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Abstract

Objective: Myeloid-derived suppressor cells (MDSCs) contribute to HIV progression by
impairing antiviral immunity; however, the mechanisms responsible for MDSC development
during HIV infection are incompletely understood. HOX antisense intergenic RNA myeloid 1
(HOTAIRM1) is a long noncoding RNA (IncRNA) that plays a pivotal role in regulating myeloid
cell development via targeting HOXAL. The role of HOTAIRM1-HOXAZ1 in the differentiation
and functions of MDSCs during HIV infection remains unclear.

Methods: In this study, we measured MDSC induction and suppressive functions by flow
cytometry, RT-PCR, and co-culture experiments using CD33* myeloid cells derived from people
living with HIV (PLHIV) on antiretroviral therapy (ART). We also manipulated the HOTAIRM1-
HOXAL1 axis in myeloid cells using knockdown and overexpression approaches.

Results: We demonstrate that HOTAIRM1 and HOXAL expressions are reciprocally upregulated
and are responsible for increased levels of immunosuppressive molecules, such as arginase 1
(Argl), inducible nitric oxide synthase (iNOS), signal transducer and activator of transcription 3
(STAT3), and reactive oxygen species (ROS), in CD33* myeloid cells derived from PLHIV on
ART. We found that overexpression of HOTAIRM1 or HOXA1 in CD33* cells isolated from
healthy individuals promoted the differentiation and suppressive functions of MDSCs, whereas
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silencing of HOTAIRM1 or HOXAL expression in MDSCs derived from PLHIV significantly
inhibited the frequency of MDSCs and expressions of the immunosuppressive molecules and
reduced their immunosuppressive effects on T cells.

Conclusion: These results indicate that the HOTAIRM1-HOXAL1 axis enhances differentiation
and suppressive functions of MDSCs and could be a potential therapeutic target for
immunomodulation during latent HIV infection.
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Introduction

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of immature
myeloid cells that are generated due to aberrant myelopoiesis under certain pathological
conditions, such as cancer and inflammatory or infectious diseases [1-3]. MDSCs suppress
immune responses by the production of inflammatory and immunosuppressive molecules,
including arginase 1 (ARG1), inducible nitric oxide synthase (iNOS), reactive oxygen
species (ROS), and signal transducer and activator of transcription 3 (STAT3), all of which
are important mediators of innate immune responses against pathogenic infections [4-91,

While the immunosuppressive roles of MDSCs have been well-characterized in many tumor
models, their roles in infectious diseases are less clear, especially during responses to
retroviral infections that cause immunodeficiency. Although MDSCs can contribute to
immune homeostasis after infection by limiting excessive inflammatory processes, their
expansion may be at the expense of pathogen elimination and thus may lead to infection
persistence or latency. Recent studies have shown that MDSC expansion plays a role in
suppressing T cell functions and advancing disease progression during HIV infection [10-18],
However, the mechanisms that drive MDSC expansion and their suppressive functions
during HIV infection remain unclear [29].

Long noncoding RNAs (IncRNAs) are genomic transcripts > 200-nt in length that do not
encode proteins but possess regulatory functions [20-22, Thus far, thousands of INcRNAs
have been discovered, but their functions have not yet been characterized. Recent studies
indicate that their expressions are species-, cell-, or disease stage-specific [20-23]. In
particular, HOX antisense intergenic RNA myeloid 1 (HOTAIRML1) is a IncRNA encoded in
the HOXA gene cluster [24-26] and appears to be the most prominent IncRNA upregulated
during granulocyte differentiation and myeloid cell maturation [27-291 While the regulatory
effects of the HOTAIRM1-HOXA1 axis on hematopoiesis, leukemogenesis, and
oncogenesis have been reported [39-34 the role of HOTAIRM1 in controlling viral
infections, especially in the regulation of MDSC differentiation and functions during HIV
infection, remains largely unknown.

In this study, we characterized the expression and function of IncRNAs in MDSCs from
people living with HIV (PLHIV) on antiretroviral therapy (ART). We found that
HOTAIRML is upregulated during HIV infection and drives MDSC expansion via
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upregulating HOXA1 expression. We demonstrated that the HOTAIRM1-HOXA1 axis plays
an important role in the regulation of the immunosuppressive functions of MDSCs, revealing
a novel mechanism of immune dysregulation during latent HIV infection on ART.

