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Abstract

Background: Although CD4™ memory T cells are considered the primary latent reservoir for HIV-1, replication com-
petent HIV has been detected in tissue macrophages in both animal and human studies. During in vitro HIV infection,
the depleted nucleotide pool and high dUTP levels in monocyte derived macrophages (MDM) leads to proviruses
with high levels of dUMP, which has been implicated in viral restriction or reduced transcription depending on the
uracil base excision repair (UBER) competence of the macrophage. Incorporated dUMP has also been detected in
viral DNA from circulating monocytes (MC) and alveolar macrophages (AM) of HIV infected patients on antiretroviral
therapy (ART), establishing the biological relevance of this phenotype but not the replicative capacity of dUMP-con-
taining proviruses.

Results: As compared to in vitro differentiated MDM, AM from normal donors had sixfold lower levels of dTTP and

a sixfold increased dUTP/dTTP, indicating a highly restrictive dNTP pool for reverse transcription. Expression of uracil
DNA glycosylase (UNG) was eightfold lower in AM compared to the already low levels in MDM. Accordingly, ~80% of
HIV proviruses contained dUMP, which persisted for at least 14-days due to low UNG excision activity. Unlike MDM,
AM expression levels of UNG and SAM and HD domain containing deoxynucleoside triphosphate triphosphohy-
drolase 1 (SAMHD1) increased over 14 days post-HIV infection, while dUTP nucleotidohydrolase (DUT) expression
decreased. These AM-specific effects suggest a restriction response centered on excising uracil from viral DNA copies
and increasing relative dUTP levels. Despite the restrictive nucleotide pools, we detected rare replication competent
HIV in AM, peripheral MC, and CD4™ T cells from ART-treated donors.

Conclusions: These findings indicate that the potential integration block of incorporated dUMP is not realized dur-
ing in vivo infection of AM and MC due to the near absence of UBER activity. In addition, the increased expression of
UNG and SAMHD1 in AM post-infection is too slow to prevent integration. Accordingly, dUMP persists in integrated
viruses, which based on in vitro studies, can lead to transcriptional silencing. This possible silencing outcome of persis-
tent dUMP could promote viral latency until the repressive effects of viral dUMP are reversed.
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Although CD4" T cells are the primary targets of HIV,
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Further, myeloid cells have unique properties that could
lead to persistent HIV infection even in the presence
of active retroviral therapy (ART). For instance, mac-
rophages have distinct and malleable metabolic prop-
erties compared to T cells that make them intrinsically
resistance to HIV-induced cytopathic effects and less
susceptible to some antiretroviral drugs [4, 5]. These
properties include, but are not limited to, innate immu-
nity pathways that involve viral nucleic acid lethal
mutation by enzymatic cytidine deamination [6, 7], dra-
matically reduced dANTP pools and composition through
the action of SAMHD1 dNTPase [8, 9], and the ability to
transiently access GO and G1 stages of the cell cycle [5,
10, 11]. In addition, recent reappraisals of macrophage
biology indicate that these cells can have multi-year life
spans in certain tissue environments and possess self-
renewal properties that are similar to those of memory
T cells [12—-16]. These considerations have led to the still
debated conclusion that myeloid lineage cells serve as a
reservoir for HIV, even in the presence of ART [17].

The experimental evidence supporting the proposal
that macrophages serve as a persistent HIV reservoir in
humans after initiation of ART is extensive, but less than
definitive. In part, the continuing uncertainty arises from
the relative difficulty in obtaining tissue macrophages
in sufficient numbers to detect and quantify rare viral
nucleic acid, excluding the possibility that contamina-
tion by infected or phagocytized T cells accounts for any
positive result, and the use of different viral detection
assays by various researchers, each with different limits-
of-detection or specificity (see the complete review by
Wong et al.) [13, 14]. Nevertheless, reports from differ-
ent research groups over the past twenty years have con-
sistently (but not uniformly) detected viral RNA, proviral
DNA and p24 antigen in isolated monocytes and tissue
macrophages from HIV infected patients on ART [18-
22]. In many cases, convincing controls for T cell con-
tamination were performed and genetic analysis of viral
progeny indicated distinct genotypes for HIV produced
from macrophages as compared to T cells from the same
patient [19, 23]. In addition, studies using animal mod-
els such as SIV-infected macaques [24, 25], humanized
BLT mice and myeloid-only mice [26, 27] have provided
support for the contention that HIV persistence in the
presence of ART can be partially attributed to infected
myeloid cells, especially in the CNS where ART is less
effective [28, 29].

Three phenotypic traits of in vitro differentiated mono-
cyte-derived macrophages (MDM) that are distinct from
CD4"' T cells are their overall low dNTP pool levels [5,
30], elevated [dUTP]/[TTP] [21, 31-33], and resting
cell (non-dividing) status [31]. The depleted nucleotide
pool promotes a potentially restrictive environment for
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HIV infection [30], but the resting cell phenotype allows
MDM to persist after infection by avoiding the apoptotic
responses observed with infected T cells [29, 34]. The
perturbed nucleotide pool leads to delayed cDNA syn-
thesis for in vitro differentiated MDM and incorporation
of large amounts of dUMP in viral DNA products dur-
ing reverse transcription [21, 33]. Further, because MDM
have low expression levels of uracil base excision repair
(UBER) enzymes [21, 31, 32], dUMP can persist in pro-
viral DNA and has been associated with transcriptional
repression of viral genes [21, 32, 35, 36].

This simple picture of non-dividing MDM being repair-
deficient has been complicated by recent findings that
these cells exist in two populations: (i) a major GO popu-
lation where the ANTP pool is depleted, the DNA repair
activity is low and HIV proviruses are heavily uracilated
[21], and (ii) a minor pseudo-G1 population character-
ized by a normal dANTP pool, DNA repair activity, and
low levels of repair-associated DNA replication [5, 10, 37,
38]. The pseudo-Gl1 state can be transiently and revers-
ibly accessed from the GO-state, providing a mechanism
for long-lived macrophages to repair genomic DNA, but
also an increased chance of viral infection while in the
pseudo-G1 state. The presence of two populations with
greatly different susceptibilities to infection complicates
quantitative evaluation of the effects of depleted and
imbalanced dANTP pools [10, 21]. The presence of GO and
pseudo-G1 populations is but one example of the malle-
able nature of the macrophage phenotype that is deter-
mined by the microenvironment of the tissue in which
the cell resides [14]. Importantly, the nucleotide pool and
DNA repair attributes of in vitro differentiated MDM
have never been compared to in vivo differentiated tissue
macrophages. Nevertheless, abundant viral dU/A pairs
have been detected in HIV infected monocytes and alve-
olar macrophages isolated from patients receiving ART
suggesting that similar nucleotide pool compositions
exist for in vitro and in vivo differentiated macrophages
[21].

