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ABSTRACT Human immunodeficiency virus (HIV) persistence in tissue reservoirs is a
major barrier to HIV cure. While antiretrovirals (ARVs) suppress viral replication, anti-
retroviral therapy (ART) interruption results in rapid rebound viremia that may origi-
nate from lymphoid tissues. To understand the relationship between anatomic distri-
bution of ARV exposure and viral expression in lymph nodes, we performed mass
spectrometry imaging (MSI) of 6 ARVs, RNAscope in situ hybridization for viral RNA
(VRNA), and immunohistochemistry of collagen in mesenteric lymph nodes from 8
uninfected and 10 reverse transcriptase simian/human immunodeficiency virus (RT-
SHIV)-infected rhesus macaques dosed to steady state with combination ART.
MATLAB-based quantitative imaging analysis was used to evaluate spatial and phar-
macological relationships between these ARVs, viral RNA (both VRNA* cells and fol-
licular dendritic cell [FDC]-bound virions), and collagen deposition. Using MSI, 31%
of mesenteric lymph node tissue area was found to be not covered by any ARV.
Additionally, 28% of FDC-trapped virions and 21% of infected cells were not exposed
to any detected ARV. Of the 69% of tissue area that was covered by cumulative ART
exposure, nearly 100% of concentrations were greater than in vitro 50% inhibitory
concentration (ICs,) values; however, 52% of total tissue coverage was from only one
ARV, primarily maraviroc. Collagen covered ~35% of tissue area but did not influ-
ence ARV distribution heterogeneity. Our findings are consistent with our hypothesis
that ARV distribution, in addition to total-tissue drug concentration, must be consid-
ered when evaluating viral persistence in lymph nodes and other reservoir tissues.

KEYWORDS antiretroviral agents, drug distribution, human immunodeficiency virus,
mass spectrometry

ntiretroviral (ARV) therapy (ART) has been an effective treatment for human immu-
nodeficiency virus (HIV) for over 30years (1). Combination ART successfully sup-
presses plasma viral load (pVL), contributing to increased life expectancy and fewer
comorbidities for people living with HIV (2). However, despite ART’s success, there is
still no cure for HIV, which necessitates lifelong drug adherence to avoid the viral
rebound and subsequent immune sequelae that occur when ART is discontinued (3, 4).
One major barrier to HIV cure is the persistence of virus within the body’s tissues,
even during ART (5, 6). These anatomical reservoirs include tissues like the lymph
nodes, which contain large populations of HIV-targeted CD4* T cells (7-12). There are
several possible mechanisms of viral persistence within the lymph node during ART;
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some hypothesize that active, low-level HIV replication maintains the reservoir (13, 14),
while others contest that latently infected cells undergo clonal expansion and actively
produce virus only after treatment is discontinued (15, 16). Both mechanisms may be
influenced by ARV pharmacology in the lymph node; if ARVs are not proximate to
infected cells, or if drug concentrations are subtherapeutic, HIV persistence may occur.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) is the gold stand-
ard for measuring ARV concentrations in tissue, but due to different methods of tissue
processing before analysis, even LC-MS/MS can produce conflicting results for ARV
lymph node penetration. Our lab has previously measured ARV concentrations in ho-
mogenized lymph node tissue from nonhuman primates (NHPs) and humans and
found that lymph node concentrations ranged from 1- to 100-fold higher than plasma
concentrations (17). However, others analyzed ARV concentrations in isolated lymph
node mononuclear cells—a method which may underestimate ARV exposure due to
drug loss during cell isolation—and reported that ARV concentrations in these cells
were 66 to 100% lower than those in peripheral blood (18). In both studies, ARV pene-
tration was highly variable between tissue compartments, and the LC-MS/MS approach
did not account for the spatial distribution of drug in lymph nodes. To understand this
component of ARV pharmacology, novel quantitative mass spectrometry imaging
(MSI) methods have been used to reveal heterogeneous ARV distribution in other res-
ervoir tissues such as the ileum, rectum, brain, and axillary lymph nodes (19-24).

Many studies in NHPs and humans have shown that chronic immune activation and
inflammation caused by simian immunodeficiency virus (SIV) or HIV infection can lead
to extensive tissue fibrosis (8, 25-30), which may impair ARV distribution in the lymph
node. Immunohistochemistry (IHC) imaging of collagen deposition, combined with
MSI of ARVs, may help explain heterogeneous ARV distribution in tissue. Furthermore,
when MSI results are combined with RNAscope in situ hybridization (ISH) for viral RNA
distribution, the potential efficacy of ARVs in tissue may be elucidated.

In this study, we performed infrared matrix-assisted laser desorption electrospray
ionization (IR-MALDESI) MSI of 6 ARVs, RNAscope ISH of viral RNA, and IHC imaging of
collagen in mesenteric lymph nodes (MLNs) from uninfected NHPs and NHPs infected
with reverse transcriptase simian-human immunodeficiency virus (RT-SHIV). We utilized
quantitative imaging analysis methods to understand the spatial and pharmacological
relationships between these targets.