The study protocol was approved by the joint institutional review board at East Tennessee
State University and James H. Quillen VA Medical Center (ETSU/VA IRB, Johnson City,
TN). The study subjects were composed of two populations: 64 chronically HIV-1 infected
individuals and 54 healthy subjects (HS). In this study, we only included PLHIV on ART
with undetectable viremia (aviremia, HIV RNA < 20 copies/ml) and a CD4 count ranging
from 220 ~ 1,250. Healthy subjects (HS) were negative for HBV, HCV, and HIV infection,
and blood (whole blood or leukopaks) were obtained from the Physician’s Plasma Alliance
LLC (Gray, TN). Written informed consent was obtained from all participants.

Cell isolation, culture, and flow cytometric analysis.

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood using Ficoll
density gradients (GE Healthcare, Piscataway, NJ). CD33* cells and CD4* T cells were
isolated from PBMCs using a CD33* Cell or CD4* T cell Isolation Kit (Miltenyi Biotec
Inc., Auburn, CA). The cells were cultured in RPMI 1640 medium with 10% fetal bovine
serum (FBS) (Atlanta Biologicals, Flowery Branch, GA), 100 1U/ml penicillin, and 2 mM L-
glutamine (Thermo Scientific, Logan, Utah) at 37°C and 5% CO, atmosphere. Flow
cytometry analysis of cell phenotypes and intracellular cytokines in PBMCs was carried out
as described previously [18]. For pSTAT3 detection, the cells were stimulated as described
previously [18] and brefeldin A was added 6 hours before intracellular staining and detection
by flow cytometry. For IL-10 measurement, PBMCs derived from HS and PLHIV, or CD33*
cells isolated from PLHIV, following silencing with HOTAIRM1 or HOXA1 were
stimulated with LPS (100 ng/ml) for 24 hours. For co-culture experiments, autologous CD4*
T cells were stimulated with 1 pg/ml anti-CD3 and 2 pg/ml anti-CD28 antibodies (BD
Bioscience) or gp120 (1 pg/ml) for 2 days, followed by co-culturing with transfected CD33*
cells (at 1:2 ratio) for another two days, brefeldin A was added 6 hours before detection of
IFN-y production in CD4 T cells by flow cytometry. The following reagents were used: anti-
CD4-FITC (Biolegend, San Diego, CA), anti-IFN-y-PE (Biolegend), anti-CD33-PE
(Biolegend), anti-CD14-APC (Biolegend), anti-HLA-DR-FITC (Biolegend), anti-CD3-APC
(Biolegend), anti-Arg1-PE (Biolegend), anti-pSTAT3-PerCP/Cy5.5 (Biolegend), IL-10-PE
(Biolegend), and anti-iNOS-PE (Novus biologicals, Centennial CO) along with isotype
control antibodies (BD Bioscience, San Jose, CA). Levels of reactive oxygen species (ROS)
in myeloid cells were measured using the H,DCFDA-based kit (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol. The stained cells were acquired on an AccuriTM
C6 flow cytometer (BD Bioscience) and analyzed using FlowJo software (Tree Star, Inc.,
Ashland, OR). Isotype control antibodies (eBioscience, Waltham, MA) and single channel
staining were used to determine the background levels of staining and adjust multicolor
compensation as a gating strategy.
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IncRNA array and RT-gPCR validation.

Total cellular RNA was isolated from CD33" cells (pooled from 6 PLHIV and 6 HS) using
the miRNeasy Mini kit (Qiagen, Valencia, CA). The RNA quality and quantity were
analyzed using a BioPhotometer spectrophotometer UV/VIS, and RNA integrity was
determined using gel electrophoresis. Expression profiling of IncRNAs was performed using
the Arraystar gene array service (Arraystar, Rockville, MD). To validate the gene array
results by real-time gPCR (RT-PCR), cDNA was generated from total RNA by the High-
Capacity cDNA Reverse Transcription Kit (Thermo Scientific, Logan, Utah). The INCRNA
and messenger RNA (mMRNA) expression levels were assessed by real-time RT-PCR using
the Tagman® fast advanced master mix (Thermo Scientific, Waltham, MA) and the CFX96
RT-PCR Detection System (Bio-Rad Laboratories Inc, Hercules, CA).