Here we report the first evaluation of the dNTP pool
status of in vivo differentiated alveolar macrophages
(AM) obtained from normal and HIV-infected donors
using ART. Our findings confirm that the phenotype of
depleted ANTP pools and elevated dUTP/TTP extends
to in vivo differentiated AM and that the expression of
the uracil base excision enzyme uracil DNA glycosy-
lase (UNG) is vanishingly low in these cells, which pro-
motes the persistence of dUMP in proviral DNA. Since
dU/A base pairs have previously been associated with
suppression of RNAPII transcription [21, 32, 35], ura-
cilated proviral DNA may be a unique transcriptional
silencing mechanism in macrophages. We also report
using a quantitative viral outgrowth assay (QVOA) that
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Table 1 Characteristics of study participants
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ID Sex Age ART duration (months) CD4 counts Viral load (HIV Medical complexity Sample collection
copies/mL)

p1P M 31 NT 395 31,800 Oropharyngeal chlamydia BAL/blood

P1 M 31 6 NM® up® None BAL/blood
Biktarvy

P2 F 39 84 688 ub None BAL/blood
Biktarvy

P3 F 51 86 942 ub Cocaine user BAL/blood
Triumeq

P4 M 55 72 356 ub None Blood
Triumeq

P5 F 42 60 245 ub None Blood
Descovy, Tivicay

H1® M 54 NA NM NA None BAL/blood

H2 M 45 NA NM NA None BAL/blood

H3 F 36 NA NM NA None BAL/blood

H4 M 32 NA NM NA None Blood

H5 F 24 NA NM NA None Blood

Patients and normal donors were recruited at the Johns Hopkins Moore Clinic under Johns Hopkins IRB protocol number 001239586

NT, no treatment; NA, not applicable; ND, not detected; P, HIV patient; H, normal donor; NM, not measured; Biktarvy (Bictegravir/emtricitabine/tenofovir alafenamide);
Triumeq (Abacavir/dolutegravir/lamivudine); Descovy (Emtricitabine /Tenofovir); Tivicay (Dolutegravir)

replication competent HIV virus can be isolated from
in vivo infected AM and peripheral blood monocytes.

Results
Alveolar macrophages (AM) have very low dNTP pools,
high dUTP/TTP and depleted uracil DNA glycosylase (UNG)
A limitation of this study is the number of normal donor
samples that were available to us because of the pan-
demic. Consequently, in vitro characterization of the AM
phenotype was limited to three donor samples (Table 1).
Nevertheless, the current results are strongly reinforced
by our previous findings with AM and MC samples iso-
lated from fully ART-suppressed HIV patients [21].
In this prior work, we used a sensitive ddPCR assay to
detect HIV DNA in peripheral MC from 6 out of 6 fully
ART-suppressed HIV patients (50—-100 pol copies/10°
cells) [21]. Further, 5/6 of the patient MC were positive
for dUMP content, as were two AM samples obtained
from a single patient pre- and post-ART [21]. Impor-
tantly, the viral uracilation phenotype was unique to
viral DNA obtained from MC and AM, but was absent in
CD4" T cells [21, 32]. These results established that: (i)
HIV DNA was detectable in myeloid cells using the most
sensitive detection method, and (ii) viral DNA from these
cells was uniquely marked by the presence of dUMP.
However, these studies did not assess whether the viral
DNA was integrated or whether replication competent
viruses were present.

To further characterize the dNTP pool and UBER
phenotypes of AM, we purified AM obtained by

bronchoalveolar lavage from non-infected donors
(Table 1). The AM were purified as described in Meth-
ods, and the absence of contaminating T cells was
established using RT-qPCR targeting the TCRB mRNA,
which is selectively expressed in T cells [39, 40]. From
this analysis, we confirmed that T cells were present at
<1T cell/10* AM. Further, ninety-five percent of the iso-
lated AM were CD68 positive and 90% were functional
as judged by a positive phagocytosis assay employing
pHrodo E. coli cells (Fig. 1a, b).

We used a modified single-nucleotide primer (SNP)
extension assay to assess the dUTP and dTTP levels in
AM for comparison with in vitro differentiated MDM
and dividing HAP1 human cells (Fig. 1c and Additional
file 1: Fig. S1) [31, 32]. As compared to the HAP1 cell
line, the dTTP levels were reduced by 2700 and 170-fold
in AM and MDM, respectively.

Accordingly, the dUTP/dTTP ratio in AM is 32-fold
greater than the HAPI1 line, and more than sixfold
greater than the already elevated ratio seen in MDM
(Fig. 1d). HAP1 cells are routinely used in our lab as the
control cell line for the SNP extension assay, but we have
previously measured dNTP levels and the ratio dUTP/
TTP in several transformed laboratory cell lines as well
as activated and unactivated CD4" T cells. Only primary
myeloid cells have been found to exhibit the phenotype
of elevated dUTP/TTP [21, 31]. These measurements
of high dUTP levels in AM aligns with our previous
Ex-ddPCR measurements of high uracil content in HIV
DNA isolated from infected AM (Fig. 1c) [21].
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Fig. 1 Confirmation of in vivo AM phenotype and comparison of dTTP, dUTP nucleotide and UBER enzyme levels with that of MDM. A
Fluorescence microscopy of AM stained with DAPI DNA stain (blue), CD68 cell surface marker (red) and pHrodo Green E. coli metabolic marker
(green). An enlarged merged image is shown on the right. B AM cells in A were counted using ImageJ and the percent of DAPI stained cells that
were also stained with the other two markers was calculated. C dUTP and dTTP levels in extracts from dividing HAP1 cells, non-dividing MDM, and
AM cells as determined using a single nucleotide extension assay (SNE) (Additional file 1: Fig. S1). The in vitro differentiated MDM and the in vivo
differentiated AM cells were from the same healthy donors. D dUTP/dTTP ratio in extracts from dividing HAP1 cells, non-dividing MDM, and AM
cells. E Baseline mRNA expression levels of proteins involved in uracil base excision repair (UBER) and dNTP metabolism in AM and MDM cells.
Expression levels were normalized to dividing HAP1 cells for comparison purposes. 18S ribosomal RNA was used as the calibration standard in all
measurements. Error bars represents SD, the mean was calculated with three biological replicates for HAP1 cells, and from two healthy donors for
the AM and MDM data

We then used RT-qPCR to probe the base line expres-  be expected to persist at higher levels than MDM due
sion levels of key UBER enzymes (UNG, APEL, pol B, to the severe depletion of UNG and dTTP.
lig III, DUT) and the dNTPase SAMHDI1 in AM and
MDM prior to infection with HIV (Fig. le). For com-
parative purposes, we normalized the measured expres-  HIV infection kinetics of AM and MDM and relative dUMP
sion levels to those found in the HAPI1 dividing cell levels in viral DNA products
line. These measurements established that UNG, the There have been very limited studies of HIV infection of
first enzyme in the UBER pathway that excises ura- ~AM or any other primary tissue macrophages. To ascer-
cil bases from DNA, was present at an eightfold lower tain the kinetics and relative efficiency of HIV infection
level in AM as compared to MDM and about 50-fold of AM we isolated AM from a single donor and infected
less than the HAP1 line. The other UBER enzymes the cells with R5 tropic HIVE! virus (MOI=1). We then
showed similar expression levels in AM and MDM, monitored viral DNA products and viral p24 levels over
which were about two to fourfold less than HAP1 cells. 21 days and examined how many viral DNA products
As expected, both AM and MDM showed a fourfold contained detectable dJUMP (Fig. 2). Although quantita-
greater expression of SAMHD1 compared to the HAP1  tive comparisons between in vivo differentiated AM and
cells. Taken together, these data show that AM have in vitro differentiated MDM will always be imperfect due
extraordinarily low dNTP levels, elevated dUTP/TTP to the different origins of these cells, we included a par-
and greatly reduced UNG activity. Thus, dUMP incor- allel infection using our standard M-CSF differentiated
porated into viral DNA during infection of AM would MDM.
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Fig. 2 Comparison of in vitro infection of AM and MDM with HIVE. A Kinetics for appearance of early (ERT) and late (LRT) reverse transcripts in AM
and MDM as determined by RT-qPCR. The RPP30 gene was used to calculate the average transcript copies per cell. Sequences and probes are listed
in Additional file 1: Table S1. B Kinetics for appearance of proviral DNA copies in MDM and AM as determined by alu-gag gPCR. C Percentage of
proviruses present in MDM and AM that contain dUMP as determined by alu-gag Ex-gPCR. D Viral protein 24 (p24) levels in culture supernatants of
infected AM and MDM were measured by ELISA. The supernatant p24 levels are from identical infections (MOl = 1) using equal numbers of plated
target cells (50,000 per well in 96-well plate). Errors are means with standard deviations, N=2 for A-C. For panel D, N=1
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Using PCR primers designed to detect early (ERT) and
late (LRT) reverse transcription DNA products we found
that the ERT levels peaked at 3 copies per cell at 1-day
post infection of AM while the LRT copies reached a
final level of about 0.5 copies per cell (Fig. 2a). Thus, only
about one-sixth of the ERT produced in AM were con-
verted to more mature viral DNA products, suggesting a
restrictive step early in infection of AM. In contrast, the
ERT and LRT levels in MDM increased steadily over the
course of infection, peaking at 4 copies per cell at 7-days
post infection. By day 14, both the ERT and LRT copies
in MDM diminished by almost a factor of two, suggesting
a late restrictive step not observed with AM (Fig. 2a).

