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ABSTRACT

Objectives: HIV-1 can infect and persist in different organs and tissues, resulting in the
generation of multiple viral compartments and reservoirs. Increasing evidence supports
the kidney as such a reservoir. Previous work demonstrated that HIV-1 infected CD4+ T-
cells transfer virus to renal tubule epithelial (RTE) cells through cell-to-cell contact. In
addition to CD4+ T-cells, macrophages represent the other major target of HIV-1. Renal
macrophages induce and regulate inflammatory responses and are critical to homeostatic
regulation of the kidney environment. Combined with their ability to harbor virus,
macrophages may also play an important role in the spread of HIV-1 infection in the
kidney.

Design and Methods: Multiparametric histochemistry analysis was performed on kidney
biopsies from individuals with HIV-1 associated nephropathy (HIVAN). Primary
monocyte-derived macrophages were infected with a (GFP)-expressing replication
competent HIV-1. HIV-1 transfer from macrophages to RTE cells was carried out in a co-
culture system and evaluated by fluorescence-microscopy and flow-cytometry. Live
imaging was performed to assess the fate of HIV-1 infected RTE cells over time.
Results: We show that macrophages are abundantly present in the renal inflammatory
infiltrate of individuals with HIVAN. We observed contact-dependent HIV-1 transfer from
infected macrophages to both primary and immortalized renal cells. Live imaging of HIV-
1 infected RTE cells revealed four different fates: proliferation, hypertrophy, latency and

cell death.
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Conclusions: Our study suggests that macrophages may play a role in the dissemination
of HIV-1 in the kidney and that proliferation of infected renal cells may contribute to HIV-

1 persistence in this compartment.

Keywords: HIV-1; Macrophages; HIV-Associated Nephropathy; Kidney; Proliferation,
Reservoir.
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INTRODUCTION

HIV-1 persists indefinitely in infected individuals despite suppression of HIV-1 replication
with antiretroviral therapy (ART)u). The persistence of HIV-1 in different sites throughout
the body of infected individuals, including lymph-nodes, gut, liver, central nervous system
and kidneysp2-4), has important implications for viral pathogenesis and cure strategies.
HIV-1 infection is associated with end-stage renal disease (ESRD), especially in African
American individualsis). The association between HIV-1 infection of kidney epithelial cells
and renal pathology was first demonstrated in 1992 using a transgenic mouse modelis)
that recapitulated HIV-associated nephropathy (HIVAN)[7.. Furthermore, HIV-1 nucleic
acids have been detected in human renal biopsiess-10; and sequence analysis provided
strong evidence that the kidney is a separate compartment from the blood for HIV-1
replicationpi1. While widespread use of ART has significantly decreased the incidence of
HIVAN, ESRD remains common among HIV-1 positive individuals(i2].

We have previously shown that HIV-1 DNA and RNA persist in renal epithelial cells
despite treatment with ARTi9. It is unclear whether persistent virus in the kidneys
contributes to chronic inflammation and renal pathology. Additionally, a study conducted
on HIV-1 positive individuals that received kidney transplants from HIV-1 negative donors,
demonstrated the presence of viral nucleic acid in the allografted kidney epithelial cells,
despite undetectable plasma viremiais). Because renal epithelial cells lack both the CD4
receptor and the CCR5, CXCR4 coreceptors required for cell free virus infectionpas, 15), a
potential route of infection of the allografted kidney is the formation of a virological
synapse between recipient infected T-cells and donor kidney epithelial cells, as we have

previously shown in vitrois, 17).
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Macrophages, also a major target for HIV-1, are abundant in inflamed tissues. Compared
to T-cells, virus replication is slower in macrophages and macrophages are more resistant
to the cytopathic effects of HIV-1 infectionus. It has been shown that infected
macrophages can avoid the cytopathic effects of viral budding by storing newly produced
viral particles in membrane pocketsiis, 205, which allows tissue-resident macrophages to
survive for prolonged periods. Given the important roles of macrophages in kidney
homeostasis and in the response to acute and chronic kidney injurypi, 225, we
hypothesized that HIV-1 infected macrophages could contribute to initiating and
maintaining infection of renal epithelial cells.