Cell transfection and co-culture experiments.

For HOTAIRM1 and HOXA1 knockdown, the CD33* cells were transfected with 50 nM of
SMART pools of siRNAs specific to HOTAIRM1, HOXAZ1, or a pool of scramble control
siRNA (Dharmacon, Lafayette, CO) using the Human Monocyte Nucleofector Kit and
Nucleofector Il Device (Lonza, Allendale, NJ) following the manufacturer’s instructions.
For HOTAIRM1 and HOXA1 overexpression, CD33" cells were transfected with a
HOTAIRM1 or HOXAL expressing plasmid containing GFP (GenScript). The transfected
cells were cultured for 2 days in IMEM medium (Lonza, Allendale, NJ) supplemented with
10% FBS. The cells were analyzed by flow cytometry or RT-gPCR. For cell co-culture,
autologous CD4* T cells were cultured in IMEM complete medium and stimulated with 1
ug/ml anti-CD3 plus 2 ug/ml anti-CD28 antibodies (BD Bioscience) or gp120 (1 ug/ml) for
2 days, followed by adding the transfected CD33™ cells (at 1:2 ratio), and the culture was
incubated for another two days. IFN-y production by CD4 T cells was determined by flow
cytometry.

Statistical analysis.

Results

The parametric data are presented as mean + SD. Comparison between two groups was
performed using paired #test or unpaired £test with or without Welch’s correction, based on
the value of the F test. One-tail paired #test was used to compare two-paired groups. The
nonparametric data are presented as median with interquartile range and were analyzed by a
one-tail Mann Whitney test. P-values < 0.05 or <0.01 were considered significant or very
significant, respectively.

MDSCs expand in HIV* individuals on ART.

Phenotypically, human MDSCs express the common myeloid surface marker CD33 but lack
the maturation marker HLA-DR. MDSCs are further categorized into monocytic (M-
MDSCs) and granulocytic MDSCs (G-MDSCs) based on the differential expression of the
CD14 or CD15 markers, respectively [1-3. 35, 361 \We have recently reported the expansion of
M-MDSCs during latent HIV infection, which could inhibit T cell functions via promoting
regulatory T cell (Treg) differentiation [18]. To better understand the role of MDSCs in
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PLHIV on ART, we further analyzed the frequencies of MDSCs in PBMCs by flow
cytometry. We found that the frequencies of G-MDSCs (CD33* HLA-DR 1o CD147) also
increased in PBMCs from PLHIV (Fig.1A).

HOTAIRM1 and HOXAL1 are upregulated in MDSCs during latent HIV infection.

To determine whether INcCRNAs play a role in MDSC expansion during HIV infection, we
analyzed the transcripts of InNcRNAs and mRNAs in CD33* myeloid cells isolated from
ART-controlled PLHIV and HS using Arraystar gene array analysis. Among the IncRNAs
analyzed (shown as a scatter plot in Fig.1B), 462 IncRNAs (red dots) were upregulated (> 2-
fold), 347 IncRNAs (green dots) were downregulated, and 27,682 IncRNAs (black dots)
remained unchanged in CD33* myeloid cells from PLHIV compared to HS. Because
HOTAIRML expression was upregulated in PLHIV, and given its critical role in granulocyte
differentiation and myeloid cell maturation [27-29] e validated the upregulation of
HOTAIRML1 expression by real-time PCR, which revealed a 2-fold increase in CD33* cells
derived from PLHIV (Fig.1C).

For mRNA transcripts (shown as a scatter plot in Fig.1D), 243 mRNAs (red dots) were
upregulated, 104 mRNAs (green dots) were downregulated, and 18,068 mRNA transcripts
remained unchanged (within 2-fold limit). Notably, the mRNA array results showed a
significant upregulation of HOXAL, which is regulated by HOTAIRML1, in CD33* cells
derived from PLHIV. These results were validated by RT-PCR, which also showed a 2-fold
increase in CD33* cells from PLHIV (Fig.1E). Importantly, the levels of HOTAIRM1
positively correlated with HOXAZ1 expression according to the Pearson Correlation analysis
(Fig.1F). Taken together, these results suggest that the expressions of HOTAIRM1 and its
target gene HOXAL are concurrently upregulated and may serve as a biomarker for MDSC
expansion during HIV infection.