RESULTS

MSI analysis of ARVs. Representative images of ARV distribution are shown for RT-
SHIV* NHP 42966 in Fig. 1, reflecting FTMA dosing (see Materials and Methods). MLN
drug concentrations determined through quantitative MSI were generally well corre-
lated with those found by gold standard LC-MS/MS methods (Table 1). Across all 17
MLNs (NHP 40422 was excluded due to liver failure, as described in Materials and
Methods), the heme-corrected cumulative (full 4-drug regimen) ARV response covered
a median 69% (range, 5 to 98%) of MLN tissue area (Table 2). Excluding samples with
drug concentrations that were below the limit of quantitation (BLQ), nearly 100% of
the heme-corrected ARV response was at concentrations greater than in vitro 50% in-
hibitory concentration (ICs,) estimates (Table 2). Compared to raw ARV response, heme
correction did not significantly reduce cumulative drug coverage or individual drug
coverage for either regimen (Table 2), suggesting minimal blood contamination of the
tissues. ARV distribution was primarily localized to the medullary and paracortical
regions of the MLN tissue.

In evaluating ARV coverage in lymph node slices, a median of 52% of tissue area
was covered by one ARV in all 17 MLNs. However, in assessing colocalization of multi-
ple drugs, only 11% of tissue area in 16 MLNs were found to contain an overlap of 2
ARVs, 0.4% of tissue area in 11 MLNs contained an overlap of 3 ARVs, and only 1 MLN
had overlap of all 4 ARVs, covering 6.9% of tissue area (Fig. 2A). There was no effect of
RT-SHIV infection on cumulative regimen or individual drug coverage in MLNs
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Cholesterol

FIG 1 Representative intensity-scaled MSI images of the distribution of cholesterol (A), heme (B),
emtricitabine (FTC) (C), tenofovir (TFV) (D), maraviroc (MVC) (E), and atazanavir (ATV) (F) in RT-SHIV™"
NHP 42966. The percentage of MLN area covered by each target is indicated in each image. Brighter
colors (white and yellow) represent higher MSI signal intensity, while darker colors (black and red)
represent lower MSI signal intensity.

(P> 0.05). Cumulative coverage differed by drug regimen; the FTER regimen (see
Materials and Methods) resulted in less tissue area coverage than the FTMA regimen
(P=0.015 [Fig. 2B]). Efavirenz (EFV) and maraviroc (MVC) had the greatest contribution
to each regimen, accounting for 91% and 84% of each regimen’s measured tissue ex-
posure, respectively (Fig. 2B).

Quantitative imaging analysis of FDC-trapped virions and cell-associated viral
RNA and colocalization with ARVs. RT-SHIV follicular dendritic cell (FDC)-bound viri-
ons were identified in 4 of the 6 infected MLNs analyzed and accounted for a median
0.11% (range, 0 to 6%) of the analyzed tissue area. The median VRNA™* infected cell vi-
ral load (copies per square millimeter of tissue) was 106.4 (range, 27 to 171), which
accounted for 0.007% (0.002 to 0.014%) of the tissue area. Due to the short duration of
ART following 6 weeks of RT-SHIV infection, FDC-trapped virions were found within B
cell follicles (BCFs) as expected, while VRNA* infected cells were commonly present
within and just outside BCFs in the surrounding T cell paracortical zones. Quantitative
image analysis of virions and VRNA™ infected cell viral load (copies per square milli-

TABLE 1 Median (range) MLN drug concentrations quantified by LC-MS/MS and MSI

n LC-MS/MS concn MSI concn

Drug (n BLQ?) (ng/g of tissue) (ng/g of tissue) r P
FTC 17(11) 55(10-135) BLQ (BLQ-348) 0.24 0.35
TFV 17 (3) 1,477 (109-7,140) 520 (BLQ-2,741) 0.64 0.006
EFV 8(0) 157 (43-1,231)® 152 (15-2,457)® 0.62 0.11
RAL 8(7) 20 (11-62) BLQ (BLQ-71) 0.74 0.03
MVC 9(0) 4,792 (1,054-14,622) 7,439 (1,221-39,711) 0.75 0.02
ATV 9(3) 12 (1.7-784)° 50 (12-825)° 0.90 0.001

9BLQ, below limit of quantitation.
bProtein binding adjusted; Pearson correlation test.
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TABLE 2 MLN area covered by raw and heme-corrected drug response and heme-corrected drug response at concentrations greater than the

1Cs?
Median (range) % of MLN area covered by ARV Median (range) % of heme- 1C,, value

n corrected ARV area >IC,, (ng/g of 1C5,
Drug (n BLQ) Raw Heme corrected P (BLQs excluded) tissue) reference
FTC 17(11) 1.6 (0.09-11) 1.6 (0.07-11) NS 100 (95-100) 149 35
TFV 17 (3) 8.4(0.1-71) 7.8 (0.1-71) NS 97 (23-100) 2,303 34
EFV 8(0) 22 (5.2-77) 22 (4.9-76) NS 100 (100-100) 11.9° 41
RAL 8(7) 0.10 (0.03-0.42) 0.08 (0.03-0.42) NS 100 (100-100) 29 42
MvC 9(0) 79 (56-97) 79 (55-96) NS 100 (100-100) 2.2 43
ATV 9(3) 3.3(1.2-97) 3.2 (1-96) NS 100 (100-100) 16.6° 44
Cumulative 17 70 (5.8-99) 69 (5.4-98) NS

aMann-Whitney rank sum test. NS, not significant.
bProtein binding adjusted.