Here, we demonstrated that macrophages transfer virus to renal tubule epithelial (RTE)
cells through direct contact. Once infected RTE cells can in turn mediate infection of
monocytes and T-cells, supporting a “ping-pong” infection model between immune cells
and epithelial cells that sustains HIV-1 infection within the kidney. Live imaging of flow-
sorted HIV-1 infected renal cells revealed the downstream consequences of RTE cells
infection. Some cells undergo cell-death or hypertrophy that could account for the renal
injury associated with HIV-1 infection. Other infected cells undergo multiple rounds of cell
division, with or without transcriptional silencing. Our study highlights the mechanisms of

HIV-1 spread and persistence in the kidney.

METHODS

Multiplexed Immunohistochemistry on Renal Biopsies. We conducted a
retrospective, immunohistochemical analysis to characterize the inflammatory infiltrate in
confirmed HIVAN cases on archived formalin fixed paraffin embedded (FFPE) renal

biopsies. The multiplexed immunohistochemical consecutive staining on single slide
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(MICSSS) approach was employed as previously described|2s, 24]. We examined 5 HIVAN
renal biopsies by MICSSS to quantify T-cells (CD3), CD8+ T-cells (CD8), neutrophils
(CD66b), and monocyte/macrophages (CD68). Whole slide images (WSI) of the
mentioned markers were analyzed by using QuPath, an open source image analysis
platformpzs). Biopsy sections on the WSIs were fully annotated and quantification of
positive cells on these biopsies was performed by setting the color vectors for hematoxylin
and 3-Amino-9-ethylcarbazole (AEC) substrate, nuclear segmentation of cells in the
annotation area and random forest-based classification of positive cells, respectively[24

Staining for one out of five HIVAN diagnosed biopsies is shown in figure 1.

Primary Cells and Cell Lines. HEK 293T Lenti-X cells (Clontech Laboratories, Mountain
View, CA) were maintained in Dulbecco’s Modified Eagles medium (Thermo Fisher
Scientific, Waltham, MA) supplemented with 10% fetal bovine serum (GE Healthcare Life
Sciences, HyClone Laboratories, South Logan, UT) and 100 units per ml of penicillin—
streptomycin—glutamine (PSG) (Thermo Fisher Scientific). The previously described
human proximal tubular epithelial cell line HPT-1bj2e6] was maintained in renal epithelial
cell growth media (Lonza, cat. no. CC-4127). To generate the HPT-1b-mCherry cell line,
constitutively expressing the mCherry gene, HPT-1b cells were transduced with 1
multiplicity of infection (MOI) of the SIV-based lentiviral vector27; expressing both the
mCherry and neomycin resistance gene under the CMV promoter (GAE-CMV-mCh-
IRES-Neo). Stably transduced cells were selected by treatment with 800 pg/mL of G418
sulfate (Corning) for 2 weeks.

CD14+ monocytes were isolated from healthy donor (age range 19-30 years old, 2

Caucasian males and 1 Black African American female) peripheral blood mononuclear
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cells (PBMC) by magnetic bead separation (MACS cell separation; Miltenyi Biotech,
Cologne, Germany) and differentiated into macrophages by culture for 7 days in
RPMI1640 medium supplemented with 10% fetal bovine serum (GE Healthcare Life
Sciences, HyClone Laboratories, South Logan, UT) and 100 units per ml of penicillin—
streptomycin (Thermo Fisher Scientific) and 20 ng/mL of MCSF (Peprotech, #AF-300-25,
Rocky Hill, NJ, USA). Fresh medium containing MCSF was added every 2-3 days.
Allogeneic primary renal tubule epithelial cells were obtained by culturing urine derived
cells as previously describedyzs, 29]. The research protocol was approved by the Duke
University institutional review boards (Pro0040696) and informed consent was obtained.
The monocytic cell line THP-1 (ATCC, Cat.# TIB-202) and the CEM-SS T-cell line[i6) were
maintained in RPMI1640 medium supplemented with 10% fetal bovine serum and 100

units per ml of penicillin—streptomycin.

