mg/mL) at 1:200 and
goat anti-CD20 (catalog number PA1-9024; Invitrogen) (0.5 mg/mL) at
1:200 overnight. The slides were then incubated with fluorescent
secondaries donkey anti-mouse-AF647 (catalog number A31571; Invi-
trogen) (2mg/mL) at 1:300 and donkey anti-goat-AF488 (catalog
number Al11055; Invitrogen) (2 mg/mL) at 1:200 for 1h. Slides were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (catalog
number D1306; Invitrogen) at a dilution of 0.5 ug/mL in ddH20 for
10 min and coverslipped using Prolong Gold antifade mounting med-
ium (catalog number P36930; ThermoFisher), and whole tissues were
imaged on an AxioScan.Z1 instrument (Zeiss) using a Plan Apochromat
20x objective (0.8 numerical aperture [NA], FWD = 0.55mm; Zeiss).
After fluorescent imaging, coverslips were removed and slides were
counterstained with CAT hematoxylin (catalog number CATHE-GL;
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Biocare), mounted in Permount (Catalog number SP15-100; Fisher
Scientific), and reimaged at 40x magnification on a brightfield Aperio
AT2 (Leica Biosystems).

Manual annotations were drawn to define tissue regions and
exclude areas of high artifact or morphological disruption from cryo-
sectioning. HIV-infected cells were detected using the Object Coloca-
lization v2.1.5 module within HALO image analysis software (v4.0;
Indica Labs) using a minimum size threshold of 4.0 um? for RNA
puncta and 0.5 pm? for DNA puncta. Cell segmentation was performed
using the Cytonuclear v1.6 module (v4.0; Indica Labs) to determine
cellular density. Annotation pins were placed on putative HIV-infected
cells based on anatomic localization and cell morphology. The fluor-
escent property of the Warp Red chromogen ensured that annotation
pin identifiers matched cell-to-cell between brightfield and fluorescent
images. Manual annotations based on CD20 staining were used to
delineate the positions of B-cell follicles.

LC-MS/MS and IR-MALDESI MSI analysis of antiretroviral drugs
Validated LC-MS/MS methods were used to quantify concentrations of
TFV, FTC, 3TC, DTG in plasma and in snap-frozen LN tissue homo-
genized following sectioning, as well as to quantify intracellular
metabolites TFVdp, FTCtp, and 3TCtp in LN homogenates'""%, TFV
was monitored in plasma and tissue rather than TAF due to its longer
half-life. Samples were extracted by protein precipitation with
isotopically-labeled internal standards. Extracts were analyzed by a
Shimadzu high-performance liquid chromatography system with
analyte detection by a SCIEX API 5000 mass spectrometer. The lower
limit of quantitation (LLOQ) in plasma was 1ng/mL for all anti-
retrovirals. The LLOQs in tissue homogenates were 0.1 ng/mL (TFV,
FTC, 3TC, and DTG) and 0.2ng/mL (TFVdp, FTCtp, 3TCtp). Sample
concentrations were converted to units of ng/g or fmol/g for final
reporting using the mass of tissue analyzed and the volume of the
homogenization solvent. Assay precision and accuracy were within
15%. IF cell counts associated with each sample were used as estimates
of tissue cell density for scaling intracellular metabolite concentrations
to units of fmol/10° cells for purposes of comparison to other studies.

Spatial distribution of antiretrovirals within LN was assessed by IR-
MALDESI MSI°***, The technique utilizes an infrared laser to volatilize
material from a focused region (a 100x100x10pm

3 voxel), which is subsequently ionized by an electrospray before
chemical analysis by a Thermo Fisher Scientific Q Exactive mass
spectrometer (Bremen, Germany). Antiretroviral quantification by IR-
MALDESI was determined by spotting calibration standards of known
drug concentration onto LN tissue collected from individuals at week O
prior to ART initiation. Intracellular metabolites could not be quanti-
fied by IR-MALDESI due to their degradation during sectioning™. Per-
voxel limits of detection were assessed based on the standard devia-
tion of each analyte from replicate measurements of drug concentra-
tions spotted onto blank tissue samples, and the slope of the
calibration curve, with a signal-to-noise ratio of 3. Estimated IR-
MALDESI LLOQs were 440 ng/g (TFV), 620 ng/g (FTC), 490 ng/g (3TC),
and 240 ng/g (DTG).