Using the Alu-gag qPCR method for amplifica-
tion of integrated viruses, we found that proviral cop-
ies of infected AM reached a plateau of about one copy
per cell after about 7 days and remained stable out to
day 21 (Fig. 2b). In contrast, proviral copies of infected
MDM increased steadily from one copy per cell at 1-day

post infection to four copies at 7-days and remained
roughly the same out to 21-days post infection (Fig. 2b).
Thus, AM and MDM showed distinct kinetics for viral
integration.

We used the uracil-excision qPCR (Ex-qPCR) method
to determine the fraction of LTR DNA products that
contained dUMP from 1 to 21 days post-infection of AM
and MDM (Fig. 2¢). For AM, viral dUMP was present in
~80% of the LTR products at day one and the level was
unchanged over the course of the infection. In contrast,
MDM showed no detectable dUMP in LTR DNA prod-
ucts at day 1 and the levels increased between days 3 and
7 up to 60% of viral LTR copies. Unlike AM, the fraction
of LTR copies containing dUMP decreased to about 40%
in MDM between days 7 and 21 (Fig. 2c). The absence of
detectable dUMP in viral DNA at one day post-infection
of MDM has been observed consistently and attributed
to rapid infection of the MDM cell population present in
the pseudo-G1 state where dUTP is not present [21]. The
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slow reduction in dUMP over time has been attributed
to the slow replacement of proviral dUMP with TMP by
base excision repair [31]. The early appearance of dUMP
and its persistence in AM suggests that the pseudo-G1
population is a minor contribution, and that uracil exci-
sion activity is significantly reduced compared to MDM
(consistent with the UNG expression profiling).

The p24 levels in culture supernatants of steadily
increased over 21 days for both MDM and AM (Fig. 2d),
with the final p24 level at day 21 about three-fold higher
for MDM, which is similar in magnitude to the greater
proviral copy number for MDM (Fig. 2b). Taken together,
these data indicate slower infection kinetics, decreased
infection efficiency, and increased dUMP persistence
for AM as compared to MDM. With respect to these
three properties, this in vivo differentiated AM sam-
ple responded very similarly to primary monocytes that
were infected with HIVE virus immediately after isola-
tion and then cultured either in the presence or absence
of M-CSF [31], suggesting that the uracilation phenotype
can be modulated, but not ablated, by common growth
factors used in culturing myeloid cells.

These data in isolation only provide correlative effects
between dUMP incorporation, infection efficiency, and
viral persistence. However, both pre-integration and
post-integration restrictive effects of dUMP in viral
c¢DNA have been previously observed using model cell
lines where both UNG activity and dUTP levels were rig-
orously modulated [21, 31, 32]. It is reasonable to antici-
pate that the same effects apply here and result from the
lower UNG expression in AM and the decreased tran-
scription efficiency of persistent uracilated proviral DNA.

UBER enzyme expression levels in AM and MDM post-HIV
infection

We measured large changes in the expression levels
of UNG and two other enzymes in our panel at vari-
ous times after infection of AM with R5 tropic HIVE!
virus (Fig. 3). Strikingly, AM showed a 20-fold induc-
tion of UNG mRNA between days 3 and 14 post infec-
tion, while no significant increases in UNG expression
were observed with MDM over the same time frame. In
addition, the expression level of SAMHD1 was increased
~30-fold in AM and dUTPase showed a rapid 16-fold
decrease in expression by day 3 (Fig. 3a). These changes
in SAMHD1 and dUTPase expression were not observed
for MDM, which instead showed an ~30-fold increase
in expression of DNA cytidine deaminase A3A, but not
A3G (Fig. 3b). Due to limited availability of AM samples,
we were only able to measure these expression changes
using RT-qPCR. However, we have previously measured
UNG, SAMHD1, dUTPase and APE1 enzyme activities
in cell extracts of MDM, MC and CD4" T cells [21], and
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also other BER enzymes using immune blotting methods
[31]. These previous relative protein expression levels
correlate well with the RNA measurements here.

The post-infection upregulation of UNG and SAMHD1
and the downregulation of dUTPase suggest a coordi-
nated response to the invading virus. Specifically, these
changes would be expected to impede viral replication
via increased SAMHD1 dNTPase activity and other
SAMHD1-dependent mechanisms [38], increasing the
already high dUTP levels by decreasing dUTPase activ-
ity and promoting excision of viral uracils by increasing
UNG activity. However, these changes in expression lev-
els in AM may not be rapid enough to impact the early
stages of viral infection in a significant way. Further,
the increased levels of UNG appear to be ineffective at
removing proviral uracils over 21 days post-infection
(Fig. 2c). This effect may indicate that integrated viruses
with uracil are protected by chromatin compaction or
other mechanisms.

Quantification of replication competent virus present

in AM, MC and T cells from ART-suppressed patients

An optimized QVOA assay for macrophages and mono-
cytes was used to determine the number of productively
infected myeloid and T cells obtained from five patients
(Table 2) (Fig. 4a) [24]. A total of 2.6 to 15.0 million mye-
loid cells (AM or MC) and 3.0-20.0 million T cells were
examined for each donor, which sets the limit of detec-
tion for each cell type (Table 2). The QVOA experiments
with AM and MC were assessed for the presence of TCRp
mRNA using RT-qPCR and the percent contamination of
T cells in each QVOA was not greater than 0.9% (AM) or
1.7% (MC) (Fig. 4b). Since replication competent viruses
are present at a frequency of less than 1 per million CD4*
T cells (see below), the probability of infected CD41 T
cells harboring replication competent virus in the AM
and MC QVOA reactions was 0.02 and 0.04 per million
AM and MC, respectively. Accordingly, this level of T cell
contamination cannot account for any of the positive AM
and MC QVOA reactions (see below).