HIV-1 production and titration. The proviral plasmids pNL4.3-ADA-GFP30; and pSF162-
R3Nef+31; were generously provided by Dr. Eric Cohen (Montreal Clinical Research
Institute) and Dr. Amanda Brown (Johns Hopkins University), respectively. The pNLGI-
JRFL and pNLGI-Aenv proviral plasmids have been previously describeds2, 33. For
production of HIV-1 infectious molecular clones, 3.5x106 Lenti-X cells were transfected
with 10 pg of the HIV-1 plasmid using the JetPrime transfection kit (Polyplus Transfection
lllkirch, France) following the manufacturer's recommendations. To allow entry into
macrophages the envelope-mutant virus (NLGI- Aenv) was pseudotyped with the JRFL
env glycoprotein by co-transfection of pNLGI-Aenv with pJRFL[34] at a ratio of 4:1 (10 ug
total). At 48- and 72-hours post-transfection, culture supernatants were concentrated by

ultracentrifugation for 2 hours at 23.000 RPM on a 20% sucrose cushion. Pelleted viral


https://doi.org/10.1101/2020.03.27.011916

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.27.011916; this version posted March 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

particles were resuspended in 1x phosphate-buffered saline (PBS) and stored at -80 °C
until further use. Each viral stock was titered using the GHOST(3)CXCR4+CCR5+

reporter cell line (NIH AIDS Reagent Program (cat# 3942))(zs).

Macrophage Infection and RTE Co-culture. Macrophages were infected at a MOI of
2.5, or 6 of HIV-ADA, HIV-SF162 or HIV-JRFL for 8 hours in serum-free RPMI medium,
followed by a return to culture in complete RMPI media for 7 days. The percentage of
infected cells was quantified by assessing GFP expression by flow cytometry. HPT-1b-
mCherry cells or primary urine-derived RTE cells, stained with 30uM of the
CellTrackerDeepRed (DR) fluorescent dye (Molecular Probes, Eugene, OR, USA; cat#
C34565), were co-cultured with infected macrophages at a 1:4 ratio for 6 days in complete
RPMI medium in presence or absence of a transwell membrane to block cell-cell contact.
Co-cultures wells were then analyzed for the presence of mCherry and GFP double-
positive cells by fluorescent microscopy (Nikon ECLIPSE TE2000-E Inverted, Nikon,
Melville, NY, USA; Zeiss Axio Observer Z1 motorized, Carl Zeiss Microscopy, Jena,
Germany) and flow cytometry (Calibur or Canto II; BD Biosciences, Franklin Lakes, New
Jersey, USA). Cells double positive for GFP and either mCherry or DR stain were live-
cell sorted (Ariall BD; Biosciences) and re-plated for further analysis. The gating strategy

used to flow-sort these cells is shown in Supplementary Figure 1.

HIV-1 infected RTE cells co-culture with uninfected T-cells or monocytes. Flow-
sorted GFP/mCherry double positive renal cells were co-cultured with the CD4+ T-cell
line CEM-SSpi6] or the THP-1 monocytic cell line, at a ratio of 20:1 infected renal cells to

uninfected T-cells or monocytes for 4 days, after which T-cells or monocytes were moved
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to a separate well. GFP expression was monitored over time by microscopy and flow

cytometry.

Drug Inhibition Studies

For the azidothymidine (AZT) and raltegravir inhibition studies, target RTE cells were
pretreated with 100 and 10 uM of drug, respectively, at 37°C for 1 hour before co-culture
with HIV-1 infected macrophages at 37°C still in the presence of the drugs. Drug
treatment and co-culture were initiated 24-hours after macrophage infection. AZT and
raltegravir were replenished daily and maintained in the co-culture media for the

remainder of the experiment.

Live imaging. Macrophage/RTE cell co-cultures were live imaged at 37°C using a Zeiss
Axio Observer inverted microscope with stage incubator, CO2 buffering and an outer
environmental chamber for up to 3 days. Images were taken at intervals of 4-6 minutes,
and captured with a QUANTEM EMCCD camera (Photometrics, Tucson AZ) controlled
by Metamorph (Molecular Devices, San Jose, CA). Images were analyzed and

assembled using Metamorph software (Molecular Devices, San Jose, CA).

Statistical Analyses

Each experiment was performed at least 3 times using PBMC and autologous RTE cells
from 3 healthy donors. The interstitial inflammatory infiltrates of HIVAN in MICSS stained
samples from Figurel are representative of many fields of view from one of the five
HIVAN diagnosed biopsies. The frequency of the different cell types was assessed in all
5 biopsies and the results are shown in figure 1 legend and the corresponding result

section.
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RESULTS

Macrophages are abundant in HIVAN inflammatory infiltrate.