meter) in MLN tissue were compared to more traditional measurements (Table 3); our
estimates of virion viral load were confirmed by strong correlation to necropsy MLN vi-
ral load (r=0.99; P=0.012). Virion viral load was also strongly correlated with peak pVL
(r=0.99; P=0.006), while viral load based on only vVRNA™ infected cells was not signifi-
cantly correlated with other measures of viral burden (r < 0.66; P = 0.15) (Table 3).
Representative images of FDC-trapped virions and VRNA+ infected cell (cell-associ-
ated RNA [caRNA]) colocalization with ARVs are shown for NHP 42966 in Fig. 3 and 4,
respectively. Seventy-two percent (range, 11 to 100%) of virions and 79% (range, 13 to
81%) of caRNA colocalized with any ARV (Table 4). Once again, MVC had the largest
contribution to overall coverage, colocalizing with 69% (range, 68 to 83%) of virions
and 74% (range, 51 to 81%) of caRNA. We evaluated viral colocalization with inhibitory
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FIG 2 (A) Fraction of MLN area covered by some or all of the ARVs in the 4-drug regimen. The
median (range) percentage of coverage and the sample size are given for each number of ARVs. (B)
Median fraction of MLN coverage by each of the 4-drug regimens compared by Student’s t test. The
percent contribution of each ARV to the regimen’s cumulative coverage is also shown.
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TABLE 3 Pearson correlation between different measures of viral load in MLNs

Antimicrobial Agents and Chemotherapy

ART day 0 pVL MLN VL at necropsy Virion imaging caRNA imaging
Viral load measure n (copies/ml) (copies/10° cells) (copies/mm?) (copies/mm?)
Peak pVL 6 r=0.33; P=0.52 r=0.97; P=0.001 r=0.99; P=0.006 r=0.62; P=0.19
(copies/ml)
ART day 0 pVL 6 r=0.48; P=0.33 r=0.16; P=0.84 r=0.66; P=0.15
(copies/ml)
MLN VL at necropsy 6 r=0.99; P=0.012 r=0.60; P=0.21
(copies/10° cells)
Virion imaging 4 r=0.57; P=0.43

(copies/mm?)

ARV coverage—excluding samples with drug concentrations that were BLQ—and
found that 100% of the virus-colocalized drug response was at concentrations greater
than the in vitro IC;, estimates (Table 4).

Quantitative imaging analysis of collagen and colocalization with ARVs. Across
all 17 MLNs, collagen covered a median 35% (range, 8% to 68%) of tissue area, with
greater collagen in uninfected NHPs (48%) than RT-SHIV* animals (28%; P=0.01).
Representative images of collagen colocalization with ARVs are shown for NHP 42966
in Fig. 5. Based on morphological assessment, there were no apparent trends in the

virions & CD3 T cells virions & cumulative

virions & FTC virions covered by FTC: <ICs, >ICs,

virions & TFV virions covered by TFV: <ICs, >ICs

virions & MVC virions covered by MVC: <ICs,, >ICs,

virions & ATV

FIG 3 (A to F) Representative images of the colocalization between FDC-trapped virions (magenta)
and other targets (green) in RT-SHIV* NHP 42966: virions and CD3* T cells (A), virions and cumulative
FTMA (B), and virions and individual ARVs, with the percentage of colocalization indicated in each
image (C to F). (G to J) Images of only drug-covered virions, with the percentages below (magenta)
and above (green) the IC,, indicated in each image. BLQ, below the limit of quantitation.
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caRNA& CD3T cells caRNA & cumulative FTMA

caRNA& TFV caRNA covered by TFV: <ICs, >ICs

caRNA& MVC caRNA covered by MVC: <ICs, >ICs

caRNA& ATV caRNA covered by ATV: <ICs,

0% (BLQ)

FIG 4 (A to F) Representative images of the colocalization between caRNA (magenta) and other
targets (green) in RT-SHIV* NHP 42966: caRNA and CD3" T cells (A), caRNA and cumulative FTMA (B),
and caRNA and individual ARVs, with the percentage of colocalization indicated in each image (C to
F). (G to J) Images of only drug-covered caRNA, with the percentages below (magenta) and above
(green) the IC,, indicated in each image.

location of collagen relative to ARVs. Quantitative imaging analysis found that a me-
dian of 61% (range, 5.5 to 89%) of collagen was colocalized with ARVs (Table 5). The
majority of collagen colocalization was with EFV (19% [range, 4.9 to 66%]) and MVC
(73% [range, 45 to 88%)]), driven by the large contribution of these ARVs to each regi-
men’s tissue coverage.