Elevated levels of immunosuppressive mediators in MDSCs during latent HIV infection.

MDSCs are more accurately identified by their immunosuppressive functions rather than
their phenotypic markers. MDSCs suppress immune responses by producing
immunosuppressive mediators, such as Argl, iNOS, STAT3, and ROS [4-91. Notably, Argl is
constitutively expressed in granulocytes and represents a novel antimicrobial effector via
arginine depletion in the phagolysosome [4-8]. The iNOS catalyzes the production of
superoxide and free radical nitric oxide as an immune regulator [*. STAT3 is a transcription
factor and plays a pivotal role in MDSC differentiation and suppressive functions [6: /1. ROS
activate anti-oxidative pathways and induce transcriptional programs that regulate the
differentiation and function of MDSCs as a part of a major mechanism to suppress T cell
responses [8: 91, To determine the mechanisms by which MDSCs exert their
immunosuppressive effects during HIV infection, we measured the mRNA levels of those
molecules involved in MDSC differentiation and functions. As shown in Fig.2A-C, RT-PCR
analysis revealed increases in Argl, iNOS, and STAT3 mRNA levels in CD33* cells isolated
from PLHIV compared to HS. Ho,DCFDA assay showed a significant increase in ROS
production in CD33* cells derived from PLHIV compared to HS. (Fig.2D). Of note, the
increases in Argl, iNOS, and STATS3 levels positively correlated with the increases in
HOTAIRM1 and HOXA1 expressions in the same subjects (Fig.2E-J), suggesting that
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MDSCs may suppress immune responses during HIV infection by upregulating the
expression of these immunosuppressive mediators through the HOTAIRM1-HOXAL axis.

HOTAIRM1 and HOXAL regulate each other expression in MDSCs.

To elucidate the causal relationship between the expression of HOTAIRM1 and HOXA1, we
transfected HS-derived CD33™ cells with HOTAIRM1- or HOXA1- expressing plasmids,
followed by measuring their expression levels. As shown in Fig.3A, HOTAIRM1 mRNA
levels were upregulated (~3.5-fold) in myeloid cells 2 days after HOTAIRML1 transfection.
Interestingly, HOTAIRML1 expression was also upregulated (~3.5-fold) 2 days following
HOXAL transfection, suggesting that HOXAL positively regulates HOTAIRM1 expression.
While transfection of HOXAL increased (~3.5-fold) HOXAL1 levels, ectopic expression of
HOTAIRML increased HOXAL levels by ~4.5-fold (Fig.3B), indicating that HOTAIRM1
enhances HOXA1 expression.

We next transfected CD33* myeloid cells derived from PLHIV with HOTAIRM1 or HOXA1
SiRNAs. Compared to the control siRNA, HOTAIRM1 siRNA significantly reduced the level
of HOTAIRM1 expression. Interestingly, HOXAL siRNA also reduced the level of
HOTAIRML expression (Fig.4A). Notably, knockdown of HOTAIRM1 or HOXA1
significantly reduced the level of HOXAL expression in HIV-derived CD33* myeloid cells
(Fig.4B). Together, these results indicate that HOTAIRM1 and HOXAL reciprocally regulate
each other expression in CD33* myeloid cells.

Ectopic expression of HOTAIRM1 or HOXA1 promotes MDSC differentiation and
suppressive functions.

Given the critical roles of HOTAIRM1 and HOXAZ1 in myeloid cell differentiation, we
hypothesized that ectopic expressions of HOTAIRM1 or HOXA1 could enhance MDSC
development and suppressive functions. To test this, we transfected CD33" cells derived
from HS with GFP-HOTAIRM1 or GFP-HOXA1 expression constructs or control plasmid
(GFP-pCDNAZ3.1) for 2 days and then analyzed myeloid cell differentiation and the
expression of Argl, iNOS, and STAT3. Notably, transfection efficiency was about 52~62%,
as determined by the rate of GFP™ in transfected cells (data not shown). Flow cytometric
analysis revealed that overexpression of HOTAIRM1 or HOXAL1 resulted in an immature
phenotype of CD33™ differentiation, i.e., compared to control transfection, overexpression of
either HOTAIRM1 or HOXA1 in CD33* cells led to a high level of HLA-DR™ expression, a
feature of MDSCs (Fig.3C). In addition, the mMRNA and protein levels of Argl, iNOS, and
STAT3 were increased in the HOTAIRM1- or HOXAZ1-transfected cells (Fig.3D-I).
Correspondingly, ROS production was also increased in those cells (Fig.3J). These results
suggest that the HOTAIRM1-HOXA1 axis promotes MDSC differentiation and enhances
their suppressive functions.