Renal macrophages are critical to homeostatic regulation of the kidney environment and
their number increases following renal injury2z.. In the context of HIV-1 infection, the
presence of either infected or uninfected macrophages in the kidney has the potential to
fuel the dissemination of the virus within the renal tissue. To assess the role of
macrophages in the spread of HIV in the kidney, we first evaluated their presence in the
tissue lesions characteristic of HIVAN. We performed a multiplexed immunophenotyping
analysis on 5 kidney biopsies from HIV-1 positive subjects diagnosed with HIVAN to
examine the presence of macrophages in the inflammatory infiltrate. The mononuclear
infiltrate was characterized by serially staining the tissue with markers for macrophages
(CD68), T-cells (CD3), cytotoxic lymphocytes (CD8), B cells (CD20) and neutrophils
(CD66b). We observed that macrophages constitute a high proportion of the inflammatory
infiltrate within the HIVAN lesion and therefore a potential vehicle for viral spread in the
kidney (Fig. 1). In the shown biopsy the number of positive cells/mmz2 for each of the
analyzed marker was as follow: 499 for CD20, 1102 for CD3, 998 for CD66b, 208 for
CD68 and 544 for CD8. The average CD68 count for the 5 HIVAN biopsies analyzed was
626 cells/mmz (median = 770, standard deviation 261), while the average CD3 count was
1028 (median = 1102, standard deviation 631). The CD68/CD3 ratio was inconsistent
from case to case (in the example shown and in one other the number or T cells was
higher; in a third case more macrophages were present, and the remaining two had about
equal proportion of T cells and macrophages). Macrophages were present in 5/5 biopsies

examined.


https://doi.org/10.1101/2020.03.27.011916

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.27.011916; this version posted March 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

11

Macrophages transfer HIV-1 to RTE cells

Prior work demonstrated that RTE cells are susceptible to productive HIV-1 infection
following cell-cell interaction and virus transfer from infected T-cellsps, 17. Given the
consistent presence of macrophages in HIVAN biopsies (Fig.1), we hypothesized that
macrophages could also contribute to infection of the renal epithelium. As macrophages
are preferentially infected by CCR5-tropic strains of HIV-13s], we first evaluated the ability
of different CCR5-tropic infectious molecular clones (IMC) of HIV-1 to infect macrophages
and then assessed their ability to promote cell-to-cell infection of RTE cells. We used 3
previously described CCR5 tropic IMC of HIV-1 expressing GFP, HIV-ADA-GFP30], HIV-
JRFL-GFPn7;, and HIV-sfl62_EGFPpy, to infect fully differentiated primary
macrophages. We observed that the HIV-ADA-GFP and HIV-JRFL-GFP IMCs yielded the
highest macrophage infection rates (19.4% and 27.1% respectively) (Fig.2a). We next
tested the ability of these IMCs to directly infect RTE cells by incubating HPT-1b-mCherry
cells with >15 MOI of each IMC. RTE cell infection was evaluated between day 3 and 7
post-infection by fluorescence microscopy. No RTE cells were found to express GFP in
cultures where HPT-1b-mCherry were exposed to cell-free virus in the absence of
macrophages or when a transwell membrane was used to impede contact between the
two cell types (Fig.2b and supplementary figure2). To evaluate the ability of
macrophages to mediate cell-to-cell infection of these HIV-1 IMCs to RTE cells,
macrophages were differentiated in culture from primary monocytes for 6 days in the
presence of MCSF and then co-cultured with the RTE cell line HPT-1b-mCherry
(constitutively expressing mCherry). Twenty-four hours later, cells were incubated with

either HIV-ADA-GFP, HIV-JRFL-GFP, or HIV-sf162-GFP IMCs for 8 hours after which
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cells were washed twice with PBS and incubated at 37°C for 6 additional days.
Macrophages infected with the HIV-ADA-GFP were found to yield the highest cell-to-cell
infection rate (from 2.7 to 5.6%) in culture (Fig.2c), therefore we selected this IMC for
subsequent co-culture experiments. We observed higher cell death rates among cells
infected with either the sf162 or the JRFL viruses compared to cells infected with the ADA
clone. The higher toxicity observed for those viruses might explain why, despite
demonstrating higher infection rates of macrophages, a lower number of measurable
infected renal cells could be detected.

To determine if primary RTE cells could acquire HIV-1 following co-culture with
infected macrophages, we performed autologous co-cultures using RTE cells isolated
directly from urine. As shown in figure2d and supplementary figure 4, cell-to-cell
infection of primary RTE cells was observed when co-cultured with autologous HIV-ADA-
GFP infected macrophages. This demonstrates that direct contact between HIV-1
infected macrophages and RTE cells is required for renal epithelial cell infection.