Antimicrobial Agents and Chemotherapy

TABLE 4 Virions and caRNA area covered by any drug response and ARV-covered virus at concentrations greater than the IC,

FDC-trapped virions Cell-associated RNA

Median (range) %

Median (range)

Median (range) of ARV-covered Median (range) % % of ARV-covered

n % of virus area virus >I1C, n of virus area virus >I1C,
Drug (n BLQ) covered by ARV (BLQs excluded) (n BLQ) covered by ARV (BLQs excluded)
FTC 4(3) 0.34 (0-2.5) 100 (100-100) 6(3) 0(0-3.1) 0(0-0)
TFV 4(2) 8.3 (0-19) 100 (100-100) 6(2) 8.6 (0-29) 100 (100-100)
EFV 1(0) 10 100 (100-100) 1(0) 13 (13-13) 100 (100-100)
RAL 1(1) 0.4 1(1) 0.7 (0.7-0.7)
MvC 3(0) 69 (68-83) 100 (100-100) 5(0) 74 (51-81) 100 (100-100)
ATV 3(2) 2.6 (0-17) 100 (100-100) 5(2) 2.0 (0-32) 100 (0-100)
Cumulative 4 72 (11-100) 6 79 (13-81)
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Downsampled collagen

FIG 5 Representative images of the distribution of downsampled collagen (A), coregistered collagen
(blue) and cholesterol (green) (B), and collagen and cumulative FTMA regimen coverage (C) in RT-
SHIV* NHP 42966. The percentage of MLN area covered by collagen is indicated in panel A, and the
percentage of overlap between collagen and FTMA is indicated in panel C.

DISCUSSION

This study assessed the spatial relationships of ARVs, collagen, and RT-SHIV RNA in
the MLNs of NHPs using multiple quantitative imaging modalities. As with previous
investigations (19, 20, 23, 24), we found heterogeneous drug distribution throughout
this lymphoid tissue, with 31% of MLN area uncovered by any ARV. However, of the tis-
sue covered by quantifiable drug, almost 100% of this coverage was above IC;, esti-
mates. We assessed the colocalization of viral RNA with ARVs and found that 79% of
caRNA and 72% of FDC-trapped virions were exposed to drug—though this was pri-

TABLE 5 Collagen area covered by drug response

Median (range) % of

Drug n collagen area covered by ARV
FTC 17 0.99 (0.03-10)

TFV 17 7.1 (0.09-60)

EFV 8 19 (4.9-66)

RAL 8 0.10 (0.04-0.36)

MVC 9 73 (45-88)

ATV 9 2.6 (0.99-79)

Cumulative 17 61 (5.5-89)
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marily just MVC—and again, 100% of quantifiable drug concentrations that colocalized
with virus exceeded ICs, estimates. Drug heterogeneity did not appear to be caused by
fibrosis, as collagen represented a median of 35% of tissue area, and there was 61%
overlap between collagen and drug.

Out of 17 animals, only in 1 NHP could we demonstrate any tissue overlap of all 4
drugs, which covered 6.9% of the tissue area. We found that 69% of MLN tissue area is
covered by cumulative ARV exposure and 52% of that coverage is from one drug
alone, primarily EFV or MVC. Ongoing MSI analysis of axillary lymph nodes from these
NHPs also found the greatest drug response from EFV and MVC (24). Interestingly,
there was no significant difference in FTMA regimen coverage between MLNs (82%)
and axillary lymph nodes (74%), but MVC concentrations were 2.5- to 4-fold higher in
MLNs (see Fig. S1 in the supplemental material), demonstrating that drug concentra-
tions are not necessarily correlated with extent of drug distribution in tissue. High MVC
concentrations in MLNs may be a result of physicochemical properties that favor lym-
phatic absorption following oral dosing (31-36). After crossing into the enterocyte,
soluble drugs with logP values greater than 5 (Table S2) are more likely to be incorpo-
rated into lipoproteins and transported out of the enterocyte and into the mesenteric
lymphatics (37). MVC has a logP of 5.1 (34) and is highly soluble across the physiologi-
cal pH range from 1.0 to 7.5 (38), so it is possible that these properties account for
increased distribution to nearby draining MLNs compared to axillary lymph nodes. ATV
also has a logP estimate of 5.6 (Table S2), but its solubility is variable and highly de-
pendent on pH (39); the wide range of pH in NHP stomachs compared to humans (40)
may be the cause of low ATV concentrations across all lymph nodes sampled (Fig. S1).

Using RNAscope, we identified virions distributed throughout the MLNs but pre-
dominantly within follicles, where they are expected to be trapped on FDCs (8, 18, 41,
42). When we quantified lymph node viral load based on virion signal, our estimate
strongly correlated with peak pVL in weeks 2 to 3 after RT-SHIV infection, but not with
pVL on day 0 of ART. This result is expected given that the size of the FDC reservoir is a
marker of all previous virus production, rather than recently produced virus (18, 43).
The size of the FDC reservoir is also known to be correlated with the number of pro-
ductively infected cells in lymphoid tissue (44); however, we did not find this relation-
ship in our MLNs. This may be due to underprediction of the infected cell viral load
caused by saturated RNA signal intensity in infected cells; the signal saturation results
in a high threshold for a single VRNA copy and therefore lowers the number of copies
per square millimeter that meet that threshold. To truly confirm that the infected cells
we quantified were transcriptionally active, we attempted to perform duplexed RNA/
DNAscope to identify RNA*/DNA™* cells. However, our fresh-frozen tissue sections were
too fragile for this method and resulted in extensive tissue damage and nonspecific
HIV DNA staining. Despite this limitation, our designation of RNA* T cells as infected
cells is consistent with previous imaging analyses of lymphoid tissues (8, 18, 45).

