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ABSTRACT Endogenous retroviruses (ERVs) occupy extensive regions of the human
genome. Although many of these retroviral elements have lost their ability to repli-
cate, those whose insertion took place more recently, such as the HML-2 group of
HERV-K elements, still retain intact open reading frames and the capacity to produce
certain viral RNA and/or proteins. Transcription of these ERVs is, however, tightly
regulated by dedicated epigenetic control mechanisms. Nonetheless, it has been re-
ported that some pathological states, such as viral infections and certain cancers, co-
incide with ERV expression, suggesting that transcriptional reawakening is possible.
HML-2 elements are reportedly induced during HIV-1 infection, but the conserved
nature of these elements has, until recently, rendered their expression profiling
problematic. Here, we provide comprehensive HERV-K HML-2 expression profiles
specific for productively HIV-1-infected primary human CD4� T cells. We combined
enrichment of HIV-1 infected cells using a reporter virus expressing a surface re-
porter for gentle and efficient purification with long-read single-molecule real-time
sequencing. We show that three HML-2 proviruses— 6q25.1, 8q24.3, and 19q13.42—
are upregulated on average between 3- and 5-fold in HIV-1-infected CD4� T cells.
One provirus, HML-2 12q24.33, in contrast, was repressed in the presence of active
HIV replication. In conclusion, this report identifies the HERV-K HML-2 loci whose ex-
pression profiles differ upon HIV-1 infection in primary human CD4� T cells. These
data will help pave the way for further studies on the influence of endogenous ret-
roviruses on HIV-1 replication.

IMPORTANCE Endogenous retroviruses inhabit big portions of our genome. More-
over, although they are mainly inert, some of the evolutionarily younger members
maintain the ability to express both RNA and proteins. We have developed an ap-
proach using long-read single-molecule real-time (SMRT) sequencing that produces
long reads that allow us to obtain detailed and accurate HERV-K HML-2 expression
profiles. We applied this approach to study HERV-K expression in the presence or
absence of productive HIV-1 infection of primary human CD4� T cells. In addition to
using SMRT sequencing, our strategy also includes the magnetic selection of the in-
fected cells so that levels of background expression due to uninfected cells are kept
at a minimum. The results presented here provide a blueprint for in-depth studies of
the interactions of the authentic upregulated HERV-K HML-2 elements and HIV-1.
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Interactions with the host cellular environment dictate fundamental properties of
HIV-1 infectivity, immune recognition, and cytopathogenicity (1, 2). This cellular

environment also includes less-appreciated, preexisting components deriving from
endogenous retroviruses (ERVs). These proviruses, remnants of past retroviral germ line
infections, account for more than 8% of the human genome (3), whose expression is
tightly regulated by dedicated epigenetic control mechanisms (4, 5). Moreover, through
evolutionary time, most ERVs have been subject to significant mutations, insertions,
and deletions, which collectively have rendered them largely “inert.” Some ERVs,
however, have retained open reading frames (ORFs) and, individually or in cooperation,
can produce intact but noninfectious viral particles (6).

Many retroviruses have the flexibility to incorporate the products of other viruses
they happen to be coexpressed with (7–9), and the interactions of HIV-1 with the ERVs
harbored in the human genome are now starting to be investigated (10–13). The
HERV-K HML-2 group, the most recent proviral insertions within the human genome,
make up a large fraction of ERVs retaining ORFs and for this reason have been keenly
studied (14, 15).

Previous reports present evidence that expression of HERV-K HML-2 proviruses is
upregulated upon HIV-1 infection (12, 13, 16, 17) and that viral particle-associated RNAs
within patient plasma samples are reportedly reduced by highly active antiretroviral
therapy (10, 11). ERV-derived proteins and particles have also been shown to elicit
immune responses (18–20).

Importantly, however, information on the specific proviruses expressed in the
above-mentioned scenarios is currently very limited. Indeed, more than 90 HERV-K
HML-2 elements are present within the human genome, with an increasing number
now recognized to be insertionally polymorphic between individuals and human
populations (21, 22). Understanding which members of this group are coexpressed
with, and possibly upregulated by, HIV-1 would set the foundation to systematically
study specific ERV-HIV interactions, with the ultimate goal of determining whether
HERV-Ks influence HIV-1 replication and pathogenesis. Such data would also provide
insight into the general physiology of HERV-Ks and help define candidates that might
have potentially broader links to health and disease.

Studying individual proviruses therefore provides the advantage of observing ex-
pression from authentic loci, whose behaviors might considerably differ from those of
the consensus sequence model systems often used to represent the whole HERV-K
HML-2 group (23).

