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An in situ analysis pipeline for initial host-pathogen
interactions reveals signatures of human colorectal
HIV transmission
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In brief

Baharlou et al. develop an in situ analysis
pipeline to map out initial human
colorectal HIV transmission events,
finding key target cells, tissue
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underlying transmission. These results
suggest hypotheses regarding
mechanisms of HIV transmission and
demonstrate the utility of pathogen
transmission studies using intact human
tissue.
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SUMMARY

The initial immune response to HIV determines transmission. However, due to technical limitations we still do
not have a comparative map of early mucosal transmission events. By combining RNAscope, cyclic immu-
nofluorescence, and image analysis tools, we quantify HIV transmission signatures in intact human colorectal
explants within 2 h of topical exposure. We map HIV enrichment to mucosal dendritic cells (DCs) and submu-
cosal macrophages, but not CD4™ T cells, the primary targets of downstream infection. HIV* DCs accumulate
near and within lymphoid aggregates, which act as early sanctuaries of high viral titers while facilitating HIV
passage to the submucosa. Finally, HIV entry induces recruitment and clustering of target cells, facilitating
DC- and macrophage-mediated HIV transfer and enhanced infection of CD4* T cells. These data demonstrate
arapid response to HIV structured to maximize the likelihood of mucosal infection and provide a framework

for in situ studies of host-pathogen interactions and immune-mediated pathologies.

INTRODUCTION

Thirty-seven million people are infected with HIV and, despite the
introduction of pre-exposure prophylaxis, there were still 1.5
million new infections in 2020. Blocking transmission of HIV
therefore remains a high global priority that requires an effective
vaccine and, in the meantime, better prophylactic interventions.
To achieve these goals, we need a better understanding of the
initial events that govern transmission of HIV, particularly early
viral interactions with antigen-presenting cells, such as dendritic
cells (DCs) and macrophages, and their subsequent delivery of
the virus to CD4* T cells (Vine et al., 2022).

Simian immunodeficiency virus challenge studies have shown
that productive mucosal infection at the site of transmission pre-
cedes the detection of plasma viremia, and that the viral reservoir
is rapidly seeded at this site within days of exposure (Deleage
et al., 2019; Whitney et al., 2014). Concordant data have also
been described in human studies (Chun et al., 1998; Colby
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et al., 2018). Due to technological limitations, early transmission
studies have been limited to time points after initial viral integra-
tion/replication (Maric et al., 2021; Stieh et al., 2016; Vine et al.,
2022) or the use of model systems, with human tissue studies
mostly performed on isolated cells or by imaging of limited param-
eters (Bertram et al., 2019a; Ganor et al., 2010; Hladik et al., 2007;
Rhodes et al., 2021; Trifonova et al., 2018; Vine et al., 2022). Thus,
we still do not know the initial events that lead to mucosal HIV
infection in the human tissues where transmission occurs.

The next stage in advancing our understanding of these events
requires an in situ quantitative multi-parameter study to under-
stand the relative involvement of multiple target cells within
anatomically distinct tissue compartments. This “top down”
approach is critical for establishing physiological relevance and
guiding the rational selection of specific biological mechanisms
for in-depth characterization studies. To our knowledge, no study
has examined all these processes at once in the context of path-
ogen invasion of human tissue. Such studies have been hampered
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to date by a plethora of issues including parameter limitations of
conventional microscopy, a lack of suitable image processing
and analysis algorithms and, in the context of HIV, difficulties
with in situ pathogen detection at early time points (Deleage
etal., 2016).

We have recently pioneered the use of RNAscope to visualize
clinically relevant HIV virions interacting with anogenital target
cells in situ within 2 h of topical exposure (Bertram et al., 2019z;
Rhodes et al., 2021). We have also designed post image acquisi-
tion algorithms to remove autofluorescence (Baharlou et al., 2020)
and quantify cell interaction changes between disease states
(Canete et al., 2022). In this study we have utilized these ap-
proaches as well as designed tools to segment full cell bodies
more accurately, allowing us to quantify the signatures of HIV
transmission across human colorectal tissue within 2 h of expo-
sure. We have defined the spatial distribution of the three key
colorectal HIV target cells (DCs, macrophages, and CD4*
T cells) across all colorectal tissue compartments (epithelium
[EP], lamina propria [LP], lymphoid aggregates [LAs], and submu-
cosa [SM]) and shown how they respond to HIV. We show conclu-
sively that HIV is initially enriched within mucosal (EP, LP, LA) DCs
and submucosal macrophages, but not CD4* T cells and that the
virus is preferentially enriched in LAs. We also provide strong
circumstantial evidence that LP DCs traffic virus to LAs and that
these structures themselves may provide a conduit for rapid HIV
entry into the deeper submucosal layer, where it preferentially as-
sociates with macrophages. Finally, we show that HIV mucosal
entry induces its target cells to form multi-cellular clusters within
which HIV* DCs and macrophages preferentially cluster with
CD4* T cells, leading to viral transfer and enhanced infection of
CD4* T cells, supported by ex vivo data.

RESULTS

Analysis pipeline for mapping HIV-target cell
interactions in situ

This study explores the interactions of HIV with its three key
target cells—DCs, macrophages, and CD4* T cells—in human
colorectal tissue at the very earliest time points following HIV
challenge using a combination of RNAscope, multiplexed fluo-
rescence microscopy, and a custom image-processing and
analysis pipeline (Figure 1). Lab-adapted and transmitted/
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founder strains of HIV were applied to the apical surface of intact
fresh human colorectal tissue for 2 h. RNAscope was performed
to detect HIV RNA (virions), followed by cyclic immunofluores-
cence (CyCIF) microscopy, which was used to identify nuclei
(DAPI), EP (E-Cadherin), CD4* T cells (CD3*CD4*), CD4~
T cells (CD3*CD47), DCs (CD11c*), and macrophages (FXIlla*)
(Figures 1A and 1B). While having little to no capacity for HIV up-
take themselves, CD4~ T cells (primarily CD8* T cells) served as
a useful control for non-specific HIV-cell interactions in situ. We
removed autofluorescence signal, a known feature of colorectal
tissue imaging (Wizenty et al., 2018) post-acquisition using our
autofluorescence identifier (AFid) algorithm (Baharlou et al.,
2020) (Figures 1A and S1A). We next performed segmentation
of HIV virions, cells, and tissue compartments (EP, LP, LA, SM)
(Figure 1C). Cells were classified and segmented using a custom
approach that estimates full cell bodies and allows two cells
to physically overlap. This enabled virions to be accurately as-
signed to amorphous cells such as macrophages and DCs
(Figures S1B and S1C). This pipeline allowed us to make
compartment-specific measurements of target cell composition
(Figure 1D), HIV status (HIV* versus HIV™), virion load per cell
(Figure 1E), target cell migration to/from HIV (Figure 1F), and
the effect of HIV on interactions between target cells (Figure 1G).

To complement and validate these in situ data we used
an orthogonal approach of flow cytometry analysis of HIV target
cells following their dissociation from tissue and infection with
HIV (Figures S1D-S1F). Using our HIV p24 uptake assay, we
compared HIV uptake in situ with that of ex-vivo-dissociated
cells. In addition, HIV-induced cell:cell interactions observed in
situ (Figure 1G) were further investigated by sorting and infecting
co-cultures of these cells to determine whether their interaction
lead to enhanced viral transfer and infection (Figure 1H).
Together these approaches enabled us to create an in situ quan-
titative map of how HIV is distributed across colorectal target
cells and tissue compartments, as well as the HIV-induced cell:-
cell interactions that occur in the mucosa within 2 h post-expo-
sure and prior to systemic viral spread.

HIV-target cell composition and distribution within
human colorectal tissue

Using our analysis pipeline, we defined the relative proportion
and density of HIV target cells within EP, LP, LAs, and SM in fresh

Figure 1. Analysis pipeline for mapping HIV-target cell interactions in situ
Custom image analysis pipeline to measure HIV-cell interactions in fresh human colorectal explant tissue exposed to HIVg, or HIVz367gm for 2 h and probed with

RNAscope and CyCIF.

(A) Explant infection (1), staining with RNAscope (2), and CyCIF (3), and image processing protocol with autofluorescence removed digitally using “AFid” software

4).
B) Representative images from staining in (A).
C) Segmentation of virions, cell nuclei, and tissue compartments.

(
(
(
(

can then be determined across tissue compartments (right).

D) Segmented nuclei were annotated (left) and expanded to estimate full cell bodies using a custom approach (center) (details in Figure S1C). Cell composition

(E) Annotation of cells as HIV* (>1 virion) or HIV~ (left) and measurement of total HIV load per cell (center). This allowed for comparisons of HIV association with

different target cells (right).

(F) Distance maps emanating from HIV particles (left and center) to measure changes in nearby cell density to infer potential cell migration to/from HIV.

(G) SpicyR determines if the local presence of HIV alters cell communities (left), while the “HIV-transfer phenotype score” measures the propensity of an HIV* cell
to induce a nearby cell to become HIV* (center). Frequency of interactions can be visualized using a heatmap (right).

(H) Colorectal cell extraction and ex vivo HIV exposure to (1) compare 2 h HIV uptake with in situ results and (2) measure infection (intracellular p24 at 72 h) of CD4™*
T cells co-cultured with cells that exhibited HIV-induced interactions with CD4* T cells in situ in (G).
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Figure 2. Distribution of HIV target cells across human colorectal tissue compartments
(A) Representative images of HIV target cells and their distribution. (1) DCs in the EP (brown arrows) near the LA. (2) LA DCs and CD4* T cells. (3) LP DCs (purple
arrows), macrophages (red arrows), and CD4* T cells (white arrows). (4) Submucosal macrophages (red arrows). Broken red line, compartment borders.

(B) HIV target cell percentage among all cells, composition, and density across tissue compartments. CD4~ T cells also shown.

(C) Change in LP target cell density with distance from EP. Left: fold change in target cell density (versus whole LP average) in 2 um intervals from EP. Right:

density of subsets in LP < 10 um (blue border) or 10-20 um (red border) from EP.
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uninfected human colorectal tissue (Figures 2A and 2B).
Although only 1% of EP cells were HIV target cells, DCs were
the most abundant (58%), followed by CD4* T cells (28%) then
macrophages (14%). Of the LP cells, 11% were HIV target cells,
with CD4* T cells being most abundant (50%) followed by DCs
(32%) and then macrophages (18%). In LAs, 35% of cells were
HIV target cells consisting of CD4* T cells (57%) and DCs
(43%) with negligible presence of macrophages. Five percent
of SM cells were HIV target cells, with macrophages being
most abundant (56%) followed by CD4* T cells (25%) and DCs
(19%). Cell density measurements closely followed these trends
for each tissue compartment. Thus, LAs and LP had the highest
density of HIV target cells, with DCs and CD4* T cells dominating
the mucosal layers and macrophages dominating the submuco-
sal layer.