Our quantitative imaging analyses demonstrate the utility of combining multiple
imaging modalities to understand the pharmacology of ARVs within tissue reservoirs
of HIV. We found that 72% of FDC-trapped virions and 79% of caRNA in MLNs were
colocalized with any detectable ARV, though the majority of that coverage (82% and
84%, respectively) was by MVC alone. We also found that 100% of quantifiable, virus-
colocalized ARV concentrations exceeded ICs, estimates. Prior work by our group has
shown that in NHP ileal and rectal tissues, up to 80% of VRNA was colocalized with ARV
concentrations exceeding IC,, thresholds (20). Here, we show that even with lower
drug penetration in lymph nodes than in the gut (18, 46, 47), the extents of colocaliza-
tion of virus and inhibitory drug exposure are similar between these tissues. While
these results indicate significant ARV colocalization with VRNA in tissue, they do not
guarantee complete inhibitory coverage of the large, inducible, replication-competent
reservoir that exists in lymphoid tissues (45, 48-50). Indeed, many studies have shown
that lymph nodes and gut-associated lymphoid tissue are the largest reservoirs of viral
RNA and DNA during ART (9, 11, 45) and are likely sites of viral rebound (45, 51-53).

June 2021 Volume 65 Issue 6 e00019-21

Antimicrobial Agents and Chemotherapy

aac.asm.org 8


https://aac.asm.org

ARVs, RT-SHIV, and Collagen in NHP Lymph Nodes

We believe that taken together, these data support our hypothesis that heterogeneous
ARV distribution—in this case, the 31% of MLN area unexposed to inhibitory drug con-
centrations—may contribute to viral persistence in reservoir tissues. Analyzing and
improving ARV distribution in HIV reservoirs are important not only for HIV treatment
(and adherence “forgiveness”) but also for the development of “kick-and-kill" cure
strategies, since the successful use of these therapies is predicated on protective ARV
coverage of uninfected cells during latency reversal.

To understand what causes heterogeneous drug distribution, we investigated the
role of fibrosis in limiting drug distribution. We used IHC imaging and quantitative
analysis and found that one-third of the MLN area represented collagen, which was pri-
marily located in the medullary, sinusoidal, and capsule regions, where connective tis-
sue is expected to be found for structural support. If fibrosis was preventing drug per-
meation, we would expect collagen and ARVs to have little overlap and occupy distinct
areas within the MLNs; however, 61% of collagen colocalized with drug, mainly in the
medulla and sinuses, where lymphatic fluid flow is prominent. This demonstrates that
collagen was not restricting ARV distribution but was providing the normal structural
support through which drug diffusion and cell trafficking may occur. There is also no
evidence that this colocalization represents collagen binding to ARVs; in fact, collagen
drug delivery systems often have difficulty retaining small molecules unless the drug is
synthetically modified to include a collagen-binding domain (54).

Previous studies have reported that during SIV/HIV infection, disruptive collagen
deposition occurs in the T cell zone of the lymph node (8, 25-30); however, as stated
above, we observed collagen primarily in the medulla, sinuses, and capsule. We also
saw more collagen deposition in uninfected MLNSs, in contrast to existing evidence
that T cell zone lymphoid tissue fibrosis increases significantly with infection (26,
28-30). To compare with these previous data, we performed additional imaging analy-
ses to quantify collagen in only the T cell zone (data not shown), but the fraction of col-
lagen coverage was still higher in uninfected MLNs (8.3% of T cell zone area) than
infected MLNs (4.4%). These contradicting results may be explained by differences in
viral kinetics between the RT-SHIV used in our study and SIV strains used in previous
collagen analyses. One study investigating the viral kinetics of different simian HIV
strains found that NHPs infected with SHIV,, ¢ had significantly higher peak viral loads
and lower viral load set points than animals with SIV,,s, (55). Lower viral load set
points in our RT-SHIV*® NHPs could lead to lower levels of immune activation,
decreased transforming growth factor 81 (TGF-B1) signaling, and therefore reduced
collagen deposition (25, 27, 56). Furthermore, the lack of collagen in the infected
lymph nodes could simply be due to the short period of infection (6 weeks) of these
NHPs, which may not have been long enough for appreciable fibrotic damage to
occur.

Our prior work in lymph nodes from the same NHPs found that there was little influ-
ence of drug transporters on ARV penetration in these tissues; transporter protein and
gene expression was low, and multiple linear regression analysis found no predictive
relationships between transporter expression and ARV concentrations (17). This was
also the case in the ileum and rectum tissue from the same NHPs (20), indicating that
variability in drug distribution may be caused by more physiological mechanisms, such
as changes in local pH, capillary permeability, lymphocyte trafficking, and lymph flow
rates and patterns (57, 58). Current drug development research aims to increase ARV
retention in lymph nodes using nanoparticle/lipid conjugate formulations (37, 59-61);
MSI will be a useful tool to evaluate whether these macromolecule therapies improve
drug distribution throughout tissue (62).

Imaging analyses have some inherent limitations. These analyses represent only
one point in time, and a tissue section represents only one two-dimensional (2D) view
of a 3D lymph node. This can have implications for the extent of viral RNA or collagen
staining found in that section; a section containing many follicles will likely show
increased viral RNA response due to FDC-trapped virions, while a section containing a
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large portion of the medulla might show increased collagen coverage. To account for
this limitation, we made every attempt to section the MLNs along the medial plane, so
that the sections we analyzed for viral RNA, collagen, and ARVs were representative of
a full cross-section of MLN morphology and physiology.