One of the main obstacles in characterizing the specific expression of any given ERV
locus lies in their sequence similarity, which prevents their unambiguous discrimination
by approaches such as PCR or conventional “next-generation” deep-sequencing tech-
nologies. Indeed, for the study of HERV-K HML-2 proviruses, this limitation represents
one of the main factors confounding the literature, where various techniques and
methodologies have often yielded inconsistent conclusions (17). To overcome this
technical bottleneck, we have used long-read Pacific Biosciences single-molecule real-
time (SMRT) sequencing to identify specific HERV-K HML-2 expression profiles of
primary cells (9). Our approach provides the capability to unambiguously identify
HERV-K HML-2 elements in the presence or absence of productive HIV-1 infection of
primary human CD4� T cells.

To obtain specific expression profiles, it is crucial that the RNA analyzed originates
exclusively from infected cells, a nontrivial task when less than 0.2% of circulating CD4�

T cells are infected during chronic stages of HIV-1 infection in vivo (24). Even in vitro,
infections of purified cells rarely reach beyond 10 to 25%, and interdonor variability
often acts as a further confounding factor. Unless otherwise enriched, therefore, RNA
deriving from uninfected cells dominates extractions, rendering subsequent analyses
from bulk cell populations insensitive and their interpretation inaccurate. We have thus
developed an HIV-1 clone harboring a surface reporter alongside nef that facilitates
high-purity enrichment of infected cells. The resolution obtained by pairing this puri-
fication procedure with SMRT sequencing facilitates the effective determination of
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which HERV-K HML-2 elements contribute RNA during HIV-1 infection. Here, we provide
the first detailed report of this transcriptional interaction at the locus level, paving the
way for future studies.

RESULTS
Rapid selection strategy and HIV replication competent reporter construct.

Many reporter systems have been generated to monitor HIV-1 replication in infected
cells, which harbor the required markers within either accessory (vpr and nef [25, 26])
or structural (27–29) genes. Examples of reporters include enzymes such as placental
alkaline phosphatase and luciferase (25, 30, 31), small peptides such as myc (28) and
FLAG (29), surface molecules such as murine heat-stable antigen (HSA) (26), and
fluorescent molecules such as the enhanced green fluorescent protein (32).

We chose to develop a system that would facilitate both magnetic separation and
flow cytometry-based analysis of the infected cells. Particularly, magnetic separation
methods are practical and efficient, do not require highly specialized equipment,
comply easily with biosafety requirements, and can be integrated into fast, high-
throughput workflows that reduce cell stress associated with the selection procedures.

To build a reporter virus that we could utilize to select HIV-1-infected from unin-
fected cells by magnetic separation, we adopted a strategy similar to that described by
Imbeault et al. (33). This approach takes advantage of the small surface molecule HSA
as a means for selection. HSA was cloned upstream of an mCherry sequence to facilitate
monitoring of ongoing infections by fluorescence microscopy or small-scale flow
cytometry analysis. Both reporters have been extensively used alongside HIV-1 (33–38)
without any described interference or detrimental consequence and therefore, al-
though impossible to exclude, we believe that it is unlikely they would influence
HERV-K expression. Following the stop codon of HSA, a Kozak sequence was inserted
to drive the expression of mCherry, followed by an internal ribosome entry site (IRES)
enabling the expression of nef (Fig. 1A). This layout provides stable expression of both
reporters, as well as allowing the maintenance of nef expression (33, 39, 40), vital to
attempts to recapitulate HIV-1 infection in its entirety. Finally, instead of utilizing the
molecular chimeric strain NL4.3 (41) as the framework of our system, we opted for the
molecular clone LAI, a direct derivative of the original HIV-1 isolate (42).

Validating the approach, we observed that 4 days after infection with this reporter
virus, primary human CD4� T cells produced both Gag p24 and Nef (Fig. 1B). In
addition, flow cytometry analysis confirmed the production and trafficking of HSA to
the cell surface, as well as the production of mCherry (Fig. 1C). Furthermore, the
majority of infected cells were mCherry-HSA double positive, ruling out expression
interference between the neighboring ORFs. Thus, the HSA-mCherry-IRES-Nef cassette
provided a stable tool for reporting infection in live cells while retaining expression of
the viral accessory gene harboring the reporter sequences.

Efficient capture of productively infected CD4� T cells. We used primary CD4�

T cells isolated from buffy coat blood fractions obtained from eight anonymous healthy
donors from the NY Blood Bank. Primary cells are naturally more representative of
physiological conditions than CD4� T cell lines, which have, over time, adapted to their
less selective environmental constraints. Large numbers of host genes are involved in
the control of repetitive elements, and the importance of accurate representations of
these states between individuals is central to understanding the regulation of ERVs in
pathological states (43).