We next examined the spatial distribution of HIV target cells
within each compartment. This was achieved by using the
border between tissue compartments as an anchor and
measuring changes in cell density from this reference point. LP
macrophages were enriched <10 um from the EP, while DCs,
CD4* T cells, and CD4™~ T cells preferentially localized >10 um
away from the EP (Wilcoxon, p < 0.005 for all, Figure 2C). In
LP, DCs, and CD4" T cells were enriched <200 pm from LAs (Wil-
coxon, p = 0.005). This was also true for EP DCs (Wilcoxon,
p = 0.001) but was not measurable for EP CD4* T cells due to
their low frequency in EP (Figure 2D).

We next focused our attention on characterizing LAs as they
contained the highest density of HIV target cells, particularly
DCs and CD4* T cells (Figures 2A and 2B). LAs were present
at a median density of 0.6 structures per mm? of tissue and
varied in their area (median 0.09 mm?; range 0.05-0.17 mm?),
diameter (median 283 pum; range 195-401 um), and cell number
(median 1,800 cells; range 860-3,015) (Figures 2E and 2F).

HIV viral particles are enriched in colorectal DCs and
macrophages within 2 hours

We next assessed the interactions between HIV and its target
cells using lab-adapted (Bal) or transmitted/founder (Z3678M)
HIV strains. To ensure RNAscope probes were specific to HIV
RNA we stained uninfected tissue and confirmed that no signal
was detectable (Figure S2A). As our pipeline incorporates auto-
mated virion detection, we compared mock and HIV-treated
explants to calculate the false detection rate. One particle per
1,000 cells was detected in mock versus 30 particles per 1,000
cells in HIV-treated explants, indicating that only 3% of HIV* cells
in our treated samples were false positives (Figure S2B). To
determine whether HIV was enriched among its target cells we
measured the percentage of total HIV particles in this population
(HIV percentage), as well as the percentage of all cells that were
target cells (target cell percentage). A chi-square test was then
performed to test for whether enrichment among target cells
was significant. The formula “log2(HIV percentage/target cell

¢ CellP’ress

percentage)” measured the relative level of HIV enrichment be-
tween images. Although the percentage of total HIV particles
localizing to target cells varied across images, the majority
showed significant HIV enrichment in target cells compared
with the remaining undefined “other cells” (chi-square test,
p < 0.05, Figure 3A), with up to 4-fold enrichment observed in
some images (Figure 3A, bottom). Visual inspection confirmed
the specificity of HIV association with target cells over other cells
for HIVgy, (Figure 3B) and HIVz3g7gm (Figure S2C). Using a similar
approach, we tested for HIV enrichment in different target cell
subsets and compared the degree of enrichment between pop-
ulations (Figure 3C). As both HIVg,. and HIVzz3g7gm had similar
trends in the degree of enrichment for each cell type (Figure S2D),
we combined these data to increase statistical power. HIV was
enriched among DCs and macrophages (Wilcoxon, p < 0.01),
with higher enrichment (though not significant) in DCs (Figure 3C).
Although, HIV associated with CD4* T cells, this occurred less
than expected relative to their abundance (Wilcoxon, p < 0.01).
In addition, CD4~ T cells associated with HIV at the same fre-
quency as their relative abundance, which is expected as they
do not express HIV-binding receptors. We next analyzed HIV
load in individual cells in each population to determine the differ-
ential amount of virus associated with each type of target cell.
Combining RNAscope, spot segmentation (Figure 1C), and cell
segmentation with cell body estimation (Figures S1B and S1C)
enabled us to accurately measure single-particle differences be-
tween cells (Figure 3D). We pooled cells across all samples,
stratified them by HIV particle count and measured the target
cell composition within each group (Figure 3E). Among the
12,822 target cells analyzed, the majority (87 %) contained only
1-3 HIV particles. Despite being the most prevalent cell type,
CD4* T cells were under-represented in all groups, particularly
those with higher HIV particle numbers. Indeed, the only HIV
target cells we could detect with >8 virions were DCs and mac-
rophages, but never CD4" T cells. This partly explains their rela-
tive HIV enrichment compared with CD4* T cells.

Finally, we sought to verify whether data derived by infection
of intact explants with in situ analysis would mirror results from
infecting ex vivo cells extracted from tissue and analyzed by
flow cytometry (Figure 3F). This is important, as the study of
HIV transmission in human tissue has been largely confined
to studies on ex vivo isolated cells (Ahmed et al., 2015; Ber-
tram et al., 2019b; Botting et al., 2017; Rhodes et al., 2019).
Both approaches confirmed that the “percentage of cells con-
taining HIV” and the “mean number of HIV particles per cell”
were significantly greater for DCs and macrophages
compared with CD4* T cells (Wilcoxon, p < 0.01). However,
measurements on ex vivo cells showed the CD4* T cell “per-
centage” and “average” HIV measurements were significantly
higher than CD4~ T cells. In contrast no differences were
observed in situ. This indicates that, at early time points in
situ, HIV interactions with CD4" T cells are not yet measurably

(D) Change in EP or LP target cell density with distance from LAs. Left: fold change in density (versus whole EP or LP average) in 20 um intervals from LAs. Right:
density in EP or LP < 200 um (blue border) or 200-400 um (red border) from LAs.

(E) Representative image of LA distribution in colorectum. Image is segmentation mask of LA (red) and non-LA (blue) cells.

(F) Mucosal (EP + LP + LA) LA density (mm?), average area (mm?), diameter (um), and cell count. n = 18 donors.

Density = cells per mm? of DAPI. Statistics: Wilcoxon signed-rank test. n = 12 donors for (A-E). LOESS curve of best fit for (C and D).
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different to that of a random interaction between HIV and a cell
type with no HIV-binding capacity. Furthermore, ex vivo infec-
tion erroneously over-estimated macrophages as the domi-
nant initial HIV-binding cell type, whereas in situ measure-
ments showed DCs have a significantly higher mean HIV
count per cell and a trend of higher HIV* cell frequency. These
results highlight the importance of physiologically relevant
quantitative in situ studies.

Taken together, these results demonstrate that HIV can enter
human colorectal explants as early as 2 h after inoculation result-
ing in preferential association with DCs and macrophages,
compared with CD4* T cells. Moreover, DCs and macrophages
are capable of sampling larger quantities of virus at these early
time points than other cells.

HIV localization patterns across colorectal tissue
compartments and their associated target cells

We next turned our attention to tissue compartment-specific dif-
ferences in the distribution of HIV particles and HIV-containing
target cells. LAs contained the highest density of HIV particles
reaching over 10,000 virions/mm? in several donors (Wilcoxon,
p <3 x 1074, Figures 4A and S3A). HIV density was lowest in
the EP and SM with the density in LP higher than EP (Wilcoxon,
p < 0.03). To determine whether, upon EP penetration, HIV pref-
erentially localizes to LP or LAs, we performed HIV enrichment
analysis on compartments rather than cell types. We selected
only LP and LA regions of images and compared the percentage
of HIV in LAs with the expected percentage, defined as the
percentage of the LP* LA area comprised of LAs (Figure 4B).
Accordingly, values above or below expected (dotted line) indi-
cate preferential localization to LAs or LP, respectively.
Analyzing the residuals (distance of points from dotted line)
revealed preferential localization to LAs over LP (Wilcoxon,
p = 0.0007, Figure 4C), which was observable upon visual in-
spection of images (Figure 4D).

Having observed HIV enrichment in DCs and macrophages
(Figure 3C), we next determined the compartments in which
this enrichment occurred. In EP, LP, and LAs HIV preferentially
localized to DCs, whereas in SM the virus preferentially localized
to macrophages (Figure 4E). Representative images are shown
in Figure 3B (top panel) for LP and Figure 4F for all other compart-
ments. In LAs 25% of donors showed >50% of HIV localized to
DCs, which is far more than other compartments (Figure 4E).
Correspondingly, LA CD4+ T cells harbored significantly less
HIV than expected based on their frequency. Therefore, LA
DCs may be more primed for antigen uptake, which would partly
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explain the high levels of HIV observed in these cells in this
compartment.

Comparing the degree of HIV enrichment in cells between
compartments, we observed that EP DCs had a 2-fold HIV
enrichment compared with LP and LA DCs. In contrast, SM mac-
rophages had a median 4-fold enrichment compared with their
LP counterparts (Wilcoxon, p < 0.05, Figure S3B). These
compartment-specific differences in enrichment are explained
by differences in cellular HIV load and the percentage of the pop-
ulation interacting with HIV. In particular, EP DCs had a higher
HIV load per cell and a higher frequency of interactions with
HIV, whereas SM macrophages had an increased frequency of
HIV interactions, but a similar viral load to their LP counterparts
(Wilcoxon, p < 0.05, Figures S3C and S3D).

Beyond mapping HIV-target cell interactions to compartments
we also explored how HIV* cells were spatially distributed within
compartments. Beginning with LP, we observed that, like unin-
fected tissue (Figure 2D), HIV* DCs and CD4* T cells were
enriched near LAs (Figure S3E). However, this enrichment was
greater for HIV* DCs and CD4* T cells than their HIV— counter-
parts (paired two-sample t test, p < 0.05, Figure 4G), despite
no difference in the frequency of viral particles between LA-prox-
imal or -distal regions of the LP (Figure S3F). Interestingly,
despite our previous observation of enrichment of LP macro-
phages near EP and also EP DCs near LAs (Figures 2C and
2D), we did not observe any enrichment of HIV* populations of
these cells near these structures (data not shown).

In LAs themselves we measured HIV particle distribution using
the formula for even-area concentric rings to divide these struc-
tures into roughly equal-area intervals (Figure S3G). Using this
approach, we observed a significant increase in HIV density to-
ward the center of LAs (Figure S3H). Stratifying LAs by size
(Figure S3l), HIV particles could even be detected toward the
center of larger LAs (>500 um in diameter), suggesting there
may be a mechanism to focus virus centrally within these struc-
tures (Figure S3J). Measuring HIV* cells rather than individual
particles, we observed that DCs were the only HIV-containing
cell type to increase significantly in frequency toward the center
of LAs (Figures 4H and S3K). This suggests that DC-mediated
transport may in part contribute to the central focusing of HIV
within LAs.

Finally, as we were surprised that HIV interacted with macro-
phages in the deep SM layer as early as 2 h, we turned our atten-
tion to this compartment. We confirmed that HIV entry into the
SM correlated with entry into the overlying mucosal layer (Pear-
son’sr=0.62, p = 1075, Figure S3L). Fitting a linear model of HIV

number (color-coded) and chi-square test (32) of association indicating HIV enrichment in target cells (red), other cells (blue), or neither (gray); p < 0.05. HIV strain:

blue bars, HIVg,; yellow bars, HIVzzg7gm-

(B) Representative images of colorectal target cells interacting with HIVg, particles.
(C) Left: cell type percentage (of all cells) versus percentage of all virions in cell type. Right: HIV enrichment as in (A). Statistics: Wilcoxon signed-rank test. n =15

explants (images average).

(D) Representative images of target cells interacting with 1, 3, 6, or 12 HIV particles.
(E) HIV* target cells from all images were pooled and grouped by HIV load (1-15 particles). Composition of each cell type in each group is shown. Total cells in

each group are annotated.