Using qPCR, we detected viral RNA in the QVOA
supernatants originating from one AM sample out of
three that were analyzed and from four of the five MC
QVOA experiments (Table 2 and Fig. 4b). In addition,
viral RNA was detected in four out of five T cell QVOA
experiments. In these experiments, QVOA wells that
contained at least 50 RNA copies/mL were deemed posi-
tive and the limit of detection was 10 HIV RNA copies
per reaction. The number of latently infected cells that
contained replication-competent virus was then deter-
mined using an algorithm for maximum likelihood esti-
mation of IUPM [39].
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Fig. 3 UBER gene expression in AM and MDM post-infection with HIVE?. A RT-gPCR was used to measure the time-dependent changes in mRNA
levels of the indicated enzymes post-infection of AM. B Time-dependent changes in mRNA levels of the indicated enzymes post-infection of MDM.
AM data was collected from one healthy donor and the errors are from three technical replicates. The MDM data is the average from three healthy
donors. The fold-change in copy number is relative to the levels before infection and the 18S ribosomal RNA expression was used as the calibration
standard for all samples. All primers are listed in Additional file 1: Table S1. Errors are means with standard deviations, N=2 for AM and N =3 for
MDM (where N is number of donors)

For P1, blood monocytes were isolated before the ini-
tiation of ART (viral load of 31,800 copies/mL) and
four months after initiation of ART (when circulating
virus was undetectable) and QVOAs were performed
(Table 2). For P1, viral RNA was detected in the MC
QVOAs for both the pre- and post-treatment samples,
and the IUPM fell from 1.1 to 0.24 over the treatment
period. For P2, QVOAs were performed on AM, MC
and CD4" T cells, but only the AM and T cells were
positive for viral RNA (IUPM in the range 0.5 to 0.8).
For P3, viral RNA was detected in MC (3.7 IUPM) and

CD4" T cells (0.66 IUPM), but not in AM. For P4 and P5,
QVOAs were performed on MC and CD4" T cells and
viral RNA was detected in both (Table 2) (Fig. 4b). As
expected, these numbers of productively infected periph-
eral blood MC and T cells are much less than the mean
levels of viral DNA previously detected using ddPCR in
these cell types isolated from 6 ART-suppressed donors
(~700 copies/10° T cells and ~60 copies/10® MC) [21].
It is commonly accepted that most viral DNA copies
are not replication competent, and further, the QVOA
assay is not 100% efficient. Thus, these results provide a
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Table 2 Total number of cells assessed and calculated IUPM? in this study
Donor code Total number of cells (x 109) IUPM

MC CD4" T cells AM MC CD4" T cells AM
P1° 50 30 7.0 11 NA NA
p1¢ 15.0 NA 10.0 0.24 NA <LOD
p2 8.6 20.0 7.0 <LOD 0.82 0.51
P3 9.9 7.2 2.60 37 0.66 <LOD
P4 9.0 7.7 NA 18 1.1 NA
P5 124 9.20 NA 24 0.92 NA

NA: not applicable, ND: not detected, LOD: limit of detection, P: HIV patient
2 JUPM,; infectious units per million cells

b HIV patient 1 before ART-treatment

€ HIV patient 1 post ART-treatment

minimum estimate of the level of productively infected
HIV target cells [40].

Infectivity of viruses obtained from QVOA supernatants

To further establish that the viral particles present in
the AM-QVOA, MC-QVOA and T cell QVOA super-
natants contained replication competent virus, we spin-
inoculated MOLT-4/CCR5 target cells and followed the
time course for appearance of nascent viral RNA in the
culture supernatants using RT-qPCR (Fig. 5a). Superna-
tants were collected at days 0, 4, 10, and 15 after spin-
inoculation and viral spread was observed in all MC and
T cell QVOAs for P2, P4 and P5 (Fig. 5b, d, e). However,
for P3 viral spread was only observed in MC, not T cells
(Fig. 5¢). We estimated that 0.7% to 2.2% of the viral par-
ticles present in the MC and T cell QVOAs were repli-
cation competent. We also calculated an upper limit of
0.2% for replication competent virus present in the P3
T cell QVOA supernatants based on the absence of out-
growth (Fig. 5f).

Major viral variants isolated from AM, MC and T cell QVOAs
We used targeted amplicon next generation sequencing
to perform a sequence analysis of the V3 regions of HIV
env using virus isolated from the QVOA wells from
CD4" T cells, AM and MC from each patient (Fig. 6a,
b). Comparisons of the predominant viral sequences
isolated from myeloid cells (AM or MC) and T cell
QVOAs from the same donor showed 100% (P2), 100%
(P3), 91% (P4), and 97% (P5) pairwise identity. Further,
all major variants analyzed were predicated to use the
R5 co-receptor (Additional file 1: Table S1). These data,
which only reliably report on the major variants pre-
sent, do not address the question of whether common
or distinct myeloid and T cell viral pools exist. The pre-
dicted amino acid sequences of each major variant were

matched to a single HIV consensus sequence calculated
from 2635 HIV clinical sequences archived in the Los
Alamos HIV sequence database [40]. Amino acid sub-
stitutions were clustered in various regions with the
same pattern for P2 and P3 and more variabilities for
P4 and P5 (Fig. 6¢). An APOBEC-induced hypermuta-
tion analysis using Hypermut 2.0 (https://www.hiv.lanl.
gov/content/sequence/ HYPERMUT /hypermut.html)
did not reveal any definitive A3G or A3F deamination
sites (Additional file 1: Table S2).

Discussion

Macrophages exhibit malleable and temporal pheno-
types in vivo determined by their microenvironment
and cytokine stimuli [42, 43]. Given this property, it is
not possible to evaluate the “average” behavior of a mac-
rophage with respect to an experimental variable such as
HIV infection despite the isolation of cells from a defined
immune compartment. Even in vitro experiments using
highly purified monocyte derived macrophages (MDM)
and defined strains of virus are complicated by the
presence of a mixed population of cells with respect to
their inflammatory phenotype, cell cycle markers (i.e.,
GO or G1) and other variables [44—46]. No single study
using primary cells can evaluate all the variables that
may impact the macrophage phenotype and susceptibil-
ity to HIV infection. In this work, in vivo HIV infection
of monocytes (MC) and alveolar macrophages (AM)
is explored with a focus on whether previous in vitro
findings concerning the nucleotide pool composition of
MDM and the involvement of uracil base excision repair
(UBER) extend to in vivo infections. These studies also
provide rare (but limited) measurements of the replica-
tion capacity of proviruses present in circulating MC and
resident alveolar macrophages of the lung.
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Fig. 4 Replication competent HIV-1 detected by QVOA from AM, MC and T cells of HIV patients under suppressive ART. A Monocytes and CD4™

T cells from blood and AMs from BAL fluid were collected from five HIV-infected patients and purified by T cell pan isolation kit. T cells were first
cultured for three days using stimulating conditions and then plated in serial dilutions into three to five wells. Monocytes purified by the pan
monocyte isolation kit were checked for T-cell contamination by RT-gPCR using TCR-f3 primer pairs (98.38 = 0.43% purity). MDM were generated

by culturing MC under adherent conditions for seven days in the presence of M-CSF, and the cells were serially diluted into three to five wells. AM
were plated directly in 3-5 serial dilution wells. Cells were cultured in the presence of the HIV fusion/entry inhibitor T20 (Enfuvirtide) as indicated.
Nonadherent cells and T20 were removed prior to activation with LPS and coculturing with MOLT4/CCR5 cells. BTCR 3 RNA levels detected in
QVOA lysates of T, MC and AM cells were measured by RT-gPCR using a seven-point standard curve established by serial dilution. The relative
expression percent was normalized to CD4™ T cells. The mean is the average of three donors. Errors are means with standard deviations, N =3 for
AM, T and MC, where N is number of donors. (C) The infectious units per million cells (UPM) of AM, MC and CD4* T cells were determined using
RT-gPCR (N =3, the error bars are smaller than the data points). The IUPM calculations used the online Infection Frequency Calculator which utilizes
limiting dilution Poisson statistics and the number of positive wells and the input number of cells as the input parameters (https://silicianolab.johns
hopkins.edu)