Silencing HOTAIRM1 or HOXA1 expression reduces MDSC frequencies and suppressive
functions.

Next, we asked whether knockdown of HOTAIRM1 or HOXAL can attenuate the MDSC
differentiation and immunosuppressive functions observed during HIV infection. To this
end, we transfected CD33* cells derived from PLHIV with either HOTAIRM1 or HOXA1
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SiRNA. Compared to the control siRNA, HOTAIRM1 siRNA or HOXAL siRNA
significantly reduced the frequency of HLA-DR™ CD33* MDSCs 2 days after transfection
(Fig.4C). Transfection of HOTAIRM1 or HOXAL siRNAs also reduced the mRNA and
protein expression levels of Argl, iNOS, and STAT3 (Fig.4D-I). ROS production was also
reduced by the silencing of HOTAIRM1 or HOXA1 expression (Fig.4J). These results
indicate that the HOTAIRM1-HOXAL1 pathway promotes MDSC differentiation and
suppressive functions.

Targeting the HOTAIRM1-HOXA1 axis in MDSCs affects T cell functions.

It is well known that MDSCs produce IL-10 as an inhibitory mediator to suppress immunity.
To further elucidate the mechanisms of MDSC function, we measured IL-10 levels in
MDSCs in response to LPS stimulation [18] and found that IL-10 expressions were
significantly increased in both M-MDSCs and G-MDSCs in PLHIV versus HS (Fig.5A).
Importantly, silencing HOTAIRM1 or HOXAZ1 significantly reduced the frequency of I1L-10-
producing myeloid cells from PLHIV (Fig.5B). We next asked whether targeting the
HOTAIRM1-HOXALI axis in myeloid cells would lead to alterations in T cell function. To
address this question, we overexpressed HOTAIRM1 or HOXAL in CD33™ cells from HS
and then co-cultured them with activated autologous CD4 T cells for 2 days, followed by
measuring IFN-y production in activated T cells. As shown in Fig.5C, IFN-y production
was significantly decreased in CD4 T cells that were co-cultured with CD33* cells
overexpressing HOTAIRM1 or HOXAL. In contrast, we also silenced HOTAIRM1 or
HOXAL1 expression in CD33* cells from HIV subjects and co-cultured them with autologous
CD4 T cells for 2 days, followed by flow cytometric analysis. Indeed, IFN-y production by
HIV-derived CD4 T cells was restored when they were co-cultured with CD33* cells in
which HOTAIRM1 or HOXA1 expression was knocked down (Fig.5D). Because MDSCs
suppressed CD4 T cell functions following activation by TCR stimulation (with anti-CD3/
CD28), we asked whether HOTAIRM1-modulated MDSCs can also affect HIV-specific CD4
T cell function in response to HIV protein stimulation. Indeed, we found that HOTAIRM1-
or HOXAL-silenced MDSCs derived from PLHIV also affected IFN-y production from
autologous CD4 T cells that were stimulated with an HIV protein, gp120 (Fig.5E). These
results support a role for the HOTAIRM1-HOXAZ1 axis in promoting the MDSC
immunosuppressive effects on T cell functions.