(F) HIV uptake after 2 h HIVg, treatment of explants with analysis by microscopy (in situ infection) or ex vivo isolated cells analyzed by flow cytometry (ex vivo
infection). Percentage of cells interacting with HIV (>1 virion or p24+) (left) or HIV load per cell (virion number or p24 gMFI) (right) is shown. In situ infection: n = 11
donors, Wilcoxon rank-sign test; ex vivo infection: n = 5 donors, Wilcoxon rank-sum test.

n = 45 images from 15 explants (11 HIVg,;, 4 HIVz3678m) from 12 donors for (A-E).
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Figure 4. Differential HIV uptake across colorectal tissue compartments
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(A) HIV density across tissue compartments. n = 10 images for each compartment (LA =5, EP = 6, LP = 4, SM = 5 donors) (STAR Methods). Statistics: Wilcoxon

rank-sum test.

(B) Percentage of virions in LAs versus percentage of image area (LP and LA only) comprised of LAs. Values above or below the line (y = x) indicate HIV enrichment

in LAs or LP, respectively (STAR Methods). n = 44 images (16 donors).
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density in the SM as a function of LA and LP HIV density, we
found that only LAs significantly predicted SM HIV entry (8 =
0.90, p = 0.003), suggesting LAs as the dominant route of HIV en-
try into the SM (Figure 3l; STAR Methods). Furthermore, we
observed HIV particles throughout LAs, from the mucosal apical
surface to the basal surface in the SM (Figure S3M), suggesting
that viral trafficking through the length of LAs is possible. Finally,
we present evidence to confirm that SM entry was not due to
leakage of virus from the cloning cylinder during the culture
period. First, we observed a high correlation between mucosal
and SM HIV densities (Figure S3L), suggesting ordered entry of
HIV into the SM from the mucosal layer. Second, HIV* macro-
phages were in both superficial (near crypt bases) and deeper
regions of the SM (Figure S3N), whereas leakage would likely
result in virus predominately in deeper regions, toward the bot-
tom of the tissue. Finally, we collected the explant culture me-
dium at the end of the culture period and confirmed that no
HIV was present using a sensitive HIV detection assay
(Figure S30).

Together these results reveal substantial differences in HIV
distribution across colorectal tissue compartments, with LAs
as key initial entry sites appearing to facilitate HIV access to
the SM. Furthermore, HIV enrichment in DCs and macrophages
occurred only in the mucosa and SM, respectively. This high-
lights that it is not only the cell type, but also its compartmental
residence, that determines the degree of interaction with HIV.

Colorectal DCs form gradients toward HIV within and
across tissue compartments
We next explored potential mechanisms of differential HIV-target
cell interactions by analyzing the spatial organization of target
cells in relation to HIV. In particular, we measured changes in
target cell density from HIV particles, where steadily increasing
or decreasing density gradients were used to infer potential
cell migration in response to HIV (Figure 1F). In EP, LP, and
LAs we observed that DCs formed an increasing density gradient
toward HIV, whereas T cells and macrophages did not
(Figure 5A). The effect was most pronounced in LP to the extent
that DCs were depleted in regions >300 um from HIV. Similarly,
SM macrophages formed an increasing density gradient
toward HIV.

As DCs exhibited migratory patterns toward HIV in all three
mucosal compartments, we investigated whether they showed
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patterns consistent with crossing tissue compartments in
response to HIV. To this end, we measured whether LP DCs re-
distributed “toward” and “into” EP or LAs when these compart-
ments contained HIV. Starting with EP, we classified EP cells into
HIV* or HIV™ populations and measured the density of DCs in the
LP < 10 um from each EP population. Compared with HIV™ EP,
DCs were significantly more concentrated beneath (Figure 5B)
and within HIV* EP (Figure 5C). Using a similar approach for
LAs, we found that, compared with HIV™ LAs, LP DCs were
significantly more enriched near HIV* LAs (Figure 5D) and DCs
were present at a higher density within HIV* LAs (Figure 5E). In
addition, DCs were more concentrated toward the outer edge
of HIV* LAs, further supporting the idea that DCs may migrate
into these structures in response to HIV (Figure 5F). We did not
observe any difference in CD4" T cell density near or within
HIV* versus HIV™ LAs.

Taken together, these results suggest that HIV enrichment in
mucosal DCs and SM macrophages may relate to their ability
to migrate toward incoming HIV, with DCs going as far as to
cross tissue compartments in response to incoming virus.

HIV induces the formation of target cell clusters within
which DCs and macrophages traffic virus to CD4* T cells
As cell:cell interactions are important for the spread of HIV (Ber-
tram et al., 2019b; Bracq et al., 2018), we devised several spatial
analysis tools to investigate the influence of HIV on interactions
between target cells in situ.

We first used SpicyR (Canete et al., 2022), to compare cell:cell
interactions between HIV* and HIV™ regions of treated explants to
understand how HIV influences interactions, regardless of
whether cells themselves are HIV*. This analysis showed that, in
HIV* regions, target cells cluster among each other in both LP
and LAs. Interestingly, LP non-target CD4~ T cells clustered
among themselves in HIV* regions but not with HIV target cells
(Figure B6A). In addition, there was no difference between HIV™ re-
gions and the mock explants, confirming that clustering occurs
specifically in response to HIV (Figure 6A). To verify that results
are resistant to parameter variation, we ran SpicyR over a range
of radius and distance cut offs (Figure S4A). Qualitative inspection
of images confirmed the presence of clusters of DCs, macro-
phages, and CD4* T cells in HIV* regions (Figure 6B). Interestingly,
clusters tended to form away from the EP in the central area be-
tween the crypts of Lieberkiihn. We hypothesized that this was

(C) Positive and negative residuals (distance of points to line y = x) from (B), which represent the magnitude of HIV association with LA and LP, respectively.

Statistics: Wilcoxon rank-sum test.

(D) Representative images showing preferential localization of HIV to LAs compared with the surrounding LP. Images are segmentation masks showing HIV* cells

(red), HIV™ cells (blue), and outline of LAs.

(E) Cell type percentage (of all cells) versus percentage of all virions across target cells in tissue compartments. n = 15 explants from 12 donors (images averaged).

Statistics: Wilcoxon signed-rank test.

(F) Representative images of DCs interacting with HIV in EP and LAs, and macrophage-HIV interactions in the SM. Broken line, EP-LP border.

(G) Log2 fold change in HIV™ or HIV* cell density in LA-proximal (<400 um) versus -distal (400-800 pum) regions of LP. Paired regions only used if each contained
at least 5 HIV* and 5 HIV™ cells. DC: 19 LAs (5 donors); Mac: 8 LAs (3 donors); CD4* TC: 15 LAs (6 donors); CD4~ TC: 12 LAs (5 donors) Statistics: paired t test
(normality assessed by Q-Q plot).

(H) Percentage of mucosal LA DCs, CD4* T cells, or undefined cells (not a DC, macrophage, or T cell) that are HIV* in intervals from the outer edge (x = 1) to center
(x = 20) of HIV* LAs (>2 virions) (STAR Methods). n = 112 LAs (14 donors). Statistics: Figure S4K. LOESS curve of best fit.

(I) Linear models of compartment HIV density to assess whether SM HIV density (“SM”) is dependent on LP (“LP”) or LAHIV density (“LA”). p weights and p values
shown. Schematic of model results showing LA to SM HIV entry (red line) as the most likely pathway. n = 14 donors.

Density = cells or virions per mm? of DAPI.
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due to target cell migration away from the EP interface in response
toincoming HIV. To investigate this, we devised a method of tem-
poral inference to model the progression of HIV entry into the mu-
cosa (STAR Methods). Here, images were divided into 100 pm?
windows, each classified as “naive” (HIV density = 0), “early”
(HIV density EP > LP), or “late” (HIV density EP < LP) in terms of
HIV entry, with changes in target cell density measured close
and far from the EP interface at each stage. Results showed
that, like uninfected tissue, macrophages were enriched near
the EP in naive regions; however, early in response to HIV they
migrate deeper and persist there in the late phase (Figure S4B).
Interestingly we found that CD4* T cells also migrate away from
the EP, but only in the late phase, whereas CD4™ T cells showed
no change throughout the phases of entry. Curiously, DCs also
showed no difference, although we can presume that this is due
to their dual role of migration toward HIV* EP (Figures 5B and
5C) as well as forming part of the central clusters in the LP
(Figures 6A and 6B). These results suggest that a secondary effect
of colorectal HIV entry is the rapid formation of a target cell-en-
riched community slightly distal to the site of entry, thus creating
an ideal environment for cell-to-cell viral transfer.

We next investigated potential cell to cell HIV transfer. As HIV
is present at the interface between cells during active viral trans-
fer (Garcia et al., 2005; McDonald et al., 2003; Wang et al., 2007,
2008; Yu et al., 2008), cells engaged in transfer would both
appear HIV* in our dataset. Accordingly, we devised a “HIV-
transfer phenotype score” to measure the change in association
between cells when they both contain HIV. In brief, the frequency
of HIV* cell interactions with either HIV* or HIV™ cells was calcu-
lated using neighborhood analysis (Schapiro et al., 2017) and the
transfer score defined as the difference in HIV*:HIV* and
HIV*:HIV™ interaction frequencies. This was used as a proxy
for viral transfer (STAR Methods). Results showed that HIV*
DCs in LP and LAs, and macrophages in LP, had the highest
transfer scores to CD4" T cells (~50% increase in images
showing significant interactions) (Figure 6C, dotted boxes). Inter-
estingly, we also observed considerable transfer scores be-
tween HIV* DCs and macrophages. Importantly, transfer scores
were close to 0 for CD4™ T cells in LP, which are known to not
transfer virus, as well as “unknown” cells in LAs. Potential trans-
fer events were visually observable between DCs/macrophages
and CD4* T cells (Figures 6D and S4C) or between DCs and
macrophages themselves (Figure S4D) in both HIVg, - and
HIVz3g7gm-treated explants. As transfer increases recipient cell
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HIV levels, we investigated whether CD4* T cell interactions
with DCs/macrophages was associated with increased T cell
HIV load. Measuring cell body overlap as a proxy for an active
interaction (STAR Methods), we found that CD4* T cell viral
load was significantly positively associated with interactions
with DCs, but not macrophages (Figure 6E). Importantly, DCs
did not interact with CD4™ T cells regardless of their (incidental)
association with HIV (Figure S4E), which confirms specificity and
controls for the possibility of DC migration toward HIV (Figure 5A)
driving the association. These results provide in situ quantitative
evidence of cell-to-cell HIV transfer in intact tissue leading to
increased CD4* T cell HIV levels within just 2 h of exposure.

Having observed HIV-induced clustering among target cells
and potential viral transfer in situ we determined whether this
led to increased viral replication in CD4* T cells ex vivo. We
sorted all colorectal HIV target cells and co-cultured DCs or
macrophages with autologous CD4" T cells prior to infection
with a transmitted founder HIV strain and subsequent assess-
ment of CD4* T cell infection 72 h later. We found that the pres-
ence of DCs or macrophages significantly enhanced infection
of CD4" T cells (Figure 6F). To determine whether enhancement
was mediated by viral transfer we next infected DCs and macro-
phages prior to the addition of activated PBMC-derived CD4*
T cells. The results showed that both DCs and macrophages
mediated HIV transfer to CD4" T cells leading to increased viral
replication but that this effect was significantly greater for DCs
(Figure 6G).