To determine whether cell-to-cell infection from infected macrophages to renal
cells requires the HIV-1 envelope glycoprotein, macrophages were infected with an
envelope deficient HIV-1 IMC, NLGI-Aenviss, pseudotyped in trans with the JR-FL
envelope to support a single round of viral entry into macrophages. To ensure that RTE
cells were only exposed to the envelope deficient virus, co-cultures were initiated 24
hours post-infection, after extensive washing of infected macrophages with PBS. As a
control, co-cocultures were conducted with macrophages infected with the unmutated

version of this construct encoding a functional JRFL envelope. Cell-to-cell infection was
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detected in both control and mutant cocultures (Fig.2e-f), demonstrating that virus

transfer from macrophage to RTE cells does not involve HIV-1 envelope.

HIV-1 infected renal tubule epithelial cells produce infectious virus as a result of
viral transcription and integration.

To further characterize the double positive population, mCherry+/GFP+ RTE cells
derived from co-culture with infected macrophages were isolated by flow cytometry
sorting as shown in Fig.3a-b, re-plated and examined by fluorescence microscopy. As
noted above, the mCherry marker was stably introduced into RTE cells and serves as a
functional marker of RTE cells, while GFP expression by those cells indicates HIV-1
infection. At 24 hours post-sort all the RTE cells isolated expressed both mCherry and
GFP (Fig.3c), however at later time points, starting at day 3 post-sort, we observed that
a portion of the cultured mCherry positive RTE cells no longer expressed GFP (Fig.3d-e
and Supplementary figure 3), suggesting that in those cells the viral promoter became
transcriptionally silent as seen in the latent state of HIV-1. By day 7 post-sort, about half
of the cells present in the culture expressed only the mCherry marker (Fig. 3e).

To determine if the GFP expression observed in the RTE cells was the result of
productive HIV-1 infection, co-cultures were carried out in presence of the reverse
transcriptase inhibitor AZT, or the integrase inhibitor Raltegravir. HPT-1b-mCherry cells
were treated with AZT or Raltegravir before and during co-culture with HIV-1 infected
macrophages. Compared to the untreated co-cultures, we observed a 5-fold reduction in
the percentage of mCherry/GFP double positive RTE cells in presence of AZT and a 12-
fold reduction in presence of Raltegravir (Fig.4a), indicating that the GFP expression in

this population required both HIV-1 reverse transcription and integration.
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To further confirm that these mCherry+/GFP+ renal cells were productively
infected, we collected supernatants from flow-cytometry sorted GFP/mCherry double
positive HPT-1b-mCherry or primary renal cells and assessed the presence of infectious
virus in these supernatants using the GHOST(3) CXCR4+/CCR5+ reporter cell line.
Supernatants collected at day 4 post-co-culture induced GFP expression in GHOST cells
(Fig.4b), demonstrating production of infectious virus by mCherry/GFP double positive
RTE cells. We next evaluated the ability of the flow sorted mCherry/GFP double positive
RTE cells, to transfer HIV-1 to T-cells and monocytes using a co-culture system. As
shown in Fig.4c-d, following co-culture of uninfected T-cells and monocytes with
mCherry/GFP double positive renal cells both T-cells and monocytes became infected.
These results demonstrate that following acquisition of HIV-1 from macrophages, renal
tubule epithelial cells become productively infected with HIV-1 and can release virus that
is infectious to cells that express CD4. These observations further validate and expand
our previous findings and show bi-directional passage of HIV-1 between inflammatory
cells, including T-cells and macrophages, that can be found in the renal interstitium, and
renal epithelial cellsie}, thus defining a mechanism to sustain HIV-1 infection within the

renal compartment.

Live imaging of HIV-1 infected renal tubule epithelial cells reveals different cell
fates.

To explore the fate of HIV-1 infected RTE cells we performed daily monitoring of
mCherry/GFP double positive RTE cells that acquired HIV-1 following co-culture with
infected macrophages. We observed that in some fields the number of mCherry/GFP