MSI analysis of both MLN and gut tissues from these NHPs showed minimal detect-
able concentrations/coverage of emtricitabine (FTC) and tenofovir (TFV), contradicting
LC-MS/MS analyses (20, 63). This discrepancy is a limitation of MSI sensitivity to detect
and quantify these compounds (lower limits of quantitation: FTC, 116.13 fmol/voxel,
and TFV, 122.01 fmol/voxel) compared to LC-MS/MS (FTC, 0.002 ng/g, and TFV, 0.02 ng/
g). For stability reasons, we were unable to visualize and quantify the distribution of
the intracellular active metabolites tenofovir diphosphate (TFVdp) and emtricitabine
triphosphate (FTCtp). However, in our previous study, we performed LC-MS/MS analy-
sis of TFVdp and FTCtp in the same NHP MLNs and found that the concentrations of
TFVdp were well above its ICy, value (1.7 x 10° fmol/g of tissue [64], or 76 ng/g of tis-
sue), and ratios of active metabolite to endogenous nucleotide (TFVdp:dATP and
FTCtp:dCTP) exceeded predicted 90% effective concentration (EC,,) targets (0.29 and
0.07, respectively [65]) by 1 to 2 logs (17). It is likely that TFVdp and FTCtp exhibit het-
erogeneous distribution within tissue reservoirs, since these intracellular metabolites
are trafficked by T cells; indeed, studies have shown that penetration of these metabo-
lites and their parent compounds differs between tissues and results in varied preven-
tion of HIV infection (65, 66). Future work aims to increase IR-MALDESI sensitivity to
TRV, FTC, TFVdp, and FTCtp to improve our understanding of spatial patterns between
parent compounds, active metabolites, and T cell distribution.

Resolution of MSI images (100 um/pixel) is much lower than for IHC/ISH images
(0.5 um/pixel) (67, 68), requiring a downsampling of ISH images to match MSI resolu-
tion and avoiding an underestimation of drug-virus colocalization. However, the down-
sampling process can limit location specificity of viral RNA. In this case, the size of a vi-
rion or infected cell becomes artificially inflated, and consequently, colocalization
reflects proximity to ARVs within the dimension of a voxel. However, this voxel margin
of error does help visualize possible in vivo drug or cell movement in the static MSI
and ISH images, which otherwise would not be accounted for. Further work is ongoing
to optimize the balance between IR-MALDESI sensitivity and resolution.

The second complication of our imaging analysis is the quantitation of infected
cells. As previously discussed, we were unable to utilize duplexed RNA/DNAscope to
identify productively infected, replication-competent cells in favor of snap-freezing tis-
sue to avoid any shifting of diluting of drug concentrations in tissue. Rather, we relied
on several techniques to arrive at an objective estimate of infected cell count. First,
images were annotated to distinguish the visual appearance of FDC-trapped virions
compared to infected cells. Then, we utilized these annotations within our MATLAB
code to isolate and create separate images of infected cells and FDC-trapped virions,
to ensure that these two measures of virus were analyzed separately. Furthermore, we
also limited our RNA analysis to regions of the tissue that were intact and undamaged
by the ISH process, to ensure that we did not include tissue artifacts in our analysis. All
methods were automated within our MATLAB code, and all MLN viral RNA images
were processed by the same code, eliminating investigator bias.

Using multiple imaging modalities to assess ARV, viral RNA, and collagen distribu-
tion in NHP MLNs, we demonstrated that ARV distribution is heterogeneous in tissue,
and this heterogeneity was not caused by fibrosis at this stage of infection. We found
that about one-quarter of RT-SHIV virions and infected cells were not exposed any
ARV, providing evidence to support viral persistence mechanisms within MLNs.
Continued ARV distribution and imaging work will be critical for effective kick-and-kill
cure strategies aimed at eliminating virus within tissue reservoirs like the lymph nodes.

MATERIALS AND METHODS

NHP study and lymph node collection. The NHP study was conducted at the California National
Primate Research Center in partnership with the University of California, Davis, and was performed in
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accordance with Institutional Animal Care and Use Committee protocol 18345 from the University of
California, Davis. Further details on animal dosing, infection, and tissue collection can be found in a pre-
vious report (17). Eighteen rhesus macaques approximately 3 to 4 years old and weighing 4 to 6 kg were
used in this study. Eight NHPs (2 females and 6 males) were left uninfected, while 10 NHPs (4 females
and 6 males) were infected for 6 weeks with RT-SHIV (11). pVL was monitored during the infection pe-
riod; peak- and pre-ART pVL is reported in Table S1. After the 6-week infection period, all animals were
dosed to steady state (8 to 10days) with ARV doses based on previously reported effective treatment
regimens in this animal model (69, 70). All NHPs received daily subcutaneous doses of 30 mg/kg of body
weight of tenofovir (TFV) and 16 mg/kg of emtricitabine (FTC) plus one of the following oral combina-
tions: 200 mg of efavirenz (EFV) daily plus 100 mg of raltegravir (RAL) twice daily (FTER regimen; n=9) or
150 mg/kg of maraviroc (MVC) twice daily plus 270 mg/kg of atazanavir (ATV) twice daily (FTMA regimen;
n=09). One day after the final dose, NHPs were euthanized by phenobarbital overdose and necropsy was
performed. At necropsy, MLNs were collected from each NHP and snap-frozen. MLN viral load at the
time of necropsy is reported in Table S1. Tissue was stored at —80°C until analysis.