All together, these results suggest that mucosal HIV entry in-
duces its target cells to cluster together forming a community
in which DCs and macrophages deliver virus to CD4* T cells,
facilitating infection of these cells within the mucosa itself.

DISCUSSION

In this study we developed a pipeline for multiplexed in situ
quantification of initial host-pathogen transmission events and
applied it to study human colorectal HIV transmission within 2 h
of exposure. This was made possible by a combination of
RNAScope, CyCIF, and image analysis algorithms to enable
accurate quantification. In particular, RNAscope overcame issues
of low signal-to-noise inherent in antibody- and fluorophore-
tagged HIV detection approaches (Campbell et al., 2007; Deleage
etal., 2016; Eugenin and Berman, 2016; Prevedel et al., 2019) and,
when combined with CyCIF, enabled quantitative comparison of

Figure 5. Cellular gradients in response to HIV

(A) Fold change in cell density (versus compartment average) in 10 pm (EP) or 20 um (LP, LA, SM) intervals from HIV. n = 45 images (12 donors). Statistics:
Wilcoxon signed-rank test comparing interval cell-type density with the compartment average.
(B) LP DC and CD4 ™ T cell density within 10 um of HIV* EP (> 1 virions) or HIV™ EP (STAR Methods). n = 40 images (12 donors). Statistics: Wilcoxon signed-rank

test.

(C) EP cells were classified as HIV* or HIV™ and the percentage of each population comprising DCs or CD4~ T cells was measured. n = 33 images (11 donors).

Statistics: Wilcoxon signed-rank test.

(D) Fold change in cell density (versus LP average) in 50 um intervals from HIV* (> 2 virions) or HIV ™ (<2 virions) LAs. n = 38 images (12 donors). Statistics: Wilcoxon
signed-rank test comparing cell density between intra-image HIV* and HIV~ LAs for each interval.
(E) Density of DCs or CD4* T cells in mucosal HIV* versus HIV™ LAs. Statistics: Wilcoxon rank-sum test comparing cell density between HIV™ LAs (n = 84) and HIV*

LAs (n = 82) in 11 donors.

(F) DC and CD4™* T cell frequency (percentage of all cells) in intervals of mucosal HIV* versus HIV™~ LAs in (E), from their outer edge (x = 1) toward their center (x =
20). Statistics: Wilcoxon rank-sum test comparing cell frequencies in each interval between HIV* and HIV™ LAs.
Density = cells per mm? of DAPI. LOESS curve of best fit for (A, D, and F). Heatmaps centered at p = 0.01 (A) or p = 0.05 (D and F).
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HIV localization to DCs, macrophages, CD4" T cells, and
CD4™ T cells (as a control) in four colorectal tissue compartments.
Our AFid tool reduces false identification of HIV* cells due to auto-
fluorescence (Baharlou et al., 2020). Our segmentation approach
allows cell overlap to outline full cell bodies. This enables accurate
assignment of HIV particles to amorphous cells, such as DCs and
macrophages (Figure S1), while ensuring key cell:cell interactions
are not missed as HIV can be transmitted between cells via mem-
branous extensions (Eugenin et al., 2009; Nikolic et al., 2011).
Finally, we employed spatial techniques to investigate cell:cell
spread of HIV including our recently developed SpicyR algorithm
(Canete et al., 2022), and a HIV-transfer phenotype score derived
from neighborhood analysis (Schapiro etal.,2017). Together these
approaches enabled us to dissect early transmission events in situ
and provides a framework for in situ quantification of cellular
microenvironment changes that could be applied to a range of dis-
ease and physiological settings.

The relative involvement of different HIV target cells in initial
viral uptake is fundamental to understanding the determinants
of transmission. However, this has not been previously
described in intact primary human colorectal tissue. We reveal
that HIV is preferentially enriched in DCs and macrophages
rather than CD4" T cells, with DCs exhibiting the highest per-
cell viral sampling capacity (Figure 3). Importantly, this was not
replicable upon infection of ex vivo isolated rectal cells where
macrophages were the dominant initial target cell, in agreement
with previous work (Gurney et al., 2005). We postulate that this
difference is because the tissue microenvironment is a critical
factor in HIV target cell migration and viral interactions, as illus-
trated in this study and others (Cavarelli et al., 2013; Ganor
et al., 2010; Imle et al., 2019; Zhou et al., 2018). This reinforces
the importance of in situ studies to accurately define initial
host-pathogen interactions.

A key strength of this study is the analysis of tissue compart-
ments (Figures 4 and 5), which revealed that HIV enrichment
in DCs and macrophages was specific to the mucosa and submu-
cosa, respectively, and that HIV preferentially localizes to LAs.
Mucosal DCs and submucosal macrophages steadily increased
in density toward HIV particles, suggestive of migration to sites
of HIV entry. LP DCs also appeared capable of crossing compart-
ments to sample HIV, which has been observed for epithelium
(Cavarelli et al., 2013), but which we report here for LAs. As such,
migration may be a key mechanism of early viral enrichment in
these populations. This may be the function of one or more subsets
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of either DCs or macrophages, as subset-specific differences in
both migratory capacity (Domanska et al., 2022) and HIV binding
(Bertram et al., 2019a; Rhodes et al., 2021) have been observed.
HIV binding itself appeared to influence cell location with LP HIV*
DCs and CD4* T cells tending to locate near LAs. This could repre-
sent specific cell subsets in LA-adjacent regions, which are known
tovaryinmurine studies of Peyer’s patches (Bonnardel et al., 2015)
but are unstudied in humans. Another possibility, at least for DCs,
is that HIV binding induces enhanced LA-directed migration and
entry. Thisis supported by the increased DC density in HIV* versus
HIV™ LAs and the preponderance of HIV* DCs in these structures.
Compartment-based analysis also revealed that LAs are key HIV-
containing compartments within 2 h of exposure to the virus. This
may be due to delivery by HIV* DCs or other cells in the adjacent
LP, or via follicle-associated epithelium and resident M cells, which
is a key site of entry for other enteric pathogens (Kobayashi et al.,
2019). As LAs are enriched in rectal tissue (Langman and Rowland,
1986), contain abundant HIV target cells and are known sites of HIV
persistence (Chun et al., 2008), rapid access to these structures
may facilitate sustained infection and early reservoir formation
within the mucosa. Indeed, naive CD4" T cells are enriched in
LAs (Fenton et al., 2020) and are amenable to both viral transfer
and activation by HIV* DCs, which can promote latency (Cameron
etal., 2010) and HIV-susceptible Th17 programs (Koh et al., 2020;
Renault et al., 2022; Stieh et al., 2016). Entry into LAs but not LP
was also associated with increased SM HIV levels, suggesting
LAs as a possible conduit for HIV access to the underlying SM.
This could be through direct passage as LAs traverse the muscu-
laris mucosa barrier (Fenton et al., 2020) and HIV easily penetrates
deep into LAs (Figures S3H-S3J). Alternatively, as HIV
disseminates via lymphatics (Deleage et al., 2019), it may use the
extensive LA lymphatic network (Fenton etal., 2020) to gain access
to the SM, through which mucosal lymphatics drain (Unthank and
Bohlen, 1988).

CD4* T cells are the major initial targets of HIV integration and
productive infection (Gupta et al., 2002; Maric et al., 2021; Stieh
et al., 2016). However, the early events leading to infection
remain poorly understood. DCs and macrophages facilitate
HIV transfer and enhanced CD4* T cell infection in vitro; howev-
er, in situ characterization using human tissue is lacking and
mostly qualitative (Vine et al., 2022). Using our SpicyR algorithm
and temporal inference we show that, after HIV penetrates the
EP, HIV target cells appear to move away from the EP and
form clusters consisting of DCs, macrophages, and CD4*

Figure 6. Signatures of HIV-induced cell:cell interactions in situ

(A) SpicyR analysis of differential cell:cell localization in HIV* regions or HIV™ regions versus mock-treated images in the EP, LP, LA, or SM (STAR Methods).
Purple indicates significant (p < 0.01) interactions. n = 45 images (12 donors).

(B) Representative image of HIV target cells clustering (orown arrows) in an HIV* region located away from the EP interface.

(C) “HIV-transfer phenotype score” to estimate viral transfer between cells (STAR Methods). Frequency of HIV* target cell (rows) interactions with HIV™ or HIV*
neighbors (columns) in LP or LAs. Colors: percentage of images with significant (p < 0.005) interactions (yellow-purple) or the HIV-transfer phenotype score (blue-
red gradient), which is the difference in frequency between HIV*:HIV* and HIV*:HIV ™~ interactions. Key interactions encased by boxes. n = 45 images (12 donors).
(D) Representative images of DCs and macrophages interacting with CD4* T cells (brown arrow) where HIVg, is present at the interface between cells.

(E) Number of DC (CD11c) or macrophage (FXllla) pixels overlapping with the body of CD4* T cells that harbor varying levels of HIV particles. n = 11 images (5
donors). Statistics: Wilcoxon rank-sum test.

(F) HIV co-culture assay. Primary colorectal CD4* T cell p24 expression 72 h after HIVzsg7gm treatment (2 h, MOI = 1) of either CD4* T cells alone (n = 7), or with added
DCs (n = 5) or macrophages (n = 7) (10:1 ratio). Statistics: Wilcoxon rank-sum test comparing p24 fold change in co-cultures versus lone CD4" T cell infections.
(G) HIV transfer assay. PBMC-derived CD4* T cell p24 expression 72 h after HIVzze7gm or mock (PBS) treatment (2 h, MOI = 1) of primary colorectal DCs or
macrophages with subsequent addition of CD4* T cells. Statistics: Wilcoxon rank-sum test to compare.
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T cells (Figure 6). This may occur temporally as our data suggest
that macrophages migrate away from the EP initially, followed by
CD4* T cells. Importantly, this was specific to HIV target cells
and creates an ideal setting for viral transfer between cell types.
Indeed, using a scoring system for potential HIV transfer events,
we showed that, upon HIV binding, DCs and macrophages pref-
erentially cluster with CD4" T cells, with virus present at the
cellular interface. Interestingly, CD4* T cell HIV load was tightly
correlated with their physical overlap with DCs, suggesting that
the early presence of high viral loads in CD4* T cells may be
dependent on their interactions with DCs. The lack of this asso-
ciation for macrophages may be due to lower levels of viral trans-
fer, or a lack of physical overlap during interactions with T cells,
unlike DCs which can entirely envelope CD4* T cells during
transfer (Felts et al., 2010). Finally, we assessed infection of
rectal tissue-derived co-cultures and confirmed viral transfer
and enhanced infection of CD4" T cells by both DCs and macro-
phages, in agreement with other studies (Bertram et al., 2019a;
Nasr et al., 2014; Rhodes et al., 2021). This provides the stron-
gest evidence to date that viral transfer to CD4" T cells occurs
as early as 2 h within the mucosa.