Implications of AM and MC dNTP pool composition established using in vitro systems that the outcome of
and UBER status on in vivo infection HIV infection in the presence of high dUTP pools will
As noted earlier, three well-documented hallmarks of critically depend on the expression level of the UNG
in vitro infection of MDM and MC are low dNTP pools, enzyme [21, 31, 32]. If its expression is relatively high,
the presence of elevated dUTP, and the incorporation of  uracilated viral DNA products are degraded before inte-
dUMP into viral reverse transcripts. We have previously — gration and only non-uracilated viral DNA is integrated
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Fig. 5 Viruses collected from QVOA supernatants of AM, MC and T cells can establish de novo infection. A Supernatants from QVOA positive wells
were used to separately spin infect 200,000 MOLT4/CCRS5 cells using serial dilutions. Supernatants were collected at days 0, 4, 10, and 15 after

spin infection and HIV RNA copies were determined using RT-qPCR. B Reinfection kinetics of AM and T cells obtained from P2 QVOA supernatant.

C Reinfection kinetics of MC and T cells obtained from P3 QVOA supernatant. D Reinfection kinetics of MC and T cells obtained from P4 QVOA
supernatant. E Reinfection kinetics of MC and T cells obtained from P5 QVOA supernatant. F Percentage of replicating viral particles in HIV RNA
copies detected in QVOA. HIV RNA copies in the culture supernatants were measured by RT-gPCR and the frequency of replicating viral particles
was calculated using an Infection Frequency Calculator that utilizes limiting dilution statistics (https://silicianolab,johnshopkins.edu). The replicating
virus percentage of AM, MC, and T cells for each patient assayed is shown. The data in B, C, D, and E show the mean value of three technical
replicates. The RNA copies for each patient in panel F were measured in three replicates. The error bars are smaller than the data points in the graph
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Fig. 6 Sequence analyses of virus produced in MC, AM, and CD4 " T cell QVOA. A The HIV-1 genome structure and the region targeted for
sequencing is shown. The first PCR (6953-7530) and second PCR (7015-7374) regions were targeted by nested PCR primers using cDNA obtained
from AM, MC, and T cell QVOA's from P2 to P5. The purified amplicons (359 bp) were then sequenced using lllumina MiSeq. B Outline of the
stepwise procedure used in targeted amplicon sequencing. C Major env amino acid sequences derived from sequencing extracellular viral RNAs
produced in QVOAs. The consensus reference sequence is derived from 2635 HIV-1 clinical isolates. Boxed regions at the protein sequence level
show the mutation spectrum within the CD4-associated and co-receptor binding sites. The positions are relative to the HXB3 strain. Sequences
derived from myeloid cell infections are indicated in blue [either monocyte (M) or alveolar macrophage (AM)] and sequences obtained from T cell
infections are in red with the numerical patient identification shown in Tables 1 and 2. The major variant percentages are indicated

[32]. If its expression is low or absent, uracilated viral
DNA can integrate but the expression of viral RNA tran-
scripts and protein is decreased [21, 31, 32]. Our previous
uracil excision ddPCR measurements detected high levels
of viral uracilation in MC samples from six HIV-infected
donors and AM samples from a single donor, strongly
suggesting that the features of elevated dUTP/TTP levels
and viral incorporation of dUMP that have been docu-
mented for in vitro infections of MDM and MC extend
to in vivo infections of AM and MC. This conclusion
is directly validated in this work where we have deter-
mined both low overall ANTP pool levels in AM and
elevated dUTP. Further, our findings that UBER enzyme

expression is severely compromised in AM, and to a
lesser extent MC, provides an explanation for both the
detection and persistence of viral uracils in the previous
uracil excision ddPCR study. Ironically, the potential for a
strongly restrictive effect of high dUTP is blunted by the
absence of UNG activity in AM. Accordingly, the major
outcome of infection under these conditions is persis-
tence of uracilated proviruses (i.e., for the lifetime of the
AM, which is estimated at several months) [13-16]. We
note that viral uracilation has been previously studied by
us using two other HIV strains: HIVN!3 (VSVG pseudo-
typed) and HIVSF162(CCR) wyith no discernable differences
in the outcomes that were measured. Minimally these
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data indicate that the uracilation phenotype is independ-
ent of whether the virus uses the CCR5 or CXCR4 co-
receptors, but we cannot exclude that in vivo exposure of
AM to different growth factors, cytokines or chemokines
might influence the uracilation phenotype and infection
kinetics as we have observed previously with varying the
in vitro protocol for M-CSF treatment [31].

Given our previous finding that RNA pol II transcrip-
tion from uracilated DNA templates is downregulated
compared to templates containing only T/A [35], the
uracilated proviruses are expected to be at least partially
repressed in terms of transcription. Since U/A pairs have
been reported to have significant effects on protein-DNA
interactions (usually disruptive) [36, 47-50], it is pos-
sible that alterations in the chromatin structure may be
unfavorable for transcription or that binding of certain
required HIV transcription factors may be impaired.
Elaboration of these effects is the subject of future inves-
tigations, but the currently available data suggests that
abundant U/A pairs in proviruses would tend to be tran-
scriptionally repressive and may even contribute to a
unique mechanism of latency in long-lived macrophages
such as microglial cells of the brain.

Implications of replication competent viral sequences
in AM and MC
An important finding in this study is that rare replica-
tion competent viruses can be detected in both AM and
peripheral MC from HIV-infected individuals that were
virally suppressed using ART. Beyond the obvious need
to control for contaminating T cells in AM and MC
QVOAs, a frequent critique is that phagocytized infected
T cells containing integrated virus could give rise to the
observed signals. A phagocytic mechanism is difficult to
discount with one hundred percent certainty, but is made
unlikely given that on average ~80% of infected MC and
AM cells contain uracilated viral DNA and we previ-
ously established that viral uracilation is a unique pheno-
type of myeloid cell infection (i.e., integrated virus from
a phagocytized T cell would not contain dUMP) [21,31].
The frequencies of replication competent viruses that we
observed with peripheral MC overlap with findings from
previous studies using human and macaque samples, and
detection of rare replication competent virus in human
AM samples has also been reported (comprehensively
reviewed in Wong et al.) [2]. Although our sample num-
ber is low for AM due to halting of bronchiole alveolar
lavage procedures during the Covid-19 pandemic, the
limited data suggest that the frequency of replication
competent virus may be smaller in this compartment
compared to peripheral MC.

The presence of replication competent virus in both
MC and AM when the lifetimes of these cells in vivo is in
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the time frame of several days and months, respectively,
strongly suggests that these cells are encountering active
virus during their lifetimes. For the MC population, new
findings on the biology of these cells indicates that they
can frequently migrate through immune cell compart-
ments without differentiation into tissue macrophages
[51]. This migration pattern increases the chances that
these cells will enter a sanctuary compartment contain-
ing infected CD4" T cells or macrophages, become
infected, and then reenter circulation. In contrast, AM
are stationary within the lung tissue and must encoun-
ter virus through infected neighbor cells or through
transient encounter with rare infected CD4%1 T cells. For
these active replication mechanisms to be viable, sanctu-
ary compartments where antiretroviral drugs are poorly
penetrant are required. In addition, macrophages are
more resistant to many antiretroviral drugs and are less
prone to cell death after HIV infection compared to T
cells, which increases the time frame for release of virus
particles from these cells [52, 53].