Discussion

MDSCs expand and inhibit host immunity during HIV infection [10-18] byt the mechanisms
that regulate their expansion during HIV infection remain unclear [29. In this study, we
demonstrated that: 1) expression of INcRNA HOTAIRM1 and its target gene HOXAL are
upregulated in MDSCs that accumulate during latent HIV infection; 2) upregulation of
HOTAIRM1 and HOXAU1 is closely associated with the expression of immunosuppressive
mediators in MDSCs; 3) overexpression of HOTAIRM1 or HOXAL in healthy CD33*
myeloid cells promotes their differentiation into MDSCs with immunosuppressive functions,
whereas silencing their expressions in CD33* myeloid cells derived from PLHIV attenuates
MDSC differentiation and immunosuppressive functions; and 4) manipulating the
HOTAIRM1-HOXAL1 axis in MDSCs can affect T cell functions, as demonstrated by IFN-y
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production by co-culturing CD4 T cells with HOTAIRM1- or HOXA1-modulated CD33+
myeloid cells from both HS and PLHIV. Based on these findings and previous reports
[10-18] '\ve propose a model (Fig.5C) illustrating the role and mechanism by which the
HOTAIRM1-HOXAL axis promotes MDSC development to suppress the host immune
responses during HIV infection. According to this model, HIV infection can induce MDSC
differentiation and their production of immunosuppressive mediators, such as Argl, iNOS,
STAT3, and ROS via upregulating HOTAIRM1 and HOXA1 expressions. HOTAIRM1 and
HOXAL1 can regulate each other in a positive feedback manner to control MDSC
development, which in turn suppresses T cell functions, thereby potentially contributing to
viral persistence and vaccine non-responsiveness during latent HIV infection.

IncRNASs are key regulators of chromatin structure, affecting the epigenetic state and
expression level of target genes through interactions with histone modifiers, chromatin
remodeling complexes, transcriptional regulators, or the DNA methylation machinery
[20-22] |n the nucleus, INcRNAs can act as a scaffold, recruiting activators or suppressors to
target gene promoters, and can epigenetically regulate gene transcription by inducing histone
modifications and chromatin remodeling. In the cytoplasm, IncRNAs can act as a sponge for
miRNAs, which modify gene expression at the post-transcriptional level [20-22] n the
current study, we found that the IncRNA HOTAIRML1 can regulate HOXAL expression, and
vice versa, to control MDSC development during HIV infection.

Our results suggest that HOXAL is a target for positive regulation by HOTAIRM1. HOXAL,
a member of the HOXA gene cluster, is upregulated in human malignancies and acts as an
oncogene. In our study, the pattern of HOTAIRML1 expression is rather similar to that of the
HOXA gene, lending support to the notion that the intergenic non-coding transcription of
HOX genomic regions is crucial to maintaining the active state of HOX clusters. Notably,
HOX gene clusters have a specific pattern of lineage-restricted expressions, where HOXA
genes are predominantly expressed in myeloid cells [37: 38]. The upregulation of some genes
of the HOXA cluster has been observed in several subtypes of acute myeloid leukemia
(AML) [39. 401 Mechanistically, HOTAIRM1 contributes to three-dimensional chromatin
organization changes that are required for the temporal collinear activation of HOXA genes
[33]. HOTAIRML1 also contributes to the physical dissociation of chromatin loops at the
cluster proximal end, which delays recruitment of the histone demethylase UTX and
transcription of central HOXA genes [331. In addition, a previous study reported that
HOTAIRM1 mediates demethylation of histone proteins and reduces DNA methylation
levels via epigenetic modulation of HOXA1 gene expression [32]. These studies provide
examples of transcriptional control via the chromatin state and may help explain the role of
HOTAIRML1 within the HOXA gene cluster.

How HOTAIRM1 and HOXA1 control each other’s expression in a mutually exclusive
manner remains unclear. DNA sequence analysis of HOTAIRM1 shows poor conservation
among mammals; however, it has a long CpG island that is associated with the transcription
start site, as seen in almost all mammalian intergenic RNAs. Such DNA structure suggests
the presence of a bi-directional promoter shared by the divergent coding and noncoding
RNAs that has been proposed to facilitate the c/saction of intergenic HOTAIRML on their
genic partners [22. 231 However, the expression of HOTAIRM1 and HOXAL1 is not always
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synchronized, suggesting that HOTAIRM1 may also be transcribed independently from the
immediately adjacent gene. For example, retinoid receptors or other transcription factors
may mediate the induction of HOTAIRM1 [24]. Additional putative retinoid response
elements have been predicted within the 3" side of the HOXA cluster, including one within
the CpG island embedded in the shared promoter region of HOXA1 and HOTAIRM1 [22. 23],
These studies support a positive feedback loop in the regulation of the HOXA intergenic
transcript HOTAIRMZ, impacting the differentiation and function of myeloid lineage cells
and paving the way for further analysis of its potential regulatory function in hematopoiesis
during viral infection.