Image co-registration and colocalization analysis

Co-registration of MSI, ISH, and IHC images was performed in Matlab
R2024a. Imported IF image data was color thresholded to isolate
Collagen I staining, and then all image data and manual annotations of
cell-associated VRNA and vDNA were down-sampled to match the
spatial resolution of MSI data (pixel size: 100 x 100 pm) using the
Image Processing Toolbox as described elsewhere®*. All image
alignment was performed by manual selection of control points
common to paired images of IF CD20 expression and an MSI endo-
genous lipid upregulated in B-cell follicles”, followed by rigid

registration (Supplementary Fig. 4). Colocalization analysis was con-
strained to tissue regions where ISH and IHC staining was successful.
Spatial distributions of VRNA, vDNA, CD20, and collagen | were used to
create binary masks associated with each marker, and additional masks
of VRNA and vDNA were created that included all nearest-neighboring
voxels to each location of vRNA+ and vDNA+ cells. These masks were
applied to MSI antiretroviral distributions to isolate the exposure of
drug to each discrete target. To ensure that only drug exposure from
parenchymal tissue was evaluated, spatial MSI antiretroviral response
was corrected in regions there was colocalization with the blood
marker heme.

Statistical analysis

Given that LN biopsy is an invasive procedure, each participant con-
tributed a single LN biopsy; thus, data represent independent samples
at each timepoint. Given these sampling constraints, we employed a
naive pooled data analysis approach to describe changes in LN HIV-1
reservoir size over time. This approach allows comparison of dis-
tributions and trends across time points and treatment groups, under
the assumption that biopsies at each time point are independent
observations. Fold changes in HIV-1 DNA and RNA at week 48 relative
to baseline were calculated as ratios of medians with 95% confidence
intervals (95% Cl) derived by nonparametric bias-corrected and
accelerated (BCa) bootstrap resampling (1000 iterations). For ratio
calculations and graphical purposes, values below the LLOQ were set
at 0.01 copies/10° cells. Given the exploratory nature of this analysis
and the limited sample size, no formal hypothesis testing between 2DR
and 3DR arms was performed. Correlations between various HIV-1
reservoir measures and pharmacokinetic parameters in LN and per-
ipheral blood were assessed using Spearman’s rank correlation with
pooled data from all participants. All reported correlation tests were
two-sided, and no adjustment for multiple comparisons was applied
because the analyses were exploratory. The analysis was carried out
using R project version 4.5.2. For graphical representations, GraphPad
Prism version 11.0.0 was used.

Ethics statement

All participants provided written informed consent. The study was
approved by the institutional ethical review board (reference number
AC-19-073-HGT-CEIM) and by the Spanish Regulatory Authorities and
was conducted in accordance with the principles of the Helsinki
Declaration and local personal data protection law (LOPD 15/1999).
The study was registered at https://www.clinicaltrialsregister.eu
(EudraCT number 2019-002733-10).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Individual-level clinical, virological, pharmacokinetic and tissue-
imaging data are not publicly available because the small clinical
cohort creates a potential risk of participant reidentification. De-
identified data may be made available to qualified researchers for
scientifically and ethically appropriate research that is consistent with
the study objectives and applicable data-protection requirements.
Requests should be submitted to the corresponding author, and
should include a research proposal, analysis plan, requested variables
and information about the requesting investigators and institution.
Requests will be reviewed by the DUALITY study investigators and the
relevant institutional bodies. Access will require approval of the pro-
posal and execution of a data-use agreement that prohibits participant
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reidentification and unauthorized data sharing. The study protocol is
provided in the Supplementary Information.
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