Conclusions

This study adds to the growing body of evidence that
myeloid lineage cells can harbor rare replication com-
petent HIV after infected patients have undergone ART
and achieved viral suppression. A biomarker for infec-
tion of these cells is viral DNA that contains dUMP. Since
the predominant GO population of macrophages has
vastly diminished UBER activity, the fate of viral dUMP
is limited to persistence and potential inhibitory effects
on transcription based on in vitro studies. For short lived
macrophage and monocyte cells, the persistence may last
for the lifetime of the cells. For longer lived brain micro-
glial cells, the opportunity increases for cells to enter a
transient G1 state which would allow the excision repair
process to proceed and potentially repair the U/A pairs,
decrease transcriptional repression, and potentially lead
to viral-induced inflammatory conditions often observed
in the brains of HIV infected patients.

Methods

Study subjects

This study was approved by the Johns Hopkins Institu-
tional Review Board and informed consent was obtained
from all participants before study enrollment. Peripheral
blood was obtained from healthy volunteers and ART
suppressed patients with viral loads <20 copies HIV-1
RNA/mL. Monocytes and resting CD4" T cells were
obtained from donor PBMCs as described below. Char-
acteristics of study participants are given in Table 1.
Collection of BAL samples were discontinued in March
2020 due to the extreme risks pertaining to the Covid-19
pandemic. Therefore, sample numbers are unavoidably



Cui et al. Retrovirology (2022) 19:21

reduced from the original planned enrollment for the
study.

Isolation of primary cells from donor PBMCs

Monocytes (MC) were purified from peripheral blood
mononuclear cells (PBMC) using a Ficoll-Hypaque den-
sity gradient followed by negative selection using a Pan
monocyte isolation kit (Miltenyi Biotech). Then MCs
were differentiated into monocyte-derived macrophages
(MDM) by culturing MC under adherent conditions for
seven days using MDM-AS medium containing RPMI
1640 (Gibco) supplemented with 10% donor autologous
serum, 1% Pen/Strep (HyClone), 0.3 mg/mL glutamine
and 10 mM HEPES, plus 10 ng/mL M-CSF (R&D Sys-
tems). Fully differentiated MDMs were maintained in
media containing RPMI 1640 plus 10% dialyzed FBS, 1%
Pen/Strep.

CD4% T cells were isolated from PBMC population
using the CD4" isolation kit (CD4" T cell Isolation kit
II, Miltenyi Biotec, San Diego, CA). CD4" T cells were
first cultured for three days using stimulating conditions
[RPMI supplemented with 10% donor autologous serum,
1% Pen/Strep (HyClone), 0.3 mg/mL glutamine, 1 mg/mL
of Phytohemagglutinin (Gibco) and, ciprofloxacin (5 mg/
mL)].

The dividing cell line HAP1 (Horizon Discovery)
was seeded at 2 million cells per T-75 flask. The culture
medium containing RPMI-1640 medium plus 10% heat
inactivated FBS, 1% Pen/Strep. Cells were grown until
70% confluence with medium changes every 48 h. The
cells were released from the flask using 5 mL of 0.25%
trypsin—-EDTA (Gibco), followed by washing three times
with PBS (Gibco).

Processing of alveolar macrophages (AM)

from bronchoalveolar lavage procedure (BAL)
Bronchoscopy and broncho-alveolar lavage (BAL)
were performed on six participants including three
healthy donors, a single HIV-1 infected patient pre- and
post-ART treatment and two HIV-1 patients on ART
(Table 1). To obtain alveolar macrophages (AM), bron-
choscopy and lavage were done, as described elsewhere
[54]. Briefly, BAL samples were filtered using a sterilized
gauze pad and transferred into 50-mL centrifuge tubes. A
pellet was obtained using a short spin (250 g for 5 min)
and was resuspended in serum-free RPMI 1640 medium
(Gibco) containing antibiotics (Pen/Strep, gentamicin,
and amphotericin B) and incubated at 37 °C for 24 h
without shaking. Following incubation, the cells were
washed and resuspended in culture medium contain-
ing RPMI-1640 medium plus 10% heat inactivated FBS,
1% Pen/Strep. Cells were then counted and diluted to
10° cells/mL for further use. Cells were then pelleted and
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used for ANTP extraction, or in vitro infection, or quanti-
tative viral outgrowth assay (QVOA) as described below.

Generation of RNA standards for TCR 8 RNA assay

A fragment of TCR B containing both V-region and
C-region was subcloned into a mammalian expression
vector. The plasmid was transformed to DH5a com-
petent cells then spread onto an agar plate containing
corresponding antibiotics. A mini prep was performed
followed by plasmid purification and quantification. Two
sets of real time PCR primers targeting both V-region
(68 bp) (rt-FWD 5-ACACGTGAAATGCTCTTTGCG-
3/, rt-REV 5-TTACTCCTGCGCCTCTGTGTC-3’) and
C-region (65 bp) (rt-FWD 5-TGGCTTCTGGCACTC
CTTG-3, rt-REV  5-GCCATGTGAAGACAGAGG
CA-3') were used to generate standard curve.

Quantitation of TCR § RNA

AM and MDM purity was checked for T-cell contami-
nation by RT-qPCR using TCR-B primers. TCR  RNA
was quantitated by RT-qPCR using the above-described
primers. Cycling conditions were as follows: 95 °C for
5 min, and 40 cycles of 94 °C for 10 s, 55 °C for 15 s, and
60 °C for 30 5.18S rRNA was simultaneously detected
with the TCR 3 RNA to control for cell counts. To deter-
mine the average number of TCR (B copies, AMs and
MDMs from three donors, were isolated and purified
using the above-described methods. The purity of the
cells was confirmed by marker staining, and the relative
number of copies of TCR p RNA was compared to CD4™"
T cells.

Characterization of isolated cell populations

The function and cell identity of AM, MDM, and CD4"
T cells was determined by morphology, marker stain-
ing, functional assays, and RT-qPCR (see above). The
purity of AM cells was analyzed by marker staining using
anti-CD68 antibody ([EPR20545] (ab213363), abcam)
and pHrodo™ Green E. coli BioParticles" Conjugate for
Phagocytosis (P35366, Thermofisher). Using this method,
we obtained AMs with a purity of >95.8% and are func-
tional of >91.6% with neglectable T cell contamination
(0.9% for AMs and 1.6% for MDMs).