Resting CD4� T cells are largely resistant to HIV-1 infection due to blocks in the early
stages of the viral life cycle, in part through SAMHD1 activity (44). To mitigate this, we
activated CD4� T cells using beads conjugated with �-CD3 and �-CD28 prior to
infection. Infected cells where captured using biotinylated �-mCD24 (HSA) and
streptavidin-conjugated magnetic beads (Fig. 2A outlines the stepwise procedure
followed in this study). With this protocol, approximately 90% of the selected CD4� T
cells were either gp120 or mCherry positive and more than 94% positive when
combining the two markers (Fig. 2B). These data confirmed that the strategy yielded
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infected CD4� T cells at a sufficiently high purity to allow comprehensive downstream
analyses.

Global HML-2 expression remains unchanged by productive HIV infection.
Total cellular RNA was extracted from selected HIV-1-positive CD4� T cells and,
separately, from uninfected controls. Preparations were twice treated with DNase to
ensure purity of the RNA.

The levels of HIV-1 RNA transcription in the purified infected cells revealed no major
differences between donors (Fig. 3A). We next compared global HERV-K HML-2 expres-
sion levels between donors and, within each individual donor, by comparing infected
cells with the corresponding uninfected control. Real-time quantitative PCR (RT-qPCR)
using primers specific to the TM region of the HERV-K HML-2 env (17) revealed no
significant differences in average expression with or without HIV-1 infection, but there
was marked variability between the individual donors (Fig. 3B). Indeed, in three donors,
HML-2 expression increased �2-fold upon HIV-1 infection, while remaining stable (fold
changes of between 1 and 1.39) or even decreasing (fold changes of 0.65 and 0.69) in
the other five donors. In addition, no correlation between HIV-1 expression and overall
changes in HERV-K levels was noted (Fig. 3C).

These data indicate that, when mimicking physiologic conditions, rather than
forcing high infection rates by spinoculation; for example, HIV-1 infection was insuffi-
cient to significantly increase overall HERV-K HML-2 expression levels in primary CD4�

T cells. This further suggests that previously reported links between the two are likely

FIG 1 (A) Schematic representation of the full-length HIV-1 LAI2 HSA-mCherry-IRES-Nef reporter virus used in this study and specifically built for the magnetic
separation of infected cells. (B) HIV-1 LAI2 HSA-mCherry-IRES-Nef-infected CD4� T cells express Gag and Nef. Western blots of cell lysates of infected CD4� T
cells and of uninfected controls assessed 4 days after infection are shown. (C) HIV-1 LAI2 HSA-mCherry-IRES-Nef infected CD4� T cells express HSA and mCherry.
At 4 days postinfection, the cells were stained with biotin-conjugated �-mCD24(HSA) antibody and counterstained with FITC-conjugated streptavidin. After
formaldehyde fixation, the cells were analyzed by flow cytometry. Dot plots show the frequencies of cells positive for mCherry expression and anti-mCD24
staining. FSC, forward scatter.
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dependent on additional factors not present within our primary human CD4� T cell
model system. Indeed, the increased HERV-K detection reported in HIV-1 patients (12,
17) might occur by secondary means, for example, through immune activation (45), the
effects of microbial translocation (46), or mechanisms influencing the cellular epige-
netic environment (47).

HML-2 identification using SMRT sequencing. The high sequence similarity of
HERV-K HML-2 group members hinders their individual expression assessment by
PCR-based methods and prevents the unambiguous mapping of short reads from
common high-throughput sequencing platforms. We instead used long-read SMRT
sequencing, a technology able to make multiple read passes around circularized
templates and, at once, produce long reads with unparalleled consensus accuracy
derived via the compression and error correction of those single molecule passes. This
approach is ideal for the assessment of complex libraries with high levels of sequence
similarity among its individual components.

As previously described (9), libraries of 700-bp amplicons of the HERV-K HML-2 env
from specifically primed reverse transcription products were prepared. Unique 9-mer
molecular tags were incorporated into individual cDNA molecules to allow the down-
stream identification of individual amplicons and, thus, to account for and overcome

FIG 2 (A) Stepwise schematic representation of the procedure leading to the enrichment of infected CD4� T cells necessary to achieve a low-background
HIV-1-defined HERV-K expression profile. Virus production includes transfection of HEK293T and viral supernatant concentration/purification over density barrier
layer (OptiPrep/odixanol). Activated CD4� T cells are then infected overnight and incubated after a washing step for an additional 3 days. Separation of
HSA-positive cells includes incubation with biotin-conjugated �-mCD24 (HSA), followed by the addition of streptavidin-coated magnetic nanoparticles, and
magnetic separation. After washing, the cells are lysed in TRIzol, and the total RNA is extracted. The RNA is then used to generate HERV-K HML-2 expression
cDNA libraries that are analyzed by long-read SMRT sequencing. (B) More than 90% of the HSA enriched are HIV-1 infected. At 4 days after infection with LAI2
HSA-mCherry-IRES-Nef, the cells magnetically separated for HSA were stained with �-gp120 human antibody (clone 2G12) and analyzed by flow cytometry. Dot
plots show the frequencies of cells positive for mCherry expression and anti-gp120 staining. FSC, forward scatter.
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PCR amplification resampling biases (48). Incorporation of uniquely identifying tags in
this manner allows for up to 262,144 individual cDNAs to be monitored within each
library.