double positive cells increased in clusters over time (Fig.5a), suggesting either the
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occurrence of new viral transfer events or proliferation of infected renal cells. This
observation is particularly interesting in light of the unique pattern of renal tubule infection
observed in human kidney biopsies where HIV-1 infection was present in all the cells
lining a single tubule, but was absent in neighboring tubulesie, 13). To address this further
we performed live imaging of HPT-1b-mCherry co-cultures from day 5 to 7 post infection.
We observed multiple rounds of division by mCherry/GFP double positive renal cells
leading to the formation of clusters of infected cells (Fig.5b, Supplemental Moviel).
Division of HIV-1 infected primary renal epithelial cells was similarly observed in
autologous co-cultures (Fig.5c, Supplemental Movie2). The daughter cells resulting
from the observed cell divisions continued to express GFP, suggesting that the HIV-
encoded GFP detected in double positive cells is a result of HIV-1 integration and
production of virally encoded proteins. Given the close proximity of these clusters of
double positive cells to the original infected cells in culture, it is likely this represents clonal
proliferation of infected cells. To address this further, we sorted the mCherry/GFP double
positive cells as single cells into 96 well plates (1 cell per well) and followed each single
cell over time by fluorescence microscopy. As shown in Fig.5d, between day 2 and day
7 post-sort the number of mCherry/GFP double positive cells present in each well was
higher than 1, consistent with clonal expansion of infected renal cells. Out of 510 wells
each containing a single cell, we observed proliferation in 18 of them. We note that single
cells grow poorly alone, so these numbers may underestimate this phenomenon.
Proliferation of double positive cells also confirms their identity as renal cells, as
macrophages are terminally differentiated cells that do not divide. In addition to the

expansion of infected cells, two additional scenarios were observed in these cultures:
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infected renal cells became hypertrophic while continuing to express GFP (Fig.5b,
Supplemental Movie 1) or died (Fig.5d, Supplemental Movie 3). These additional fates
are consistent with primary pathological phenotypes reported in HIVAN biopsiesiz, 371. As
noted above, some of the double positive sorted cells lost GFP expression over time,
consistent with the promoter silencing seen in latently infected cells; suggesting latency

as a fourth fate for infected RTE.
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DISCUSSION

This study demonstrates that HIV-1 infected macrophages mediate cell-to-cell infection
of RTE cells, elucidating an additional mechanism that the virus could exploits to infect
and spread in the renal epithelium. As demonstrated using multiplexed
immunohistochemistry analysis of kidney biopsies from four HIV-1 positive individuals
with HIVAN, macrophages are abundant within the inflammatory infiltrate of HIVAN
lesions. The recruitment/presence of HIV-1 infected macrophages into the kidney during
the tissue-damage response can therefore facilitate the spread of the virus to neighboring
renal epithelial cells. Both primary urine-derived RTE cells or the RTE cell line HPT-1b-
mCherry, acquire HIV-1 following co-culture with infected macrophages. Virus infection
was not observed when the two cell types were physically separated by a transwell
membrane, or when high MOI of cell-free virus was added directly to RTE cells, confirming
that cell-cell contact is required for successful transfer of HIV-1. We show that RTE cells
that acquired HIV-1 from infected macrophages produce infectious virus and transmit the
virus back to lymphoid cells, including T-cells and monocytes. In vivo HIV-1 positive
individuals shed virus in urineze; and those viruses are genetically different from the viral
quasi-species found in blood but are closely related to urine-derived renal epithelial
cellsizg), supporting renal epithelial cells as one source of urine viruses.

Interestingly we observed four cellular fates for HIV-1 infected RTE cells:
hypertrophy, cell death, proliferation and transcriptional silencing, consistent with viral
latency. We have previously reported the presence of hypertrophic tubule cells in the
Tg26 mouse model of renal infection and in HIVAN human biopsies, and demonstrated

that this phenotype, together with cell cycle arrest and polyploidy are primarily induced by
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the expression of HIV-1 Vpr and its ability to impair cytokinesisjso-42. The recapitulation of
all those phenotypes in the in vitro model described here demonstrates that HIV-1 gene
expression is responsible for the phenotypic changes observed in renal biopsies from
HIV-1 infected individuals that correlated with renal dysfunctions).

To our knowledge this is the first demonstration of proliferation of HIV-1 infected
renal tubule cells consistent with clonal expansion. Renal biopsies from infected
individuals examined by RNA situ hybridization demonstrate infection in circumferential
neighboring cells in a single renal tubule interspersed with areas of uninfected tubulesyo,
13]. This pattern could be accounted for by the clonal expansion of an infected renal
epithelial cell in response to injury in the kidneyj3).