In summary, this study contributes quantitative in situ data on
the initial events of HIV transmission in intact human mucosal
explant tissue. Although some of the findings of this study are
circumstantial, we believe they give rise to important hypotheses
regarding HIV transmission. Particularly, the role of niche-specific
cell subsets, the drivers of cell recruitment and cell:cellinteractions
at sites of HIV entry, and the possibility of LAs as key sites of early
viral amplification, persistence, and extra-mucosal dissemination.
We anticipate that recent advancements in high-parameter imag-
ing modalities (Baharlou et al., 2019; Lewis et al., 2021), animal
models and human organoid systems (Kim et al., 2020) will allow
unprecedented insight regarding the early determinants of HIV
transmission. The approach and results presented here provide
afoundation for such future studies, which could inform prophylac-
tic interventions or the design of a mucosal vaccine.

Limitations of the study

Cells were defined as HIV™ if they spatially overlapped with HIV
particles, meaning that some will be false positive due to random
encounter. We worked around this limitation with comparative
rather than absolute measurements such as HIV enrichment
(HIV* cell frequency/cell frequency). Precise identification of
virion-cell interactions would require a sensitive reporter
construct that produces a signal following the virion-membrane
binding event. However, this would be challenging as the virus
rapidly contacts multiple cell types in tissue and so downstream
virion-cell interactions would produce false negatives.

Increasing/decreasing cell density gradients were used to
infer cell migration to and from areas of tissue. Formal proof
would require real-time imaging of virions and cells in fresh
human explant tissue, which is technically challenging if not
impossible with current technologies.

The goal of our study was to map out the early host-cell interac-
tions that characterize colorectal HIV transmission. However, our
system is unable to determine the relative contribution of these
early interactions to downstream mucosal infection. Future
studies may address this by combining pro-longed explant cul-
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ture, rapid targeted inhibition of cell subsets, and a reporter for
downstream productive infection (Stieh et al., 2016). However,
studying the role of newly migrated blood-derived immune cells
in mucosal infection would likely require small animal models (Gill-
grass et al., 2020).
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Biological samples
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Surgery Westmead Hospital
Critical commercial assays
RNAscope 2.5HD Reagent Kit-RED ACD Bio Cat: 322360
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Deposited data
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Experimental models: Cell lines
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Recombinant DNA
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NIH AIDS Research and
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Gift from Eric Hunter
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Image processing: Huygens Professional 18.10
Image Processing: Fiji (Madison Version)

Image processing: Autofluorescence Identifier
‘AFid’ software

Data Extraction: MATLAB 2017b
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SpicyR package

Scientific Volume Imaging
ImageJ
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Mathworks
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zenodo.6992156

Bioconductor
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N/A
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FlowJo (Treestar) FlowJo (Treestar). N/A

R programming language GNU N/A

Other

Schematics were created with Biorender Biorender Agreement number: HX23122GBL

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Andrew

Harman (andrew.harman@sydney.edu.au).

Materials

This study did not generate new unique reagents.

Data and code availability

® Raw image data and the processed spreadsheet used for analysis have been deposited at Zenodo at https://doi.org/10.5281/
zenodo.6992156 (Baharlou et al., 2022) and are publicly available as of the date of publication. Flow cytometry data reported in
this paper will be shared by the lead contact upon request.

@ All original code and instructions for image processing/analysis is available at GitHub (https://github.com/heevaBaharlou/
HIVImageAnalysis) and deposited at Zenodo at https://doi.org/10.5281/zenodo.6992156 (Baharlou et al., 2022).

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

Healthy human colorectal tissue was obtained within 15 min of resection from patients undergoing surgical intervention for divertic-
ulitis or colorectal cancer. Only healthy tissue distal to the site of disease process were used for this study. Details on patient age and
sex are provided in Table S1. This study was approved by the Western Sydney Local Area Health District (WSLHD) Human Research
Ethics Committee (HREC); reference number HREC/2013/8/4.4(3777) AU RED HREC/13/WMEAD/232. Written consent was ob-
tained from all donors.

Cell lines

Both human embryonic kidney-derived 293T (HEK293T Cells) and HeLa-derived TZM-bls were cultured in Dulbecco’s Modified Ea-
gle Medium (Lonza) with 10% Fetal Calf Serum (FCS) (Lonza) (DMEM10) at 37°C/5% CO, and passaged using TrypLE express
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(Gibco) dissociation at a 1:10 dilution three times a week and 1:12 dilution twice a week, respectively. SUPT1.CCR5-CL.30 cells were
maintained in RPMI (Lonza) with 10% FCS (RF10) at 37°C/5% CO, and passaged at a 1:10 dilution twice per week.

METHOD DETAILS

HIV-1 virus production

Lab-adapted (HIVg,, ) or transmitted founder (HIV23¢7g\) Strains were produced by transfection using a previously described protocol
(Bertram et al., 2019a). 1.6 x 107 HEK293T cells were seeded in a T150 flask (Becton Dickinson, Franklin Lakes, New Jersey, USA)
and transfected with 80ug of pWT/g4. or pHIVz3s7smtre Plasmid DNA. The following reaction mixture (all from Sigma-Aldrich) was pre-
pared separately and added in addition to the plasmid DNA: 10uL 0.15M Na,HPO, (pH 7.1), 128ulL 2M CaCl,, 1 mL Hepes-buffered
saline (280 mM NaCl, 50 mM HEPES, pH 7.1), 1 mL (1 mM Tris, 0.1 mM EDTA, pH 8.0), all diluted in 15 mL DMEM10 (Lonza). Culture
media was replaced the next day with DMEM10 and cells cultured for a further 2 days, after which media was collected, centrifuged
(1600g, 20min) and the resultant supernatant concentrated (3000g, 20min) to 1mL using 300kDa filters (Vivaspin 20, Sartorius, G6t-
tingen, Germany). High titer stocks for HIVg,_ were achieved by infection of the SUPT1 T cell line. Stocks were depleted of macro-
vesicles by adding 18mL viral supernatant to 2mL CD45 magnetic beads (Miltenyi Biotech) for 2h prior to filtering through an LS
column (Miltenyi Biotech). The resultant CD45- HIV, supernatant as well as HIVzzg78m Were under-layed with 1mL of 20% sucrose
and ultracentrifuged (100,000g, 4°C, 1.5h, Beckman Optima XL-100 K, 70Ti rotor) to further concentrate viral stocks. This method
yielded viral titers between 108-10°, as measured by 50% tissue culture infective dose (TCIDsg)/mL on TZM-bl cells by LTR #-galac-
tosidase reporter gene expression following one round of infection. Briefly, serial dilutions of viral stocks were performed on plated
TZM-bls (37°C, 3 days), followed by media removal, addition of 50ul X-gal solution and incubation for 1h at 37°C. Wells were then
diluted with 50ul of 4% PFA and incubated for a further 20min at room temperature (RT), followed by solution removal and
EliSPOT imaging. The Spearman & Karber algorithm was used for TCIDso, measurements. Virus aliquots were stored at 80°C. Endo-
toxins (Limulus amebocyte lysate assay; Sigma), TNF-a, IFN-a, and IFN-B (Enzyme-linked immunosorbent assay (ELISA) were all
below the limit of detection.

Tissue digestion

To perform HIV-uptake (Figure 3F) and co-culture/transfer assays (Figures 6F and 6G), we extracted HIV target cells from human
colorectal tissue. Underlying fat and mesentery were removed using a scalpel and forceps and remaining tissue cut into ~5mm?
pieces. Surface epithelium and mucus was stripped by two incubations in RPMI with 10% FCS, 0.3% DTT (Sigma) and 2mM
EDTA (Sigma) (15min, 37°C). Tissue was washed in DPBS and underwent two incubations in 20mL RPMI with 0.3% Collagenase
IV (Worthington) and 0.5% DNase (Sigma) (30min, 37°C) to liberate cells which were then passed through a 100um cell strainer
and washed twice in DPBS. Cells were resuspended in 35mL RPMI, under-layed with 15mL Ficoll-Paque (GE Healthcare) and centri-
fuged (400g, 20min, no brakes). Buffy coats were collected and washed twice in DPBS. Red Cell Lysis buffer (All Sigma: 150 mM
ammonium chloride (v/v), 10mM potassium bicarbonate (v/v), 0.1 mM EDTA (v/v) in ddH20) was used to remove remaining red blood
cells as per the manufacturer’s instructions.

HIV uptake assay

Following our tissue digestion protocol (see above), liberated cells underwent positive selection for CD45+ cells (Miltenyi Biotec).
5 x 10° cells in 150ul of DC Culture Media were then treated with HIVg,, (MOI = 5, 2h, 37°C) or PBS (mock). Cells were then washed
three times in DPBS, 200ul of DPBS, stained with 0.05ul FVS700 for 30min at 4°C, washed in FACS wash (1% FCS (v/v), 2 mM EDTA,
0.1% sodium azide (w/v) in PBS) and 10ul Brilliant Stain Buffer (BD) added. Cells were then incubated with an antibody panel for
30min at 4°C with the final volume made to 50ul. The antibody panel included Biolegend: 1ul HLA-DR BUV395 (L243), 1ul CD19
BV750 (HI819), 2.5ul CD4 BV786 (OKT4); BD: 5ul CD3 BUV496 (UCHT1), 2.5ul CD14 BUV737 (M5E2), 1.5ul CD11c BB515 (B-ly6).
Cells were washed in FACS wash, permeabilised with 100ul Cytofix/Cytoperm (BD) for 20min at RT and washed in Perm Wash
(1% FCS (v/v), 1% BSA (w/v), 0.1% saponin (w/v), 0.1% sodium azide (w/v) in PBS) Cells were resuspended in 50ul Perm Wash
and underwent intracellular staining with antibodies Beckman Coulter: p24-PE (KC57) and Medimabs: p24-APC (28b7) for 30min
at RT. Cells were again washed in Perm Wash and HIV expression assessed by dual p24 expression using an LSRFortessa (BD).
P24 expression was measured by gMFIl and dual p24+ positive cells were defined as HIV+ cells as per (Bertram et al., 2019a; Rhodes
et al., 2021). Mock treated cells were used to set the gates to minimize background staining interference.

Target cell selection and sorting

Following tissue digestion (see above), liberated cells were positively selected for CD45+ cells as per the manufacturer’s instructions
(EasySep Human CD45+ Cell Enrichment Kit, StemCell Technologies) using a QuadroMACS separator with LS columns. 2.5 x 10°
cells were resuspended in 200ul of DPBS, stained with 0.05ul FVS700 for 30min at 4°C, washed in FACS wash and 10ul Brilliant Stain
Buffer added. Our antibody sort panel was added for 30min at 4°C with the final volume made to 50ul. The sort panel included Mil-
tenyi: 2.5ul CD3 APC Vio770 (REA613), 2.5ul CD19 APC Vio770 (L719), 1ul HLA-DR PerCP (AC122); Biolegend: 2ul CD4 BV650
(OKT4); BD: 1.5ul CD11c PE CF594 (B-ly6), 2.5ul CD14 BV421 (M5E2). Cells were then washed twice in FACS wash and once in
pre-sort buffer (BD). 1mL of pre-sort buffer was used to resuspend cells which were then filtered using a 100um cell strainer just prior
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to sorting on either the BDInflux (BD) or BDArialll (BD) cell sorters. CD4+ T cells were defined as live CD3+CD4+, Dendritic Cells as
live HLA-DR+CD3-CD19-CD14-CD11c+ and Macrophages as live HLA-DR+CD3-CD19-CD14+. Sorted cells were placed in FACS
tubes with 500ul of DC Culture Media and kept at 4°C until co-culture/transfer assay setup as described in the sections below.