From each HIV-1-infected or uninfected control sample library, we obtained an
average of 2,766 high-quality reads (standard deviation [SD], �670) passing filters to
eliminate potential duplicates and chimeras (9). A total of 44,265 reads, where each
read denotes an expressed RNA molecule, were mapped against a custom-made library
of HERV-K HML-2 elements derived from the latest human reference genome, GRCh38).
We found that a total of 47 distinct proviruses were expressed in at least two donors
(Table 1).

FIG 3 (A) Cells from all donors support HIV-1 infection. HIV-1-specific RT-qPCR was used to assess HIV-1
expression levels at the end of the infection step of each experiment. (B) No significant difference in the
overall HERV-K HML-2 expression and marked donor variability is observed in HIV-1 infection of CD4� T
cells. HERV-K HML-2-specific RT-qPCR was used to assess overall expression levels at the end of the
infection step of each experiment. (C) No correlation between HIV-1 expression levels and a change in
HERV-K HML-2 expression was detected.
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In good agreement with our previous report (9), we found that the expression of
four loci (HML-2 1q22, 1q23.3, 3q12.3, and 6q25.1 [GenBank accession numbers
JN675014, JN675013, JN675019, and JN675042, respectively]) largely defined the over-
all expression profile of primary human CD4� T cells in the absence of exogenous
lentiviral infection. As commonly observed when profiling HERV-K HML-2 expression
(49–51), a considerable number of elements were expressed with very low frequency
(Table 1). To streamline the comparative data analysis, we excluded those HML-2 loci
that contributed �0.2% of the total HERV-K HML-2 expression across both infected and
uninfected samples for each donor (Fig. 4A).

TABLE 1 Detailed HERV-K HML-2 expression in HIV-1-infected cells and uninfected controls from eight donorsa

Locus

Expression (%)