Tissue sectioning. One MLN from each NHP (n=18) was mounted on a specimen disc using O.C.T.
(Tissue-Tek; Sakura Finetek, Inc., Torrance, CA) and cryosectioned at —24°C using a Leica CM1950 cryo-
microtome (Leica Biosystems, Buffalo Grove, IL) at a thickness of 10 um. Lymph node sections were
thaw-mounted onto positively charged glass slides (IHC and ISH) or plain glass slides uniformly sprayed
with internal standards (IR-MALDESI). Serial sections were collected from each MLN in the following
order and quantity for each imaging method: IHC, 5 sections; IR-MALDESI, 3 sections; ISH, 2 sections;
and LC-MS/MS, 2 sections.

LC-MS/MS and IR-MALDESI MSI analyses. NHP 40422, on the FTER regimen, developed liver failure,
resulting in plasma drug concentrations 17- to 260-fold higher than for other animals; this NHP was
excluded from further analysis. LC-MS/MS methods for MLN samples have been detailed previously (17).
Rapid equilibrium dialysis was performed on MLN homogenate following previous protocols (19, 71),
and the extent of MLN protein binding of EFV (64% bound) and ATV (40% bound) was used to correct
LC-MS/MS and MSI drug concentrations. Protein binding of TFV and FTC is negligible (<1% bound) (72,
73), and our rapid equilibrium analysis found minimal binding of RAL and MVC (17% and 10% bound,
respectively).

Tissue sections taken for MSI analysis were mounted onto glass slides uniformly coated with internal
standards using an HTX TM-Sprayer (HTX Technologies, LLC, Chapel Hill, NC). ARV standards were also
spotted on undosed MLN tissues to generate calibration curves for drug quantification. The IR-MALDESI
method of MSI has been described previously (20, 23, 74) and is briefly summarized here. Each mounted
tissue section was cooled to —9°C in the source chamber, covered with a thin matrix of ice by increasing
the relative humidity in the chamber, and ablated using an IR laser pulse (IR-Opolette 2371; Opotek,
Carlsbad, CA) at a 100-um spot-to-spot distance. Molecules from each ablated tissue volumetric pixel
(voxel) were ionized by an orthogonal electrospray plume and collected into a Q-Exactive mass spec-
trometer (Thermo Fisher Scientific, Bremen, Germany). Raw signal intensity data from each voxel were
converted to .imzML files using MSConvert (75) and imzMLConverter (76) and loaded into MSiReader
(MATLAB application; Mathworks, Natick, MA) (77) to produce ion maps of ARV distribution throughout
the MLN section (78). In addition to ARVs, spatial signal intensities were also acquired for cholesterol (an
endogenous marker of overall tissue shape) and heme (to correct for blood contamination). Data from
all ions of interest were exported into an Excel file for each of the tissue sections analyzed. For each
MLN, the total concentration of each ARV in “ng/slice” was quantified using the calibration curve and
normalized by the internal standards abacavir (29 wg/ml; FTC and MVC) and chloro-dihydro-pentynyl-tri-
fluoromethyl benzoxazinone (32 ug/ml; TFV, EFV, RAL, and ATV). Drug concentrations were reported on
a per-mass basis (nanograms per gram of tissue) by dividing the total concentration per slice by the vol-
ume of the tissue slice (area x thickness) and the tissue density (1.06 g/cm?3). ARV maps were further
thresholded by in vitro 50% inhibitory concentration (ICy,) values to assess the distribution of what
might be considered an “efficacious” ARV concentration in the MLNs. IC, values for each ARV can be
found in Table 4 (72, 73, 79-82).

RNAscope ISH analysis and IHC multiplex. ISH processing of the MLN sections from NHPs 42226,
42971, and 40437 resulted in tissue damage that made further image analysis unreliable. These NHPs
were excluded from viral RNA imaging but were included in drug and collagen distribution analyses. ISH
analysis of viral RNA was performed on mounted MLN sections using a modification of the previously
published RNAscope protocol (8). Slides were incubated for 30 min in Prefer fixative at room tempera-
ture and then rinsed twice in double-distilled water (ddH,0). Heat-induced epitope retrieval was per-
formed by boiling slides in 1x target retrieval (ACD, Newark, CA; 322000) for 10 min, followed by peroxi-
dase blocking for 10 min at room temperature. Slides were incubated with the target probe SIV,,,,30
sense (ACD; 312811) overnight at 40°C, and amplification was performed with an RNAscope 2.5 HD
detection kit (Brown; ACD; 322310) using 0.5x wash buffer (ACD; 310091). Slides were developed with
Alexa Fluor 647 (AF647)-conjugated tyramide.

To remove/inactivate the in situ amplification tree/horseradish peroxidase (HRP) complexes, slides
were gently boiled in ACD retrieval buffer for 10 min. Slides were incubated with the target probe
SIV,..c230 antisense (ACD; 314071) for 2 h at 40°C, and amplification was performed with an RNAscope
2.5 HD detection kit (Brown; ACD; 322310) using 0.5x wash buffer (ACD; 310091). Slides were developed
with Alexa Fluor 568-conjugated tyramide.