Interactions between IncRNAs and mRNAs have been described previously [41: 421, These
studies showed a multilayered complexity of RNA crosstalk and competition, and that
IncRNAS seem to regulate both the expression of neighboring genes and distinct genomic
sequences [43]. Interestingly, the HOX genomic regions encode numerous IncRNAs,
suggesting that these INcRNAs may participate in the regulation of HOX expression [24].
Specifically, HOTAIRM1 quantitatively regulates the expressions of HOXAL and HOXA4
[27] In addition, HOTAIRM1 regulates cell cycle progression during myeloid maturation in
the NB4 human promyelocytic leukemia cells [391. Our study clearly shows that HOTAIRM1
and HOXA1 regulate each other’s expression to control CD33* myeloid cell differentiation
into MDSCs in the setting of HIV infection. Notably, we have recently demonstrated that
HCV-containing exosomes upregulate HOTAIRMZ1, which controls miRNA-124 expression
and MDSC development [[28], and unpublished observations]. These findings are in line with
a recent report showing that the HOTAIR-miR214 axis plays an essential role in the
proliferation, migration, and invasion of hepatocellular carcinoma [44]. The putative
cooperative role of two ncRNAs - HOTAIRM1 and miR124 - in MDSC development during
HIV infection merits further investigation.

In this study, we focused on PLHIV on ART because they make up the major population in
the era of ART. Due to ART-mediated control of HIV replication, a very small proportion of
cells (~ one in a million cells) are infected with HIV in the PBMCs of PLHIV and latently
infected cells do not express viral proteins [45]. Thus, it is unlikely that HIV infection per se
causes HOTAIRM1/HOXAZ1 upregulation. However, we and others have shown that ART-
controlled PLHIV with no viral replication can still exhibit a phenotype of immune
suppression, as evidenced by MDSC expansion, suppressed T cell functions, and dampened
vaccine responses [12-18]. This may be due to an early HIV-mediated suppression that
persists in the latent phase, or likely a low-grade inflammation in the setting of ART-
controlled, latent HIV infection. A myriad of insults may contribute to this inflammation,
such as viral particles or viral RNAs/proteins released from the reservoirs, cell-secreted pro-
inflammatory cytokines, HIV-enhanced gut permeability and altered gut microbiota or
dysbiosis, frequent cytomegalovirus (CMV), Epstein—Barr virus (EBV), hepatitis B virus
(HBV) and hepatitis C virus (HCV) coinfections, the ART regimen itself, as well as other
comorbidities including malignancies, personal stresses, or social and environmental factors
[46-50] \We believe that these inflammatory factors or conditions may promote HOTAIRM1/
HOXAL upregulation in the setting of latent HIV infection.
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A growing list of INcCRNAs have been validated as bona fide regulators of gene expression,
and many studies suggest that these noncoding transcripts may serve as potential biomarkers
and therapeutic targets for human diseases. To our knowledge, this is the first report showing

that the HOTAIRM1-HOXAZ1 axis promotes MDSC development and immunosuppressive
functions during latent HIV infection. Therefore, targeting this axis may provide a novel
therapeutic approach for immunomodulation in conjunction with ART to protect against the
immune dysregulatory effects of latent HIV infection.
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Figure1l. HOTAIRM1 and HOXA1 are upregulated in MDSCsin HIV-infected individuals.
A) Expansion of G-MDSCs (HLA-DR1oWCD33*CD14™ cells) in PBMCs derived from

ART-controlled, latently HIV-infected individuals compared with HS, as determined by flow
cytometry. B) Scatter plot of INcRNA expression in CD33* cells isolated from HIV-infected
individuals versus HS (n=6 per group). C) HOTAIRM1 expression in CD33* cells isolated
from HIV-infected individuals versus HS, as determined by real-time PCR. D) Scatter plot
of mMRNA expression in CD33" cells isolated from HIV-infected individuals versus HS (n=6
per group). E) HOXAL1 expression in CD33" cells isolated from HIV-infected individuals
versus HS, as determined by real-time PCR. F) Pearson Correlation analysis of HOTAIRM1
and HOXA1 expression levels in CD33™ cells derived from the same subjects.
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Figure 2. Upregulation of immunosuppressive moleculesin MDSCsduring latent HIV infection.
A-C) Fold change of Argl, iNOS, and STAT3 gene expressions in CD33* cells isolated from