Donor 1 Donor 2 Donor 3 Donor 4 Donor 5 Donor 6 Donor 7 Donor 8

CNTL INF CNTL INF CNTL INF CNTL INF CNTL INF CNTL INF CNTL INF CNTL INF

1p31.1 0.58 0.20 0.04 2.37 0.49 0.42 0.10 0.56 0.22 0.04 0.04 0.06 0.76 0.27
1q22 28.99 18.30 25.98 21.86 26.25 15.40 24.17 21.81 22.66 18.66 27.11 28.45 30.69 25.42 27.96 30.15
1q23.3 4.13 13.17 3.17 10.17 5.12 11.51 3.22 7.09 2.89 7.48 3.85 3.73 4.26 4.58 4.41 5.92
1q24.1 0.04
2q21.1 0.03 0.04 0.03 0.07
3p12.3 0.12 0.04 0.04 0.04 0.08 0.10 0.04 0.07 0.04 0.19 0.04
3p25.3 0.04 0.09 0.04
3q12.3 53.16 33.94 58.62 46.15 46.38 41.87 59.75 44.02 60.31 47.43 58.98 47.12 53.93 47.28 52.26 44.08
3q13.2 0.03 0.04 0.12 0.12 0.08 0.05 0.04 0.03 0.07 0.07
3q21.2 0.05 0.03 0.16 0.09 0.12 0.10 0.10 0.15 0.11 0.12 0.04
3q27.2 0.04 0.08 0.02 0.04
4p16.1a 0.10 0.03 0.08 0.12 0.04 0.13 0.08 0.35 0.07 0.19 0.04 0.13 0.07 0.10 0.10
4p16.1b 0.15 0.04 0.04 0.08 0.06 0.04 0.03 0.07
4p16.3b 0.04 0.03 0.11 0.03 0.03
4q32.3 0.04 0.13 0.02 0.05 0.11 0.04 0.03
4q35.2 0.04 0.08
5q33.2 0.14 0.48 0.42 0.20 0.47 0.06 0.61 0.15 0.60 0.04 0.57 0.07 0.31 0.13
5q33.3 0.10 0.03 0.08 0.21 0.04 0.04 0.04 0.07 0.07
6q25.1 3.45 13.22 2.04 8.85 2.37 6.76 2.67 9.89 2.74 7.27 1.76 5.13 3.22 9.12 5.07 6.55
7p22.1a 0.03 0.04 0.04 0.08 0.04 0.04 0.06 0.05 0.15 0.11 0.04 0.07 0.10 0.03
7p22.1b 0.05 0.08 0.04 0.04 0.04 0.04 0.02 0.04 0.06 0.04 0.03
8p23.1a 1.12 0.56 0.52 0.04 1.12 0.82 0.64 0.59 0.30 0.73 0.60 0.36 0.73 0.58 0.69 0.60
8p23.1b 0.49 0.37 0.36 0.09 3.04 0.33 1.31 0.41 1.17 0.66 1.02 0.44 0.57 0.40 0.41 0.57
8p23.1c 0.10 0.03 0.02 0.46 0.11 0.04 0.04 0.03 0.03 0.07
8p23.1d 0.05 0.75 0.08 0.42 0.14 0.10 0.15 0.04 0.09 0.04 0.07 0.07
8q11.1 0.15 0.06 0.08 0.08 0.04 0.00
8q24.3b 2.09 15.05 2.09 6.81 3.12 14.71 1.10 9.38 1.88 12.05 2.39 10.02 0.79 7.43 2.96 6.65
9q34.11 0.03 0.08 0.04 0.04 0.04 0.10 0.06 0.04 0.07 0.07
9q34.3 0.58 0.14 0.44 1.36 0.12 0.20 0.38 0.33 0.41 0.18 0.26 1.32 0.54 1.02 0.41 0.80
10p14 0.29 0.23 0.08 0.34 0.08 0.04 0.12 0.05 0.07 0.37 0.28 0.25 0.04 0.55 0.33
11p15.4 0.05 0.11 2.29 1.36 1.29 0.53 0.64 0.96 1.17 0.37 0.15 0.47 0.40 0.17 0.37
11q22.1 0.15 0.17 0.20 0.21 0.06 0.20 0.07 0.04 0.06 0.07 0.03 0.03
12q13.2 0.05 0.03 0.08 0.04 0.04 0.05 0.04 0.04 0.03
12q14.1 0.04 0.03
12q24.33 1.99 0.39 0.43 1.66 0.74 1.99 0.61 1.37 0.40 0.37 0.28 1.48 0.32 0.90 0.66
16p11.2 0.19 0.28 0.52 0.42 0.25 0.21 0.14 0.35 0.07 0.22 0.04 0.09 0.07 0.21 0.03
19p12b 0.83 0.73 0.64 0.04 1.16 0.41 0.55 0.51 0.66 0.33 0.52 0.32 0.41 0.47 0.59 0.33
19p13.3 0.05 0.04 0.04 0.03 0.03
19q11 0.03 0.04 0.04 0.08 0.13 0.06 0.05 0.07 0.04 0.08 0.03 0.17 0.03
19q13.12a 0.03 0.13 0.04 0.08 0.06 0.05 0.11 0.04 0.20 0.03 0.07 0.03 0.23
19q13.12b 0.05 0.11 0.16 0.17 0.04 0.12 0.14 0.04 0.22 0.28 0.06 0.11 0.21 0.13
19q13.41 0.10 0.28 0.04 0.21 0.08 0.33 0.25 0.35 0.10 0.22 0.01 0.32 0.03 0.32 0.31 0.30
19q13.42 0.44 2.28 0.40 1.45 0.54 2.58 0.55 2.33 0.86 2.67 0.45 1.01 0.47 1.41 0.69 1.10
20q11.22 0.44 0.03 0.28 0.04 0.17 0.25 0.06 0.15 0.22 0.04 0.32 0.04 0.14 0.07
22q11.21 0.00 0.05
K105 0.05 2.33 1.64 0.08 0.05 0.04 0.06 0.11
Xq28b 0.12 0.03 0.04 0.07 0.07
aHERV-K HML-2 proviruses are identified by the locus they occupy in the human genome. The expression of each provirus is represented as the percentage of the
total HERV-K HML-2 expression of each individual sample. On the vertical side of the table are the chromosomal loci that specify the different HERV-K HML-2
proviruses (21). INF, HIV-1 infected; CNTL, uninfected control.
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When comparing infected cells with the uninfected controls from the same donor,
we observed little change in expression of the highly expressed HML-2 1q22 and 3q12.3
loci (Fig. 4A). In contrast, the expression of HML-2 6q25.1, 8q24.3, and 19q13.42
increased 3.0- to 5.7-fold upon HIV-1 infection (Fig. 4A and B). HML-2 1q23.3 expression
also increased substantially in five of the eight donors, underlining a different regula-
tion from the other two highly expressed elements, HML-2 1q22 and 3q12.3. HML-2
19q13.41 expression also increased upon infection (Fig. 4B) but never exceeded 0.35%
of the total HML-2 expression. Finally, across all loci, we observed only a single example
of a decrease in expression upon HIV-1 infection: HML-2 12q24.33 expression decreased
1.3- to 5.0-fold across individual donors.