Single nucleotide polymerase extension assay

The extraction of total ANTPs from ~1 to 2 million
cells and quantification of dUTP and dTTP were per-
formed as previously described [31, 32, 55], except that
HIV-1 reverse transcriptase (RTase) was used in the
extension assay (Millipore-Sigma). The extension reac-
tions were performed at 37 °C for 40 min and included
~6—1200 fmol of total ANTP, 120 or 1200 fmol of DNA
template-primer for extracts obtained from non-dividing
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or dividing cells, respectively, and 2 units of RTase (one
unit converts 1 nmol of labeled dT'TP into acid-insoluble
material in 20 min at 37 °C, pH 8.3). The substrate (22
mer) and the product (23mer) of the extension reaction
were separated by electrophoresis on a denaturing PAGE
(8 M urea, 1x TBE, 15% acrylamide) and then imaged
(Typhoon 9500 imager; GE Healthcare) and the images
were quantified using Image Lab software (Bio-Rad). The
extension buffer consisted of 20 mM Tris—HCI, pH 8.0,
100 mM KCl, 5 mM MgCl,, 2 mM DTT, and 0.1% BSA.
Extensive validation experiments were performed using
[dUTP +dTTP] mixtures with known dUTP/dTTP 1:1
ratio to establish a detection limit and a linear correlation
between the known dNTP concentrations and the ratio
determined from the SNE assay. The amount of dUTP
per million cells was determined by first calculating the
pmol dUTP in the SNE reaction=[pmol DNA template-
primer] [fractional extension (no dUTPase) — fractional
extension (add dUTPase)]. The total pmol dUTP in the
methanol extract was calculated after correction for dilu-
tions and the fraction of the total extract analyzed in the
SNE reaction. The total pmol of dUTP was then divided
by the cell number used to prepare the extract. The cell
number was normalized to the genomic RPP30 copies as
the standard (diploid for AM and MDM, and haploid for
HAP1).

Expression levels of UBER and dNTP metabolic enzymes
using real-time qPCR

RNA was extracted from AM, MDM or HAP1 cells
using the RNeasy Mini Kit (Qiagen) following the man-
ufacturer’s protocol. About 500 ng of RNA was used to
synthesize ¢cDNA with High-Capacity ¢cDNA Reverse
Transcription Kit (Applied Biosystems, #4368813) fol-
lowing the manufacturers protocol. The cDNA was used
as input material and the Rotor Gene qPCR probe kit
(Qiagen, #204374), mRNA copies of infected AM and
MDM or uninfected controls were measured and nor-
malized to an internal control gene (18S rRNA). Ther-
mal cycling conditions for qPCR consisted of 95 °C for
5 min, and 40 cycles of denaturation at 95 °C for 10 s
and annealing and extension at 60 °C for 30 s. The rela-
tive expression levels were calculated using the 2724¢T
method, where the AAC, is the difference in AC, between
the target and reference samples:

AAC: = AC am/mpMm — AC, HAPI

= (Ct, user— Cs, 1SS)AM/MDM (1)

— (Ct, uBer— Ci,185) jyapr-
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Viruses and infections

The macrophage tropic replicative HIV® was obtained
from the NIH AIDS Reagent Program (NIH-ARP
#11414) and propagated in MOLT-4/CCR5 cells. Cul-
ture supernatants of infected MOLT-4/CCR5 cells were
collected at 14 dpi, centrifuged to clear cellular debris,
passed through 0.45 um filters, aliquoted, and stored at
— 80 °C. Viral titer was determined by the ELISA p24
antigen assay (Lenti-X p24 Rapid Titer Kit, TaKaRa).
Infections of fully differentiated MDM were performed
after adherent growth in the presence of M-CSF for seven
days. Prior to addition of virus to MDM, the media was
replaced with RPMI+10% dFCS and omitting M-CSE.
Infections of purified AM were performed after adherent
purification. AMs were seeded at 1 x 10° cells per well in
a 24-well plate and kept at 37 °C, 5% CO,. The culturing
medium was removed, and cells were washed twice with
PBS, then infected with HIV® strain at the multiplicity
of infection (MOI) of 1. Then the cells were washed with
PBS and fresh medium was replaced.

Determination of viral copy number using real-time gPCR
Viral copies were determined using qPCR. A standard
curve was generated using tenfold serial dilutions of
DNA extracted from J-lat cells (NIH-ARP). Real-time
qPCR was performed using Rotor-Gene Probe PCR kit
(Qiagen, #204374) on Rotor-Gene qPCR instrument.
PCR targeted the early or late HIV reverse transcripts
(ERT or LRT). Amplification was performed using a two-
step program: initial heating at 95 °C for 5 min, followed
by 40 cycles of denaturation at 95 °C for 10 s and anneal-
ing and extension at 60 °C for 30 s. For determination
of viral copies per cell, simultaneous quantification of
RPP30 gene was performed using published primers and
a specific probe as previously described. All primers and
probes used in this study are listed in Additional file 1:
Table S3.

Determination of HIV proviral DNA using Alu-gag nested
PCR

To determine copy numbers of HIV proviral DNA, a
nested PCR method was used. The first PCR was per-
formed using a forward primer (Alu-F, 0.2 uM) that tar-
geted genomic alu sequences randomly located near
integrated proviruses and an HIV-specific gag reverse
primer (Gag-R, 1.2 pM). Other PCR conditions were
200 uM of each ANTP, 1X LongAmp taq buffer (NEB), 5
units of LongAmp taq DNA polymerase (NEB) and 50 ng
of DNA sample extracted from infected cells in a 50 pL
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final reaction volume. Amplification was performed
using the following thermocycler program: initial acti-
vation heating 94 °C for 2 min, followed by 20 cycles of
denaturation at 94 °C for 30 s, annealing at 50 °C for 30 s
and extension at 65 °C for 3 min and a final extension
reaction at 65 °C for 10 min. The PCR product is diluted
20-fold and 5 pL of the diluted PCR product is used as
an input material for the second PCR reaction, which is
performed using LRT forward and reverse primers and
probe using the Rotor-Gene Probe PCR kit (Qiagen) as
described above. Proviral copy numbers were determined
using the J-lat cell integration standard as previously
described [21, 31, 32]. Genomic DNA copy numbers
were determined using the RPP30 reference gene using
the same amount of input DNA used to measure proviral
copy numbers.

Uracil content of viral DNA

Uracil content of viral DNA was determined using ura-
cil excision qPCR method (Ex-qPCR) as previously
described with some modifications as described below
[21, 31, 32]. Ex-qPCR was used to determine uracil-con-
taining fraction of viral DNA. The sample was split into
two equal portions and one portion was treated with
UDG. Briefly, 0.2 units of UDG (NEB) was added into
the qPCR master mix to excise uracils from viral DNA.
The qPCR reaction was modified to include the UDG
reaction time and heat-cleavage of the resulting abasic
sites. Thermocycler program for this reaction was: 37 °C
for 30 min (UDG reaction), 95 °C for 5 min (abasic site
cleavage) and 40 cycles of denaturation at 95 °C for 10 s
and annealing and extension at 60 °C for 30 s. Primers
and probe sets used to amplify viral DNA are indicated
under the specific experiments listed in Additional file 1:
Table S3. Primers and probe sets targeting RPP30 were
used to calculate Frac UPN* using the AAC, method.