Slides were then stained for CD3 (Thermo Fisher; RM-9107-S [rabbit]) and developed with anti-
mouse-AF488 (Invitrogen; A21202) and anti-rabbit-AF755 (Invitrogen; SA5-10043). Slides were counter-
stained with 4',6-diamidino-2-phenylindole (DAPI; Invitrogen; D1306) at a dilution of 0.5 ug/ml in ddH,O
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for 10 min, coverslipped using Prolong Gold antifade mounting medium, and scanned using a Zeiss
AxioScan Z1.

IHC analysis for collagen type I. Mounted MLN sections taken for IHC analysis were dried in a fume
hood at room temperature for 30 min, baked at 60°C for 30 min, fixed in 10% neutral buffered formalin
for 15 min, and then washed 3 times in 1x phosphate-buffered saline (PBS). After fixation, each set of se-
rial tissue sections underwent IHC analysis for collagen type | (Sigma-Aldrich, St. Louis, MO; catalog num-
ber C2456; dilution, 1:500), followed by chromogenic detection using 3,3’-diaminobenzidine (DAB)-
Brown/horseradish peroxidase. Staining was performed in a Bond fully automated slide stainer, and
images were digitized using an Aperio ScanScope XT slide scanner with a 20x objective (Leica
Biosystems).

Quantitative image analysis and colocalization. Quantitative imaging analysis of ARVs, collagen, T
cells, and viral RNA was performed using MATLAB (Mathworks, Natick, MA). Collagen and multiplexed
CD3 T cell and RNA microscopy images were imported into MATLAB, resized to reduce the image file
size, and then flipped and/or rotated to match the orientation of ARV images. Bright-field RGB collagen
images were color thresholded to isolate the DAB-Brown collagen stain, while grayscale CD3 T cell and
RNA images derived from immunofluorescence were adjusted for brightness and intensity-thresholded
to isolate cells and RNA while removing background. Follicular dendritic cell (FDC)-trapped virions and
cell-associated RNA (caRNA) were isolated by hand and annotated using xy coordinates, and those anno-
tations were used to create two separate images: one of the FDC-trapped virion response and one of
the caRNA response. Binary masks of the thresholded FDC-trapped virions, caRNA, and collagen were
generated. CD3* T cell masks were also used to perform initial colocalization alignment steps. Lymph
node viral load (copies per square millimeter) was determined separately for FDC-trapped virions and
infected cells by analyzing the ISH signal associated with a single virion and dividing that signal by 2 to
obtain an average estimate of the signal for a single copy of vRNA in each case.

MSI signal abundances were read into MATLAB from the exported Excel files, and scaled heat
maps were generated for each ion. Cholesterol and heme maps were overlaid on each ARV and used
as masks to eliminate off-tissue and blood-related drug responses, respectively. Annotations provided
by RNAscope collaborators were also used to mask off regions of tissue damaged during ISH analysis.
Due to the differences in resolution between IHC/ISH (~0.5 um/pixel) and IR-MALDESI (100 wm/pixel),
virion, caRNA, collagen, and CD3 masks were downsampled to match the resolution and dimensions
of the MSI data.

ARV distributions were then coregistered with isolated virion, caRNA, and collagen masks to assess
spatial relationships between each target. The coregistration process has been previously reported (20)
and is summarized here for ARVs and viral RNA: since lymph node shape and detail could be seen most
clearly in the cholesterol and CD3 images, these were used to select corresponding control points based
on matched section features. The cholesterol map was then transformed to match the CD3 mask using
the MATLAB image warp function. This transformation was then applied to all heme-corrected ARV
maps to ensure consistent alignment. Finally, the aligned, heme-corrected ARV maps were overlaid with
viral RNA masks to evaluate colocalization, including IC,-thresholded ARV maps to assess virus colocali-
zation with inhibitory drug concentrations. This process was repeated between collagen and ARVs.

Statistical analysis. Data are presented as medians (ranges). Relationships between LC-MS/MS and
MSI drug concentrations were assessed using a Pearson correlation test. Differences in raw and heme-
corrected individual ARV responses were evaluated by one-way analysis of variance (ANOVA) with
Dunn’s method for multiple comparisons; cumulative drug regimen raw response versus heme-cor-
rected response was evaluated by a Mann-Whitney rank sum test. The difference in the fraction of tissue
covered by the FTER regimen versus the FTMA regimen was assessed with Student’s t test. Variance in
the extent of collagen coverage between uninfected and RT-SHIV® MLNs was evaluated by a Mann-
Whitney rank sum test. A Pearson correlation test was used to examine the relationships between vari-
ous measures of viral load. All statistical tests were performed using SigmaPlot 13.0 (Systat Software,
Inc., San Jose, CA). A Pvalue of <0.05 was considered statistically significant.

Data availability. Initial MSI data processing was performed using the free, open-source MSiReader
software (https://www.msireader.wordpress.ncsu.edu/) (77), and quantitative imaging analyses were
performed using MATLAB software accessed through a university license (https://www.mathworks.com/
products/matlab.html). MSI data are available online through METASPACE database (https://www
.metaspace2020.eu) (83) under the project name “Scholz_NHP_LN_ARV.”
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