These results provide the most accurate assessment to-date of HERV-K HML-2
expression in the context of active HIV-1 replication in untransformed primary human
lymphocytes. Of note, these data reveal that the lack of observable global expression
change (Fig. 3B) is likely due to the stability of HML-2 1q22 and 3q12.3 expression.
These elements contribute 82 and 66% of total HML-2 expression within uninfected and
infected CD4� T cells, respectively, effectively masking the HIV-1-induced changes that
become apparent using SMRT sequencing. The improved resolution granted by our
combined approach reveals a proportional increase in env reads derived from four
HML-2 loci (1q23.3, 6q25.1, 8q24.3b, and 19q13.42) from 9.4 to 28.4%. Taken together,
productive HIV-1 replication in primary CD4� T cells results in a clear HML-2 expression
signature.

DISCUSSION

The HERV-K HML-2 group includes the youngest retroviral elements known within
the human genome (21). Indeed, several integrations are sufficiently recent to have

FIG 4 (A) Heat map representation of HERV-K HML-2 expression in HIV-1-infected cells and uninfected controls from eight different donors. Elements
contributing �0.2% of the total HERV-K HML-2 expression (in both samples of each infected/uninfected pair) are excluded. Arrows in the uninfected controls
indicate elements with higher levels of expression, while in the infected samples, in addition to the higher expressers, the arrows also indicate the elements
whose level of expression consistently changes upon infection. On the vertical side of the map are the chromosomal loci that specify the different HERV-K HML-2
proviruses (21); on the horizontal side of the map are the donors (1 to 8). (B) Heat map representing the change in HERV-K HML-2 expression upon HIV-1
infection. Values are provided as the natural logarithm (LN) of the ratio between the expression levels in infected and uninfected cells. Arrows indicate the
elements whose expression level consistently changes upon infection. On the vertical side of the map are the chromosomal loci that specify the different HERV-K
HML-2 proviruses (21); on the horizontal side of the map are the donors (1 to 8).
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retained insertional polymorphism between human populations (52). In addition, a
potentially unique example of an unfixed HERV element retaining all retroviral ORFs has
been described (22). Although there is no evidence that any HML-2 proviruses found in
significant proportions of the human population are individually infectious, two recom-
binants have been shown to be moderately infectious in vitro (53, 54).

The study of HERV-K regulation in health and disease was initiated by the discovery
of viral particles within germ cell tumors (55–60). Subsequently, both HERV RNA
expression and protein products have been noted in a variety of autoimmune condi-
tions (61, 62) and in malignancy (51, 63, 64). In spite of the increasing number of these
reports, no causal associations have been identified, and any such suggestions should
require diligent investigation prior to their acceptance (65). Regardless of potential
roles in pathogenesis, HERV-K HML-2 elements have also been suggested to have utility
as biomarkers of disease (66), and their repeated observation in HIV-1 infection, for
example, has led to the suggestion that their products might constitute targets for
novel vaccination strategies (13).

To date, studies have been somewhat limited by the absence of unambiguous data
detailing which HERV-K HML-2 loci contribute the expression seen in homeostasis and
in conditions of dysregulation. As a consequence, many reports describing interactions
with HERV-K HML-2 viruses have made use of the two aforementioned recombinants,
Phoenix (53) and HERV-KCON (54). The extent to which either of these accurately
recapitulates potential interactions with the individual HERV-K HML-2 proviruses of the
human genome is unknown. Accurate data profiling which loci contribute expression
and may be differentially regulated in the context of HIV-1 infection is therefore very
important and will facilitate their specific incorporation into future work.

In this study, we combined long-read SMRT sequencing with enrichment of infected
cells through magnetic separation, a method achieving high levels of target purity
while avoiding the cellular stress caused by flow cytometry sorting. Using primary CD4�

T cell populations, we note no significant differences in global HERV-K HML-2 expres-
sion upon HIV-1 infection (Fig. 3B), and no correlation with HIV-1 transcript expression
levels (Fig. 3C). The unaltered overall expression was likely due to the unchanging levels
of the two most highly expressed loci in uninfected cells, HML-2 1q22 and 3q12.3 (Fig.
4A and B), the same two loci previously found to dominate expression across human
peripheral blood mononuclear cells (PBMCs) (9). This strong baseline expression likely
mask the changes visible in other elements and may, in part, explain discrepancies
between previous reports if their methodologies differed in the capacity to report the
expression of these specific elements.