HIV co-culture assay

Sorted DCs, macrophages and CD4+ T cells were plated as follows: CD4+ T cells alone, DCs with CD4+ T cells (1:10 ratio), macrophages
with CD4+ T Cells (1:10 ratio). Cultures were topped to 150ul with DC Culture Media and treated with HIV 35780 (MOI = 1, 2h, 37°C). An
additional mock treated CD4+ T cell culture was maintained as a control. Cells were then washed three times in DC Culture Media, re-
suspended in 200ul of DC Culture Media with 0.02% Normocin (InvivoGen) and cultured for 3 days at 37°C. HIV infection of CD4+ T cells
was determined by p24 expression using flow cytometry as described in the section on ‘HIV assessment by Flow Cytometry’.

HIV transfer assay

Sorted DCs and macrophages as well as activated PBMC-derived CD4+ T cells (see section below) were plated in individual wells in
150ul DC Culture media, then exposed to HIVz3g7gm (MOI = 1, 2h, 37°C). An additional mock treated activated CD4+ T cell culture was
maintained as a control. Cells were then washed three times in DC Culture Media and resuspended in 200ul of DC Culture Media with
0.02% Normocin. Activated CD4+ T cells were then added to DC and Macrophage cultures at a 2:1 ratio and cultured for 3 days at
37°C. HIV infection of CD4+ T cells was determined by p24 expression using flow cytometry as described in the section on ‘HIV
assessment by Flow Cytometry’.

HIV assessment by flow cytometry

Cells cultured with HIV were washed in DPBS, resuspended in 200ul, stained with FVS700 for 20min at 4°C and washed with FACS
wash. Cells were stained with Miltenyi: CD3 APC-Vio770 (REA613) for 30min at 4°C, washed twice in FACS wash, permeabilized with
100ul Cytofix/Cytoperm for 20min at RT and washed in Perm Wash. Cells were resuspended in 50ul Perm Wash and underwent intra-
cellular staining with antibodies Beckman Coulter: 1ul p24-PE (KC57) and Medimabs: 1ul p24-APC (28b7) for 30min at RT. Cells were
again washed in Perm Wash and HIV expression assessed by dual p24 expression using an LSRFortessa.

PBMC-derived CD4+ T cell isolation

Transfer assays (Figure 6G) were performed using allogenic activated CD4+ T cells selected from peripheral blood mononuclear cells
(PBMCs). PBMCs were derived from leukoreduction system chambers (LRSC) (Australian Red Cross Blood Service), on the same
day as platelet donation. LRSCs were diluted 1:5, distributed across Falcon tubes with 35mL in each tube, then under-layed with
15mL Ficoll-Paque and centrifuged (400g, 20min, no brakes). Buffy coats were collected and washed x2 in DPBS. Red Cell Lysis
buffer was used to remove remaining red blood cells as per the manufacturer’s instructions. CD4+ T cells were selected using a
CD4 selection kit (StemCell Technologies) and activated by culturing 1 x 10° cells/mL for 3 days at 37°C in RPMI supplemented
with 10% FCS, 5 mg/mL PHA (Sigma) and 150 IU/mL IL-2 (Peprotech). Cells were transferred to cryovials containing FCS with
10% DMSO, placed in a CoolCell (Corning) and stored at —80°C.

HIV explant infection

Human colorectal tissue was obtained within 15 min of surgical resection. Underlying fat and mesentery were removed using a
scalpel and forceps and tissue spread out in a Petri dish with the mucosal surface face-up. Gel-foam sponges (Pfizer) were cut
into 1cm? pieces (one for each explant), placed in the well of a 24-well plate and soaked in culture media consisting of 10uM
HEPES (Gibco), non-essential amino acids (Gibco), 1 mM sodium pyruvate (Gibco), 50uM 2-Mercaptoethanol (Gibco), 10ug/mL Gen-
tamycin (Gibco), 10% FCS (Lonza), all diluted in RPMI-1640 (Lonza). Here after this is referred to as ‘DC Culture Media’. Sponges
were left to soak whilst tissue was further processed. As previously described (Doyle et al., 2021; Fenton et al., 2020) a dissection
light microscope was used to select appropriate placement of cloning cylinders for the topical application of HIV. Appropriate areas
were defined as containing visible lymphoid aggregates and being free of any signs of trauma. Once an appropriate area was located,
an 8mm cloning cylinders (Sigma-Aldrich) was lightly coated on one side with histoacryl surgical glue (B Braun) using a fine paint
brush and carefully placed over the region. 500ul of PBS was then added to the cloning cylinder to prevent the tissue surface
from drying out and to hasten setting of the surgical glue. This step is critical as excess glue can slowly spread over time from the
cylinder edge and cover the tissue surface thus preventing viral entry. Once all cylinders were placed, tissue within cylinders were
checked again to ensure they were free of glue. 1 or 2 selected regions did not have cylinders placed but were resected with a scalpel
as a 1cm? area and fixed in 4% PFA (diluted in PBS) (electron microscopy sciences) for 18h. These samples were used to analyze
target cell distribution in fresh uninfected colorectal tissue (Figure 2). The Petri dish was then filled with PBS so as to just cover its
surface, which reduced friction and the likelihood of displacement of the cylinders during cutting and lifting of explants. Soaked
gel-foam sponges were then distributed across the 24-well plate. The perimeter surrounding each cloning cylinder was then cut, after
which forceps were used to lift explants and place them on the sponges. Wells were then filled with DC Culture Media to the level of
the tissue. A final quality check for cloning cylinder sealing was performed by ensuring that the previously applied PBS was still pre-
sent and at the same level across explants. Solutions were removed from all cylinders and either 100ul PBS (mock), or a TCIDsg
of 70,000 (diluted in 100ul PBS) of lab adapted (HIVg,.) or transmitted founder (HIVz3s7gm) Strains applied to the inner chamber of
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cloning cylinders for 2h at 37°C. The time point of 2h was chosen as it allowed sufficient viral penetration into the tissue and was short
enough that the explants did not start to degrade. Indeed, initial optimizations with 30min and 6h timepoints showed insufficient viral
penetration past the epithelial surface and early signs of tissue degradation respectively (data not shown). It should be noted that
degradation as early as 6h was likely due to the large size (~1cm?) of our explants. A TCIDs, of 70,000 was selected as it is compa-
rable to peak levels of infectious virus found in semen during the acute stage (Pilcher et al., 2007). Supernatant from inner chamber, as
well as the DC Culture Media below were collected and stored at 80°C for assessment of HIV leakage from cylinders during the cul-
ture period (Figure S30). Explants were then washed x3 with 500ul PBS to remove excess HIV from the mucosal surface prior to
cylinder removal and tissue fixation in 4% PFA (diluted in PBS) for 18h.

Tissue embedding and sectioning

After fixation, explants were removed and trimmed with a scalpel along the impression left by the cloning cylinder during the culture
period. This ensured that only areas exposed to virus remained. Explants were kept in 70% ethanol prior to embedding in paraffin.
Tissues were then embedded flat so that the mucosal surface faced away from the sectioning surface of the paraffin block. This
ensured that the thin mucosal surface would not accidently be trimmed away whilst sectioning. 4um transverse sections were taken
through the entire tissue, from the submucosal side to the end of mucosa, and placed on Superfrost Ultra Plus Adhesion Slides
(Thermo Scientific) Sections were stored in the dark at RT until staining.

RNAScope

Detection of HIV RNA was performed using RNAscope as previously described (Bertram et al., 2019a; Deleage et al., 2016; Rhodes
et al., 2021) using the RNAscope 2.5HD Reagent Kit-RED’ with custom probes targeting HIV-1g,, or HIVz3g78m. In the protocol that
follows, reagents included in the ‘RNAscope 2.5HD Reagent Kit-RED’ are indicated. Unless otherwise written, wash steps were for
2min on a rotator set to low and incubations were carried out in a hybridization oven (HybEZ Hybridization System (220VAC), ACD
Bio). 4um paraffin sections were baked at 60°C for 1h and dewaxed by sequentially submerging slides in xylene (2 X 2min) and 100%
ethanol (2 x 2min). Slides were air-dried and antigen retrieval performed for 20min at 95°C using a pH9 buffer (RNAscope kit) and a
decloaking chamber (Biocare). Sections were washed in TBS (Amresco, Cat: 0788), then Milli-Q H,O, followed by dipping slides 3-5
times in 100% ethanol, leaving them to air dry and then encircling sections with a hydrophobic pen (RNAscope kit). Sections were
then incubated with protease pre-treatment 3 (diluted 1:5 in PBS and kept ice-cold) (RNAscope kit) for 30min at 40°C. Sections were
washed x2 in Milli-Q H,O and incubated with probes targeting HIV-1g, or HIVzzg78m for 2h at 40°C. Sections were washed X2 in
RNAscope wash buffer (RNAscope kit). Signal from probes was then amplified using Amps 1-6 (RNAscope kit) which were added
in sequence with X2 washes in RNAscope wash buffer between Amps. Amp incubation times were as follows Amp 1 = 30 min at
40°C; Amp 2 = 15 min at 40°C; Amp 3 = 30 min at 40°C; Amp 4 = 15 min at 40°C; Amp 5 = 30 min at RT; Amp 6 = 15 min at RT.
HIV RNA Signal was developed using Fast Red substrate made by mixing Red-B and Red-A (RNAscope kit) at a 1:75 ratio for
5min at RT, followed by washing in Milli-Q H,O then TBS.