Clonal amplification has recently emerged as one of the mechanisms through
which HIV-1 infected CD4+ T-cells persist and expand in ART treated individualsjs4, 45).
Proviral DNA integrated near oncogenes is replicated along with host genetic material
during cell division, increasing the pool of infected cells in a hostpe, 471. Our in vitro
observation that infected RTE cells can clonally expand similarly to CD4+ T-cells,
highlights the importance of considering the role of non-lymphoid viral compartments in
HIV-1 persistence. Sequence analyses of the proviruses and/or their integration sites
would support the possibility that cellular proliferation maintains the HIV reservoir in renal
tubule cells. Future studies will also assess whether the HIV-1 integration sites in infected
renal epithelial cells plays a role in their clonal expansion, as reported for CD4+ T-cellsjs-
48].

In summary, we show that in addition to T-cells, macrophages can transfer HIV-1

to renal epithelial cells, and thus could contribute to viral spread within the kidney in light
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of the inflammatory interstitial infiltrate. These results support a scenario in which infected
macrophages present in the renal tissue could initiate or perpetuate infection by
transferring virus to renal epithelial cells, which in turn, can infect susceptible lymphoid
cells. Furthermore, once infected, renal epithelial cells can undergo clonal proliferation,
with or without transcriptional silencing, providing a mechanism for HIV-1 persistence in
the kidney. As cure strategies advance, it will be important to understand the dynamics

of viral persistence and expression in both lymphoid and non-lymphoid reservoirs.
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Figure Legends

Figure 1. Presence of macrophages in interstitial infiltrates observed in HIVAN.
Multiplexed immunohistochemical consecutive staining on single slide (MICSSS) analysis
on a kidney biopsy from a HIV-1 positive subject with HIVAN. The mononuclear infiltrate
was characterized by serially staining the tissue with markers for macrophages (CD68),
T-cells (CD3), cytotoxic T-cells (CD8), B cells (CD20) and granulocytes (CD66b).
Composite figure is produced by using each marker image with image registration, color
inversion and image overlay method. Composite figure shows CD3+ cells in red, CD8
positive cells in green, CD20 positive cells in cyan, CD66b+ cells in magenta, and CD68
positive cells in yellow color. The shown staining of interstitial inflammatory infiltrates is
from one representative HIVAN renal biopsy from a formalin fixed paraffin embedded
tissue sample. The number of positive cells/mmz for each of the analyzed marker is as follow:

499 for CD20, 1102 for CD3, 998 for CD66b, 208 for CD68 and 544 for CDS.

Figure 2. HIV-1 Infected macrophages mediate cell-to-cell infection when
cocultured with renal tubule epithelial cells. (a) Monocyte derived macrophages were
differentiated in presence of 20 ng/mL of MCSF for 7 days and then infected with 2.5 MOI
of each of the indicated GFP-expressing IMCs. Infection rates were evaluated by
assessing the percentage of GFP+ cells by flow-cytometry 7 days post infection. (b) HPT-
1b-mCherry cells were incubated with 215 MOI of cell-free virus or separated from
infected macrophages by a transwell membrane. No GFP expression could be detected
in those conditions. HIV infected macrophages were co-cultured with either the HPT-1b-
mCherry renal epithelial cell line (c) or with urine-derived autologous renal cells previously

stained with the CellTracker Deep Red dye (d). Transfer of virus from macrophages to
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HPT-1b-mCherry and primary renal cells was observed 3 days post-coculture as
demonstrated by the presence of GFP/mCherry double positive cells. (e-f) Primary
macrophages were infected with NLGI/JRFL or the JRFL pseudotyped envelope mutant
virus NLGIAenv for 24 hours prior to coculture with HPT-1b-mCherry renal cells. Infection
of renal epithelial cells was evaluated by flow cytometry or fluorescence microscopy 6
days post-coculture with infected macrophages. White arrows indicate mCherry/GFP

double positive renal cells.

Figure 3. HIV gene expression in renal epithelial cells post co-culture with infected
macrophages. Renal epithelial cells were plated with macrophages 24 hours prior to
infection with 10 MOI of the HIV-ADA-GFP IMC, and co-cultured for 6 additional days.
mCherry/GFP double positive HPT-1b (a) or urine-derived primary renal cells (b) were
flow-sorted 7 days post-infection and re-plated for further analysis. (c) Flow-sorted cells
were analyzed by fluorescence microscopy 24 hours post-sort to confirm the isolation of
a pure population of mCherry/GFP double positive renal epithelial cells. (d) Time course
microscopy analysis of HIV-GFP expression in flow-sorted mCherry/GFP double positive
renal epithelial cells (days 1-7). (e) Number of cells, originally sorted as mCherry/GFP
double positive, expressing GFP and/or mCherry at day 1, 4 and 7 post-sort. Data are
shown as mean + standard deviation of the number of cells positive for each marker in 3

different fields.