Underneath this baseline expression, stable across all donors tested in this study, at
least, three loci—HML-2 6q25.1, 8q24.3, and 19q13.42 (and, in part, 1q23.3)—were
found to be upregulated in comparison to uninfected controls. Interdonor expression
variability was greater within this group, but, interestingly, any lack of upregulation of
these proviruses upon HIV-1 infection (e.g., 1q23.3) was concomitant with greater levels
of their initial expression (Fig. 4A).

Interestingly, two of the upregulated proviruses, HML-2 6q25.1 and 19q13.42, are
members of the LTR5A and LTR5B subgroups (21), which include the older members of
the HERV-K HML-2 family. Indeed, as might be expected from their greater age, both
lack their 5= long terminal repeats (LTRs) and thus likely achieve their expression and
responsiveness through other means.

The presented data reveal that the majority of the HERV-K HML-2 elements capable
of expression within either whole PBMCs (9) or within purified CD4� T cells are
unaffected by HIV-1 infection. Although global expression is unaltered, we nonetheless
detail noticeable expression increases for a subset of HML-2 proviruses in HIV-1
infection. Our results describe the effects of HIV-1 infection on HERV-K expression using
a single strain, and therefore it would be interesting to further assess different HIV
strains, especially transmitter-founder ones, and test the conservation level of the
HERV-K expression profiles observed.

The mechanism by which HIV-1 infection and replication could induce HERV-K
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expression is still poorly understood, although there are studies suggesting an active
role for Tat and Vif (13, 67). Alternatively, one could envision HERV-K upregulation to be
due to broader consequences of HIV-1 infection, such as the remodeling of host cell
chromatin, as suggested by others (68). Further studies are needed in order to better
comprehend the underlying mechanisms of HIV-1 regulation of HERV-K expression;
however, the methodologies described here provide a robust platform against which
different hypotheses can be tested.

MATERIALS AND METHODS
Cell culture. HEK293T cells were cultured in Dulbecco modified Eagle medium in the presence of

10% fetal calf serum (FCS; GemCell), 100 IU/ml penicillin-streptomycin, and 2 mM L-glutamine at 37°C and
5% CO2.

CD4� T cells from anonymous donors were obtained from buffy coats (New York Blood Bank) by
Ficoll (Sigma) density centrifugation and negative selection using magnetic beads (CD4� T cell isolation
kit II; Miltenyi Biotec) according to the manufacturer’s instructions. CD4� T cells were cultured in RPMI
1640 supplemented with 10% FCS (Gibco/Thermo Fisher), 100 IU/ml penicillin, 100 �g/ml streptomycin,
0.1 M HEPES, 2 mM L-glutamine, and 20 IU/ml IL-2 (NIH AIDS Reagent Program, Division of AIDS, NIAID,
NIH).

Construction of pLAI2 HSA-mCherry-IRES-Nef HIV-1 molecular clone and virus stock produc-
tion. The HSA-mCherry-IRES cassette was cloned by overlap PCR fusing HSA, obtained from pNL4-
3.HSA.R�E� (34), to the mCherry-IRES cassette of reporter vector NLCI (35, 36). The resulting HSA-
mCherry-IRES cassette was then fused between the env and nef junction, in the nef frame, and finally
cloned into full-length pLAI2 (69) using BamHI and XhoI restriction sites and In-Fusion technology
(Clontech). The construct was verified by sequencing. The NLCI was a gift from Benjamin Chen, Mount
Sinai Icahn School of Medicine. pNL4-3.HSA.R�E� and pLAI2 were obtained from the NIH AIDS Reagent
Program, Division of AIDS, NIAID, NIH.

Virus stocks were produced by transfecting 293T cells (6 � 106 per 75-cm2 tissue culture flask) with
15 �g of pLAI2-HSA-mCherry-IRES-Nef using 3 �g/ml polyethyleneimine (Polysciences). After approxi-
mately 20 h, the transfection medium was changed, and viral supernatants were collected 48 and 72 h
after transfection. Viral supernatants were first filtered (0.45-�m pore size) and then concentrated over
a 6% iodixanol (OptiPrep; Invitrogen/Thermo Fisher) cushion at a 15,000 relative centrifugal force at 4°C
for 6 h. Aliquots of the resuspended viral stocks were maintained at �80°C until use. Viral stocks were
quantified by measuring p24 with HIV-1 p24 enzyme-linked immunosorbent assay kit (XpressBio)
according to the manufacturer’s instructions.

Infection and selection of HIV-1-infected cells. CD4� T cells were activated using �-CD3-CD28-
coated beads (Gibco/Thermo Fisher) for 3 days. Approximately 1 � 107 to 1.5 � 107 cells per donor were
infected overnight with 250-ng p24 equivalents of LAI2-HSA-mCherry-IRES-Nef virus, an amount empir-
ically chosen to reach 10 to 20% infection in primary CD4� T cells after 4 days of infection in the presence
of 2 �g/ml Polybrene (Sigma). Uninfected controls were treated with 2 �g/ml Polybrene, but no virus.