CD4* T cells viral outgrowth assays (CD4-QVOA)

Peripheral blood mononuclear cells (PBMCs) from
healthy HIV-1-infected patients (under suppressive
cART with undetectable plasma viral loads) were sepa-
rated from whole blood by a standard Ficoll gradient.
CD4" Tcells were obtained using a negative CD4 mag-
netic selection kit (Stemcell Technologies), according
to the manufacturer’s instructions. To obtain activated
T-cell blasts, the cells were resuspended in Roswell
Park Memorial Institute (RPMI) medium (RPMI 1640
medium, 10% fetal bovine serum, 2 mM L-glutamine,
100UmL™" penicillin and 100 pg mL™! streptomycin
(Invitrogen)) and treated with 5 pg mL~! PHA (Sigma—
Aldrich) and 10UmL™! IL-2 (Roche) for 48 h at 37 °C.
The cells were then re-suspended in RPMI medium,
seeded in successive 1:5 or 1:10 serial dilutions in
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triplicate wells of a 6-well plate or 24-well plate (start-
ing from 1 x 10°cells), and reactivated for 48 h at 37 °C
with 5 pg mL™' PHA. Next, the cells were washed, resus-
pended in fresh medium containing 10U mL~! IL-2, and
co-cultured with MOLT-4/CCR5 cells (0.5 x 10°cells)
for 2 weeks at 37 °C, with fresh medium containing
IL-2 replenished after 1 week. HIV-1 in the co-culture
supernatants was measured using RT-qPCR. Infection
frequencies were determined by maximum likelihood
statistics as described previously, using the application
at http://silicianolab.johnshopkins.edu, and expressed as
infectious units per million (IUPM).

AM viral outgrowth assays (AM-QVOA)

BAL samples were collected from HIV-1 infected patients
and AMs were isolated and purified as described above.
The cells were then re-suspended in RPMI medium,
seeded in successive 1:5 or 1:10 serial dilutions in tripli-
cate wells of a 6-well plate or 24-well plate (starting from
1 x 10°cells), and kept for 72 h at 37 °C with T20 entry
inhibitor (10 pM) to prevent reinfection. Next, the cells
were washed and co-cultured with MOLT-4/CCR5 cells
(0.5 x 10°cells) for 2 weeks at 37 °C, with fresh medium
containing 1 pg/mL lipopolysaccharide (Sigma-Aldrich,
L5293) replenished after 1 week. These culture condi-
tions have been previously reported to be favorable for
the detection of virus outgrowth from macrophages
[56]. HIV-1 in the co-culture supernatants was measured
using RT-qPCR. Infection frequencies were determined
by maximum likelihood statistics as described previously,
using the application available online at http://silicianol
ab.johnshopkins.edu, and expressed as infectious units
per million (IUPM).

MC viral outgrowth assays (MC-QVOA)

Blood samples were collected from HIV-1 infected
patients and MCs were purified and differentiated with
T20 entry inhibitor (10 pM) to prevent reinfection as
described above. The cells were then re-suspended in
RPMI medium, seeded in successive 1:5 or 1:10 serial
dilutions in triplicate wells of a 6-well plate or 24-well
plate (starting from 1 x 10°cells) and co-cultured with
MOLT-4/CCR5 cells (0.5 x 10°cells) for twoweeks at
37 °C, with fresh medium containing 1 pg/mL lipopoly-
saccharide (Sigma-Aldrich, L5293) replenished after
1 week. HIV-1 in the co-culture supernatants was meas-
ured using RT-qPCR and IUPM was calculated as above.

HIV-1 reinfection assay

MOLT-4/CCR5 cells (20,000/well) were subjected to
spin-inoculation for 2 h with diluted supernatant con-
taining varying copies of HIV-1 RNA from positive
QVOA wells. Supernatants were collected at days 0, 4,
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10, and 15 after spin-inoculation. RNA was isolated from
supernatant, and HIV-1 RNA was quantitated by RT-
qPCR and number of replicating HIV-1 particles was
calculated by maximum likelihood statistics as described
above using the application available online at http://silic
ianolab.johnshopkins.edu.

Next-generation Amplicon-EZ sequencing of HIV RNA
HIV-1 RNA from the QVOA supernatants was isolated
using PureLink™ Viral RNA/DNA Mini Kit (Invitro-
gen, #12280050) and RT-PCR was performed using the
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, #4368813) following the manufacturers pro-
tocol. After cDNA synthesis, a 359 bp segment of the env
region was amplified using nested PCR (outer primers
E90 and Nesty8 and inner primers DLoop and E115, as
described previously) [57]. Thermocycler settings were
the same for both outer and inner env PCR reactions:
94 °C for 3 min, followed by 35 cycles and 40 cycles of:
94 °C for 30 s, 55 °C for 30 s and then 68 °C for 1 min, fol-
lowed by a final extension at 68 °C for 5 min for the first
and second PCR, respectively. The PCR products were
gel extracted using the QIAquick Gel Extraction Kit (Qia-
gen, #28706) and quantified using a Nanodrop 2000. The
amplification product (20 ng/uL, 50 uL total) were sent to
GENEWIZ for targeted amplicon sequencing. Sequenc-
ing adapters are listed in Additional file 1: Table S4.

DNA library preparations were performed using NEB-
Next Ultra DNA Library Prep kit following the manu-
facturer’s recommendations (Illumina, San Diego, CA,
USA). Briefly, end repaired adapters were ligated after
adenylation of the 3’ends followed by enrichment by lim-
ited cycle PCR. DNA libraries were validated and quan-
tified before loading. The pooled DNA libraries were
loaded on the Illumina instrument according to manufac-
turer’s instructions. The samples were sequenced using
a 2 x 250 paired-end (PE) configuration. Image analysis
and base calling were conducted by the Illumina Control
Software on the Illumina instrument.

Unique sequence and abundance raw sequence data
were demultiplexed using bcl2fastq version 2.17.1.14.
Read pairs were trimmed for adapter sequences and
low quality basecalls using Trimmomatic version 0.36.
Reads were discarded if they were less than 30 bases
long. Each read pair was then merged using the bbmerge
tool from the bbtools software toolkit. Reads that could
not be merged were discarded from further analysis.
The target sequence between conserved flanking prim-
ers was extracted from each merged pair. The forward
and reverse reads were joined and assigned to samples
based on barcode and truncated by cutting off the bar-
code and primer sequence. Quality filtering on joined
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sequences was performed (Additional file 1: Table S4).
The sequences are grouped according to their abundance
and identities (single nucleotide differences were consid-
ered different).

Determination of viral tropism

Viral tropism was predicted according to the V3 region of
the most abundant sequence of each QVOA by applying
the 11/25 rule with a false-positive rate of 10% [58], and
the Position-Specific Scoring Matrix (PSSM) approach
(https://indra.mullins.microbiol.washington.edu/webps
sm) (Additional file 1: Table S1) [59].

Fluorescence microscopy

AMs or MDMs were treated at 37 °C for 4 h with 10 uM
pHrodo Green E. coli BioParticles (Invitrogen, P35366),
which can be phagocytosed only by functional mac-
rophages and are nonfluorescent at neutral pH, but
which are fluorescent in the acidic pH of phagosomes.
The cells were fixed using cold methanol for 15 min then
stained at room temperature for 60 min with anti-CD68
antibodies and DAPI for 5 min. Images were taken on an
Olympus IX81 fluorescence microscope and analyzed
using Fiji Image].

Statistics

The data uncertainties are expressed as the mean=+1 SD.
Unless otherwise indicated in the figure legends, data
are derived from three independent biological replicates
using cells isolated from three donors. Experiments using
cells from individual donors were performed in techni-
cal triplicates. Data were analyzed using the Prism 8.0
statistical program from GraphPad Software. Pairwise
statistical analysis of test groups was performed by a two-
tailed unpaired Student’s ¢-test, assuming equal variances
between groups. Due to the Covid pandemic, all BAL
clinical procedures were prohibited in March 2020 which
prevented collection of the entire planned set of samples.
Due to this unanticipated event, the uncertainty in some
of the measurements with patient samples is unavoidably
greater.
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