Cyclic immunofluorescence staining and image acquisition

Unless otherwise indicated all washes were 2 x 2min in TBS on rotator set to low and incubations were in a humidified chamber
protected from light. Following RNAscope, sections were blocked for 30min at RT with blocking buffer (10% donkey serum (Sigma),
1% BSA (Sigma), 0.1% Saponin (Sigma), all diluted in TBS) and washed. Sections were incubated with sheep anti-FXllla and rabbit
anti-CD11c antibodies (diluted in block buffer) overnight at 4°C, washed and donkey anti-sheep-AF488 (Invitrogen, Cat: A-11015)
and donkey anti-rabbit-AF647 (Invitrogen, Cat: A-31573) antibodies added for 30min at RT. Sections were washed and further
blocked for 30min at RT with block buffer with 10% rabbit serum (DAKO) to block excess binding sites from the donkey anti-rabbit
antibodies. 0.5% PFA (diluted in PBS) was added for 15min at RT to fix blocking rabbit IgGs in place. Rabbit anti-CD4-Cy7 (Abcam,
Cat: ab181724, conjugation with sulfo-Cyanine7 antibody labeling kit (lumiprobe, Cat: 5321-10rxn)) was then added overnight at RT
and sections washed 3 x 5min in TBS. Sections were stained with 1ug/mL DAPI (diluted in TBS) (Thermo Scientific, Cat: 62248) for
3min at RT, washed then rinsed in Milli-Q water. Sections were mounted with SlowFade Diamond Antifade Mountant (Invitrogen, Cat:
S36963) and cover-slipped (Menzel-Glaser 22 x 60 mm Coverslip, Thermo Scientific). Images were acquired as per the section
below on ‘Image Acquisition’. After imaging, slides were submerged in TBS until coverslips dissociated. Sections were then washed
and treated with bleach solution (5% H202 (Sigma) and 20mM NaOH (Sigma) diluted diluted in PBS) for 1h with light (15 watt, 2700k
light bulb, 5cm above sample). Sections were checked under the microscope to ensure signal removal from all channels, and sub-
sequently washed and incubated with blocking buffer with 10% rabbit serum for 15min at RT, followed by washing in TBS. Rabbit
E-Cadherin-AF647 (Cell Signal, Cat: 9835) and mouse anti-CD3 (Abcam, Cat: ab17143) were added overnight at RT. Sections were
washed 3 x 5min in TBS and donkey anti-mouse-DyLight755 antibody (Invitrogen, Cat: SA5-10171) then added for 30min at RT. After
washing 3 x 5min in TBS and rinsing in Milli-Q water slides were again mounted with SlowFade Diamond Antifade Mountant and
imaged as described below.

Image acquisition

Images were acquired with a VS120 Slide Scanner equipped with an ORCA-FLASH 4.0 VS: Scientific CMOS camera (Olympus) and
VS-ASW 2.9 software used for image acquisition and file conversion from vsi to tiff format. The entire tissue area was imaged using an
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%20 objective (UPLSAPO 20X/NA 0.75, WD 0.6/CG Thickness 0.17) and select areas for representative images were acquired using
an x40 objective (UPLSAPO 40X/NA 0.95, WD 0.18/CG Thickness 0.11-0.23). For x40 images, Z-stacks were acquired 3.5um
above and below the plane of focus with 0.5um step sizes. Channels used include: DAPI (Ex 387/11-25nm; Em: 440/40-25nm),
FITC (Ex: 485/20-25nm; Em: 525/30-25nm), TRITC (Ex: 560/25-25 nm; Em: 607/36-25nm), Cy5 (Ex: 650/13-25 nm; Em:
700/75-75nm) and Cy7 (Ex: 710/75nm, Em: 810/90nm). All channels were checked, and antibodies titrated beforehand, to ensure
against signal-spill over between channels.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image deconvolution and registration

Huygens Professional 18.10 (Scientific Volume Imaging, The Netherlands, http://svi.nl) CMLE algorithm, with SNR: 20 and 40 itera-
tions were used for deconvolution of both single plane images acquired at x20, and also x40 Z-stacks. Images were aligned using the
Imaged plugin multiStackReg vs1.45 with the DAPI channel serving as a reference for alignment.

Autofluorescence removal
Colorectal tissue is prone to autofluorescence from many sources such as red blood cells, blood vessels, apoptotic cells, intrinsically
autofluorescent cells etc. Our early analyzes showed this substantially interfered with cell phenotyping and we could not remove
autofluorescence using commercial quenching kits without significantly reducing our staining intensity. As such we developed ‘Au-
tofluorescence Identifier’ (AFid) which analyzes pixels from two input fluorescent channels and outlines autofluorescent objects
(Baharlou et al., 2020). The code (https://ellispatrick.github.io/AFid) is implemented in MATLAB, R and Fiji. The Fiji version was
used for this analysis. Pairs of channels compared were FXIIIA (on FITC) vs HIV RNA (on Texas Red) and HIV RNA vs CD11c. Auto-
fluorescence masks were ‘OR’ combined and the resultant mask was used to exclude autofluorescent pixels (values set to 0) from
images during data extraction as described below. The input parameters for AFid were as follows:

Threshold: Niblack

Min Area = 20 pixels.

Max Area = 100000 pixels.

Sigma = 2 pixels.

Correlation cut off = 0.6.

Number of clusters = 1.

Max Value to automate k = 0.

Glow Removal = Yes.

Expansion Sensitivity = 20 pixels.

*Above values were for image resolutions of 3 pixels per um.

HIV spot segmentation

HIV RNA particles were segmented using a custom MATLAB script based on a previously described spot counting algorithm (Battich
et al., 2013). First, a manual threshold of the HIV RNA channel was set to approximate areas of HIV stain. The IdentifySpots2D func-
tion by Battich et al. was then used to identify the number of spots. The detection threshold was set to 0.01 and deblending steps was
set to 2. Identified spots were excluded if they did not overlap with the manually generated threshold mask in the first step.

Cell segmentation and Classification

Single cell segmentation was performed using a customized implementation of CellProfiler (Carpenter et al., 2006) in MATLAB (nu-
cleiSegment.m, segRun.m function). Nuclei segmentation was performed by applying a local otsu filter to threshold the DAPI image
and applying object-based watershed to identify boundaries. Objects with diameter between 3.3 and 16.7um were kept. Masks of
the CD3, CD11c and FXlllaimages were obtained by Gaussian blurring each image (sigma = 1.5) and performing a manual threshold
to capture the full membrane. The nuclei are then classified based on the percentage overlap of each nuclei object with each
membrane mask. A cell is classified as a T cell if the overlap with CD3 is >20%, classified as a DC if the overlap with CD11c is
>20%, and classified as a macrophage if the overlap with FXllla is >40%. Finally, three separate labeled cell masks are obtained
for each cell type by expanding the nuclei to fill the membrane one pixel at a time (expandNucleus.m). For example, a nucleus iden-
tified as a macrophage is expanded into the FXllla mask space. A schematic with further details is provided in (Figure S1C).

Tissue compartment segmentation

A manual threshold of the E-Cadherin stain was determined and nuclei (as segmented in the above section) belonging to this
compartment were extracted using the BinaryReconstruct function in the ‘Morphology’ package in Fiji. The E-Cadherin and nuclei
masks were then combined. The submucosa and lymphoid aggregates were manually outlined in Fiji and masks generated. The sub-
mucosa was defined as starting from the base of the crypts of Lieberkuhn, whilst the border of lymphoid aggregates was determined
by the increased density of CD11c and CD4 expressing DCs and T cells respectively. A mask of the whole tissue was then generated
with a manually determined threshold. Subtracting the epithelium, lymphoid aggregates and submucosa from the whole tissue mask
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provided a mask of the lamina propria. All masks were combined into a single image stack and assigned unique pixel values (eg, all
epithelial pixels = 1, lamina propria pixels = 2 etc) so that they could be thresholded to extract data from each compartment.

Data extraction in Matlab

Data extraction was performed in MATLAB (toRunNoNeighbrs.m, to RunNeighbrs.m). The mean marker expression and number of
HIV particles was identified. From the compartment masks, a cell was considered to be part of that compartment if the overlap with
the compartment mask was >25%. Distances from the compartments and HIV were obtained by creating a distance map from these
objects and measuring the minimum value of the distance map within each cell. For cells within the LAs, the distance from the LA
border was also measured in a similar approach. Neighbors were generated using the approach described in (Schapiro et al.,
2017). Finally, using the cell masks, the overlap between cells were also identified. All data were exported into a single csv file
with rows as individual cells and columns as cell features such CD4 expression, HIV particle number, distance from LAs etc.

Analysis inR
All image analysis for this study was performed in R using the csv spreadsheet of cells and their features, generated as described in
the previous section. Procedures for statistical analysis generating the results in this paper are described in the methods below and
links to the source code are provided in the Key resources table. Donor and image numbers used for each analysis are indicated in
figure legends.

HIV enrichment and association testing in cells

As the virus-cell interactions were from incoming viral particles and not those synthesized by the cell itself, some of the interactions
observed were false positives due to random cell encounter with virus. We reasoned that the degree of background interactions for a
given cell type would be proportional to the cell population’s frequency in tissue. As such, measuring the percentage of total image
HIV particles in each cell type, would largely reflect the relative abundance of each cell type. To get around this, we performed tests of
association and enrichment, which are able to account for cell type abundance.

A Chi Square test of association was used to measure HIV enrichment in the grouped target cell population (DCs, macrophages,
CD4+ T cells) in each image used for this study (Figure 3A). Here the expected number of HIV particles in target cells was determined
by the proportion of all cells that comprised target cells. This showed that in most cases, HIV preferentially associates with the target
cell population under study, rather than the undefined remaining cells in each image.

HIV enrichment was also calculated for specific populations. HIV enrichment was defined as the log2 transform of the percentage
of virions associated with a cell type divided by the cell type’s percentage of all cells (Figure 3C).

HIV enrichment testing in tissue compartments

The calculation of HIV enrichment was extended to measure preferential virus localization between LP and LA compartments, rather
than between cell populations (Figures 4B and 4C). The ‘expected’ percentage of HIV particles in each compartment was based on
the proportional area of these compartments. For example, a 5:1 ratio of LP to LA area means that, by random chance, we expect
80% of virions in the LP and 20% in LAs. The null hypothesis of there being no difference in HIV localization between compartments
(i.e. it just follows the area ratio) is represented visually as the line y = x in Figure 5B. Consequently, the residual variance (Euclidean
distance of datapoints from the line y = x) represents the magnitude of HIV enrichment in LAs (for points above the line) or the LP (for
points below the line) in each image. Comparing residuals as in Figure 5D is therefore akin to comparing the propensity of HIV to
localize to LAs or the LP, accounting for differences in area between these compartments. Important to note, only virions in the
LP and LA were used for this analysis (i.e. EP and SM virions excluded). Accordingly, the reciprocal values on the x and y axes of
Figure 5B are measurements for the LP. For example, the rightmost red data point is an image with 40% of the area comprised of
LAs, and 60% of HIV in LAs. In this same image, 60% of the image area is comprised of LP which contains 40% of HIV.

Measuring HIV density across tissue compartments

HIV density was calculated for each tissue compartment separately. For a given compartment, HIV density was calculated using the
top 10 images with the highest HIV density for that compartment. The HIV density of all compartments, calculated in this way, was
then compared (Figure 4A). This approach was chosen to mitigate variation due to inter-image differences in HIV concentration,
penetration depth and compartment proportions. For example, for a given donor the density of HIV in LAs often varies substantially
by section due to difference in depth of viral penetration at 2h. This can lead to extremely high LA HIV densities in one section, and
almost no virions in LAs in other sections from the same donor. In this case, using all images would mask the high HIV density
observed in LAs in the earlier section. To get around this issue, we compared the highest observable HIV densities in each compart-
ment, rather than simply measuring all compartments in all images.