Figure 4. Infected renal cells produce infectious virus and transfer HIV-1 to target
immune cells. (a) Primary macrophages were infected with HIV-GFP for 24 hours prior
to co-culture with HPT-1b-mCherry renal cells. HPT-1b-mCherry renal cells were treated

with AZT (100uM) or Raltegravir (10uM) for 1 hour prior to co-culture with infected
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macrophages and drugs were replenished every day throughout the remainder of the co-
culture experiments. Infection of renal epithelial cells (mCherry/GFP+ double positive
cells) in the coculture was evaluate after 6 days by flow-cytometry. (b) The GHOST(3)
CXCR4+/CCR5+ indicator cell line was incubated with supernatants collected from flow-
sorted mCherry/GFP double positive HPT-1b cells or primary urine-derived renal cells 4
days post-sort; the presence of infectious virions was evaluated by assessing the
percentage of GFP+ cells by flow-cytometry 48 hours post infection. (c) CEM-SS T-cells
or THP-1 monocytes were incubated for 7 days with mCherry/GFP double positive HPT-
1b cells that had been in culture for 5 days after being flow-sorted. Transfer of virus from
renal cells to T-cells or monocytes was evaluated by fluorescence microscopy (c) or flow-

cytometry (d).

Figure 5. Proliferation of HIV-1 infected renal epithelial cells. Macrophage HPT-1b-
mCherry co-cultures were analyzed over time by fluorescence microscopy to assess viral
transfer and the fate of infected renal cells. Clusters of mCherry/GFP double positive renal
cells began to appear at day 4 post-coculture (white arrows in Merge images in panel a).
Live imaging of cocultures between HIV infected macrophages and either HPT-1b-
mCherry (b) or primary urine-derived renal epithelial cells (c) between days 5 and 7 post-
infection. Imaging demonstrates three different cellular fates: 1. Clustered proliferation of
infected mCherry/GFP double positive renal cells (panels b, ¢ and d); 2. Hypertrophy,
persistent GFP expression and no cellular division (white arrows in panel b); or 3. cell
death (white arrows in panel e). Red arrows in b indicate an HIV infected macrophage.
Numbers indicate elapsed time since beginning of live imaging. White boxes in b and ¢

delimit areas where cell proliferation was observed (see supplemental movies 1 and 2).
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Supplementary figure 1. Gating strategy used to sort mCherry/GFP double positive

renal cells.

Supplementary figure 2. Renal epithelial cells are not susceptible to cell-free HIV-1
infection. HPT-1b-mCherry (a), DeepRed stained primary renal epithelial cells (b) were
incubated with 215 MOI of each of the indicated HIV-1 IMCs for 8 hours, and then cultured
for 6 days. As positive control, macrophage infection with 6 MOI of ADA-GFP was
performed in parallel. HIV infection was evaluated by flow-cytometry 6 days post-virus

incubation.

Supplementary figure 3. HIV gene expression in renal epithelial cells post co-
culture with infected macrophages. mCherry/GFP double positive HPT-1b were flow-
sorted 7 days post-coculture with HIV-infected macrophages and re-plated for further
analysis. (a) Time course microscopy analysis of HIV-GFP expression in flow-sorted
mCherry/GFP double positive renal epithelial cells between day 1 and 11 post-sort.

Additional analyzed fields of view are shown in (b).

Supplementary figure 4: Renal epithelial cells were plated with macrophages 24 hours
prior to infection with 10 MOI of the HIV-ADA-GFP IMC, and co-cultured for 6 additional
days. mCherry/GFP double positive HPT-1b (middle row) or urine-derived primary renal
cells (bottom row) were flow-sorted 7 days post-infection and re-plated for further
analysis. Co-cultures were performed using macrophages and urine-derived primary
renal cells from 3 different donors. Representative single cell controls are shown in the

top row.
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« Supplemental Movie 1: Clonal expansion of mCherry/GFP DP HPT-1b cells and hypertrophy
« Supplemental Movie 2: Clonal expansion of mCherry/GFP DP Primary renal cells
« Supplemental Movie 3: Cell death of mCherry/GFP DP HPT-1b cells and hypertrophy
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