Selection of infected cells was carried as described by Imbeault et al. (33) using EasySep magnetic
separation kits (Stem Cell). Briefly, the cells were incubated with biotinylated �-mCD24(HSA) antibody
(M1/69; BioLegend) for 15 min, then for an additional 15 min with an EasySep biotin selection cocktail,
and finally for 10 min with EasySep magnetic nanoparticles. Labeled cells were then selected with three
to four rounds of washing and magnetic selection.

Western blotting. Infected primary CD4� T cells and their uninfected controls were lysed in
radioimmunoprecipitation assay buffer (10 mM Tris-Cl [pH 8.0], 1 mM EDTA, 1% Triton X-100, 0.1%
sodium dodecyl sulfate, 140 mM NaCl) in the presence of Complete protease inhibitor cocktail (Roche).
Proteins from the lysates were separated on 10% polyacrylamide gels (Invitrogen/Thermo Fisher) and
transferred to polyvinylidene difluoride membranes (Pierce/Thermo Fisher). Nef was detected using
�-HIV-1 Nef polyclonal antibody (70) (catalog no. 2949; NIH AIDS Reagent Program Division of AIDS,
NIAID, NIH). HIV-1 Gag was probed with �-HIV-1 p24 monoclonal antibody 183-H12-5C (71) (catalog no.
3537; NIH AIDS Reagent Program Division of AIDS, NIAID, NIH). We used the horseradish peroxidase-
conjugated secondary anti-rabbit antibody from Sigma (catalog no. F2555). SuperSignal West Femto
(Pierce/Thermo Fisher) was used for development of the membranes, and imaging was carried out using
the FluorChem E imaging system (ProteinSimple).

Flow cytometry. HSA was probed with a 1:1,000 dilution of fluorescein isothiocyanate (FITC)-
conjugated �-mCD24 (M1/69; BioLegend). HIV-1 Env was detected with �-gp120 antibody 2G12 (72) (NIH
AIDS Reagent Program) at a 1:300 dilution and Alexa Fluor 488-conjugated �-human antibody (Invitro-
gen/Thermo Fisher) at a 1:1,000 dilution. Gates were set by comparison with uninfected cells stained as
described above. mCherry gates were set based on uninfected cells. An average of 5 � 104 cells were
collected on a Guava easyCyte HT-BGR system (Millipore) flow cytometer and analyzed using FlowJo.

RNA purification and RT-qPCR. RNA extraction was performed using TRIzol (Invitrogen/Thermo
Fisher) according to the manufacturer’s directions. Each sample was DNase treated twice using the
DNA-free kit (Ambion). First-strand cDNA for qPCR analysis was obtained using iScript cDNA synthesis kit
(Bio-Rad). The global expression of HERV-K HML-2 and HIV-1 was assessed by qPCR using iQ SYBR green
Supermix (Bio-Rad).

The primers used to assess HIV-1 (forward, TGTGTGCCCGTCTGTTGTGT; reverse, GAGTCCTGCGTCGA
GAGATC) covered 143 nucleotides (nt) of the first exon, from nt 102 to 244 (73). Global HERV-K HML-2
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expression was determined for env (forward, CTAACCATGTCCCAGTGATG; reverse, GGAGACAGACTCATG
AGCTTAGAA) (17). Both primers sets were normalized to ribosomal protein S11 (RPS11) expression
(forward, GCCGAGACTATCTGCACTAC; reverse, ATGTCCAGCCTCAGAACTTC) (74).

SMRT sequencing. SMRT sequencing and analysis was performed as described previously (9). Briefly,
650 ng of double DNase-treated total RNA from each sample were reverse transcribed using Thermo-
Script III (Invitrogen/Thermo Fisher), purified, and amplified with CloneAmp HiFi PCR Premix (Clontech/
TaKaRa). Purified PCR-derived libraries were converted to SMRTbell templates using the PacBio RS DNA
template preparation kit and sequenced. Fluorescent phospho-linked nucleotide incorporation was
recorded in 45-min movies, and automated data processing was performed.

Sequence analysis. Filtered CCS subreads from the initial sequencing were processed with a
dedicated Python3 pipeline as previously described (9) to separate sequences by barcode and remove
PCR duplicates. Reads were matched to an HERV-K HML-2 database (21) by local BLASTn (BLAST 2.2.28�),
and chimeric sequences were removed using UCHIME (USEARCH 7.0.1001) (75). Raw counts for each
HERV-K were converted to the percentage of the total reads for each donor, allowing standardization of
the read counts between donor samples.

Statistical analysis. Statistical analysis was performed using GraphPad Prism 7 software. P values are
two sided, and values of �0.05 were considered significant.
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