Cellular spatial distribution within compartments

Measurement of cellular spatial distribution within compartments was performed using distance maps emanating from compartment
borders (see section ‘data extraction in Matlab’). Cell density was measured either in non-cumulative intervals (Figure 2D, left) or in
just two regions defined as “-proximal” and “-distal” to the compartment border (Figure 2D right). The latter was mostly used for

Cell Reports 40, 111385, September 20, 2022 e7




¢ CelPress Cell Reports

statistical comparisons as comparing only two regions allowed for more observations (cells) per region and better statistical
power. For EP, LP and SM, the non-cumulative intervals were linear (e.g., 0-20um, 20-40um ... etc) (Figure 2D, left). To measure
changes throughout LAs we used a different approach. To achieve comparable areas for each interval we assumed LAs to be spher-
ical and hence circular in 2D. We then calculated the radial edges of each interval from the outer edge using the formula: 1 —sqrt (1 -
k/n) where k = {1,2 ... n-1} and n = max interval number. For a perfect circle this would derive intervals of equal area (Figures 4H and
S3G-S3K).

Cellular gradients in response to HIV

Distance maps emanating from HIV particles (see section ‘data extraction in Matlab’) were used to analyze changes in cell density in
the vicinity of HIV (Figure 5). The formation of increasing/decreasing cell density gradients in non-cumulative intervals from HIV par-
ticles was inferred as potential cell migration to/from HIV within a given compartment (Figure 5A).

Potential migration of LP target cells into the EP (Figures 5B and 5C) was assessed by measuring the cell density both near (<10um
from the EP-LP interface) and within HIV+ EP vs HIV- EP. A single relatively small interval of 10um, rather than multiple intervals, was
chosen due to the small space between epithelial crypts. If a comparative increase in the density of a target cell was observed both
leading up to HIV+ EP and within the HIV+ EP itself, then we inferred this was likely the target cell migrating from the LP into the EP to
sample HIV particles. We performed several filtering steps to remove potential interfering variables. In particular, HIV+ and HIV- EP
cells could be located next to one another, and so HIV- EP were specifically selected as >50um away from HIV+ EP. Additionally,
many regions have more HIV in the LP than the EP, which could draw target cells away from HIV+ EP and toward HIV+ LP instead.
To mitigate this effect images were binned into 100 x 100pum quadrats and only quadrats with more HIV particles in EP than LP were
used for analysis. Finally, only images with at least one cell in each category were analyzed (e.g. at least one DC beneath each
HIV+ and HIV- EP).

Potential migration of LP target cells into LAs (Figures 5D and 5E) was assessed by measuring the cell density in non-cumulative
50um intervals from LAs and within LAs themselves. These measurements were split by whether LAs were HIV+ or HIV- and so only
donors with both HIV+ and HIV- LAs were used in this analysis. We also compared the spatial distribution of target cells throughout
intervals of HIV+ vs HIV- LAs (see ‘Cellular spatial distribution within compartments’ for methodology). This was to determine whether
target cells clustered more toward the outer intervals of HIV+ LAs, which is where cells entering LAs from the LP would likely be
located.

Analysis of pathways for submucosal HIV entry

HIV entry into the submucosa could only occur via either the LP or LAs, as these are the mucosal compartments directly overlying the
submucosa. To analyze which pathway was most likely, we created linear models (/m() function in R) of submucosal HIV density as a
function of LP HIV density, LA HIV density, or both (Figure 3l). Datapoints were individual explants, i.e., A compartment across all
images from an explant was measured, producing a single value for that explant. The combined model showed that LA HIV density
was the only significant predictor of SM HIV density. Although LP HIV density alone showed some predictive capacity that was
borderline significant (3 = 0.54, p = 0.04), this effect was diminished in the combined model. This was likely due to collinearity between
LA and LP HIV density (3 = 0.71, p = 0.004), causing the LP to transmit effects from the LA HIV density when attempting to predict SM
HIV density. This assumes the direction of the association is that LP HIV density affects LA HIV density, and not the other way around.
To explain why this assumption is likely true, consider two possible scenarios for HIV entry into the SM (1) LP — LA — SM and (2)
LA — LP — SM. In each case, the middle variable is called the ‘mediator’ as it transmits the effects of the first variable to the last one.
The criteria for a variable to be classed as a mediator are well established (Baron and Kenny, 1986) and are explained in simple by
MacKinnon et al., (MacKinnon et al., 2000).

1. There must be a significant relationship between the independent variable and the dependent variable,

2. There must be a significant relationship between the independent variable and the mediating variable, and

3. The mediator must be a significant predictor of the outcome variable in an equation including both the mediator and the inde-
pendent variable.

Referencing the equations in Figure 3l, we can see that only the LA variable satisfies these properties and can be classed as a
mediator, indicating that the LP — LA — SM pathway is more likely.

SpicyR analysis

The R package ‘SpicyR’ (Canete et al., 2022) was used to analyze differential cell-cell localization between HIV and mock-
treated samples in the EP, LP, LA and SM (Figure 6A). As HIV particles were only present in specific regions of the
images from HIV-treated explants, we selected regions near HIV particles to compare to the mock sample. This is
because the numerous HIV- regions would dilute the HIV-induced effects on cell-cell interactions when comparing to
mock. The HIV-proximal region was defined as all cells within 30um of HIV for the EP, LP and LA compartments, and
100um for the SM due to the lower cell density in this compartment. As a control, HIV-distal regions (>30um or 100um)
were compared to the mock sample. p values were centered at p = 0.01 which was the assigned cut-off for significant changes
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for this analysis. Importantly, the SpicyR test function measures interactions of a cell type within a user specified radius around
the cell. As the chosen radius is a possible source of variation in results, we tested multiple radii. We did this alongside testing
multiple cut-offs to define the HIV-proximal region and found our results were robust to variation in these parameters
(Figure S4A).

Temporal inference analysis

Having observed that LP target cells clustered away from the EP-interface we wanted to know whether this could be due to
target cell migration away from the EP-interface in response to incoming HIV particles (Figure S4B). As we only performed a
single 2h time point for our explants we devised a method of temporal inference to investigate this phenomenon. We observed
different proportions of HIV in the EP and LP in different regions of our images. This was likely due to each region being at a
different stage of HIV entry, with regions where most HIV was in EP representing early stages of HIV entry, and regions where
most HIV was in LP representing later stages (as HIV would have already passed the EP barrier to enter the LP). As such we
reasoned that we could use the relative proportion of HIV in EP vs LP as a proxy for ‘early’ vs ‘later’ stages of HIV entry. In partic-
ular, we divided images into 100 x 100um windows with each window classified as HIV- windows (no HIV particles), ‘early’
(EP > LP HIV particle count) or ‘late’ (EP < LP HIV particle count) in terms of HIV entry. We then calculated the log2 fold change
in LP target cell density in EP proximal (>10um) vs distal regions (10-50um) from either HIV- EP or HIV+ EP. A negative fold
change indicates target cell enrichment in the distal region. If the magnitude of the negative fold change was higher in the distal
region from HIV+ EP vs HIV- EP, then it means that HIV exposure to the tissue caused further relocation of the target cell away
from the EP.

It’s important to note that all windows contained a mixture of HIV+ and HIV- EP which is why the distance of LP target cells
from each type of EP could be calculated for all windows. The HIV- EP was >50um from HIV+ EP to minimize interference (as
also described in ‘Cellular gradients in response to HIV’). The reason for measuring LP target cell distance from HIV- vs HIV+ EP
is that it controlled for local fluctuations in LP target cell density, allowing us to better observe how a local region changes in
early vs later stages of HIV entry. This is opposed to measuring cell distance from the EP in general and directly comparing
changes in target cell density in early vs late windows. These windows would be in different regions and therefore could
have vastly different steady-state target cell densities (therefore affecting the fold change measurements close and far from
the EP).

HIV-transfer phenotype score

As HIV is present at the interface between cells during active viral transfer (Garcia et al., 2005; McDonald et al., 2003; Wang
et al., 2007, 2008; Yu et al., 2008), neighboring cells engaged in transfer would both appear as HIV+ in our data. We sought
to quantify the frequency of this phenotype between cell pairs, as a proxy for cellular engagement in viral transfer. This was
achieved by employing a modified version of Neighborhood Analysis (Schapiro et al., 2017) and constructing a ‘HIV-transfer
phenotype score’ from the results to estimate the degree to which a HIV+ cell increases the likelihood of nearby cells being
HIV+, whilst controlling for possible confounders (Figure 6C). In particular, we first quantified the number of HIV+ and HIV-
cell neighbors for HIV+ cells. The cell labels (locations) of HIV+ cells, rather than all cells, were randomized 999 times to generate
a null distribution of HIV+ cell neighborhoods, against which the actual HIV+ cell neighborhood was compared to determine sig-
nificant interactions (p < 0.005). Randomization was restricted to HIV+ cells to control for the background effect of HIV particles
on the localization of cells in tissue (i.e. cells are already at an increased density in HIV+ regions). This is a key difference to
standard neighborhood analysis which randomizes on all cells. This results in association scores for HIV+:HIV+ interactions
(HIV+ cell with HIV+ neighbor) and ‘HIV+:HIV-* interactions (HIV+ cell with HIV- neighbor), which was expressed as the percent-
age of all images showing significant interactions for the cell pair. Note that in this analysis, cells of the same type often appear
to significantly interact with each other, which has been noted in previous spatial studies analyzing cell:cell interactions in tissue
(Damond et al., 2019; Jackson et al., 2020; Keren et al., 2018).

Using these data we constructed a ‘HIV-transfer phenotype score’ which was defined as the difference in the frequency of ‘HIV+:-
HIV+’ interactions and ‘HIV+:HIV-interactions. HIV+:HIV- interactions represent the moment before potential transfer and it's fre-
quency is determined by all conditions leading up to a transfer event, including the steady-state likelihood of two cells interacting
and any HIV-induced effects on the movement of either cell just prior to a potential transfer. HIV+:HIV+ interactions include this,
plus the direct influence of cellular HIV-binding on the formation of interactions. As such, the difference in these measurements re-
flects the propensity of a HIV+ cell to transfer virus to another specific cell type in its immediate neighborhood. Important to note,
HIV+:HIV+ interactions could be in the form of two cells that each have HIV particles, but are not engaged in the process of transfer.
As HIV is not influencing the interaction, the frequency of such events would be the same as the steady-state interaction frequency of
the cell pair. This frequency is included in the HIV+:HIV- interaction frequency and is therefore accounted for (subtracted) in the ‘HIV-
transfer phenotype score’.

Association between T cell HIV-load and DC/macrophage interaction

This analysis was performed to determine whether the HIV-load (number of HIV particles) in a CD4+ T cell is associated
with increased interactions with either DCs or macrophages (Figure 6E). In particular, CD4+ T cells were split into 4 groups
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based on the number of HIV particles they contained (0, 1, 2-3 or >4 virions). For T cells in each group, their degree of
interaction with DCs or macrophages was measured as the number of pixels in the T cell body that belonged to either of these
cells (DC: CD11c+ pixels; Macrophage: FXllla+ pixels). To account for inter-image variation, we performed all measurements
intra-image which meant that a single image was required to have CD4+ T cells with a spectrum of HIV levels to allow for a
fair comparison. Accordingly, only images with at least 3 CD4+ T cells in each category (0, 1, 2-3, >4 virions) were used for
the analysis.
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