PLHIV and HS, analyzed by real-time PCR. D) ROS production in CD33* cells derived
from HIV-infected individuals versus HS, analyzed by the H,DCFDA assay. E-J)
Relationship between HOTAIRM1 or HOXA1 and Argl, iNOS, or STAT3 expression levels,
analyzed by Pearson Correlation analysis.
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Figure 3. Ectopic overexpression of HOTAIRM1 or HOXA1 in healthy CD33" cells affects
MDSC differentiation and immunosuppressive functions.

A-B) HOTAIRM1 or HOXA1 mRNA expression levels, measured by real-time PCR, in
CD33" cells transfected with pcDNA3.1 control, HOTAIRM1, or HOXAL plasmids. C)
Ectopic expression of HOTAIRM1 or HOXAL1 promotes CD33™* cell differentiation into
MDSCs, determined by flow cytometric analysis of higher frequencies of HLA-DR™ cells.
D-F) Ectopic expression of HOTAIRM1 or HOXA1 promotes Argl, iNOS, and STAT3
mMRNA expressions in CD33* myeloid cells, determined by real-time PCR. G-J)
Overexpression of HOTAIRM1 or HOXAL in healthy CD33* cells enhances Argl, iNOS,
and pSTAT3 expressions and ROS productions, determined by flow cytometric analysis.
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Figure 4. Silencing of HOTAIRM 1 or HOXA1 expression in CD33" cells from HIV-infected
subjects abrogates M DSC differentiation and immunosuppr essive functions.

A-B) HOTAIRM1 or HOXAL expression levels, measured by real-time PCR, in CD33* cells
transfected with control (Con) siRNA, HOTAIRM1 (HOT), or HOXAL (HOX) siRNA. C)
siRNA-mediated knockdown of HOTAIRM1 or HOXA1 expression in CD33™ cells of HIV
subjects inhibits CD33* cell differentiation into MDSCs, determined by flow cytometric
analysis of lower HLA-DR™ cell frequency. D-F) siRNA-mediated knockdown of
HOTAIRM1 or HOXAL expression in CD33* cells of HIV subjects inhibits Argl, iNOS,
and STAT3 mRNA expressions, determined by real-time PCR. G-J) siRNA-mediated
knockdown of HOTAIRM1 or HOXA1 expression in CD33™ cells of HIV subjects inhibits
Argl, iINOS, and pSTAT3 protein expressions and ROS production, determined by flow
cytometry analysis.
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Figure5. MDSCs suppress CD4 T cell functions.
A) IL-10 expression in M-MDSCs and G-MDSCs derived from PLHIV and HS, measured

by flow cytometry. B) IL-10 expression in CD33* myeloid cells derived from PLHIV and
transfected by HOTAIRM1 siRNA, HOXAL siRNA, or control siRNA. C) IFN-y production
is suppressed in CD4 T cells following incubation with autologous HS CD33* cells
overexpressing HOTAIRM1 or HOXAL. D) IFN-y production is restored in HIV CD4 T
cells following incubation with autologous CD33* cells silencing of HOTAIRM1 or HOXA1
expression. E) IFN-y production is restored in HIV CD4 T cells stimulated with HIV gp120
for 2 days following incubation with autologous CD33* cells silencing of HOTAIRM1 or
HOXAL expression. F) A model describing the role of HOTAIRM1-HOXAL in MDSC
development and the mechanism by which it suppresses host immune responses. HIV
infection can induce MDSC differentiation and production of immunosuppressive
molecules, such as Argl, iNOS, pSTAT3, and ROS via induction of the HOTAIRM1-
HOXAL1 axis. HOTAIRM1 and HOXAL can reciprocally regulate each other to promote
MDSC differentiation and suppressive functions, which in turn inhibit T cell responses,
potentially contributing to viral latency and vaccine non-responsiveness during chronic HIV
infection.
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