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Background: The latent HIV-1 reservoir represents the primary barrier to the eradication of HIV-1 infection. The
design of novel reservoir-clearance strategies, however, is impeded in part by the inability to distinguish latently HIV-
infected cells from uninfected cells. Significant impairment of the type | interferon (IFN-I) response is observed during
productive HIV-1 infection. Although this remains poorly described in the context of latent HIV-1 infection, presence
of potential defects may serve as a novel therapeutic target. Therefore, IFN-I pathways were characterized using two
latently HIV-1-infected cell lines, UT and OM10.1, in comparison to their respective uninfected parental U937 and

Findings: Constitutive expression and induction of important mediators of IFN-I signaling including IFNa/3
cytokines, IFNART, MHC-I, ISG15, and PKR were evaluated following exogenous IFNa or poly(l:C) treatment. Differences
in basal expression of IFNART, MHC-I, and PKR were observed between the latently HIV-1 infected and uninfected

cytokines were observed in response to appropriate exogenous stimulation within the two latently HIV-infected U1
and OM10.1 cells, relative to their HIV-uninfected parental cells.

Conclusions: In comparison to the HIV-uninfected U937 and HL60 cell lines, widespread defects in IFN-I responsive-
ness were observed within the latently HIV-infected UT and OM10.1 cells. These impairments represent novel thera-

of MHC-, ISG15 and PKR, as well as secretion of IFNa/f3

y employed in cancer therapy.

Findings
Combination antiretroviral therapy (cART) effectively
suppresses viral replication in HIV-1 infected individuals.
However, due to the persistence of the virus as integrated
proviral DNA in long-lived latent reservoirs, cART fails
to eradicate HIV-1 [1, 2]. The latent HIV-1 reservoir not
only evades immune surveillance, but can also serve as
a source of infectious virus upon treatment cessation.
Therefore, identification of potential targets that distin-
guish latently HIV-1 infected cells from normal cells may
be necessary for the development of curative therapies.
Cancer pathogenesis presents a unique platform for
studying HIV-1 latency. Anti-proliferative innate immune
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defenses such as the type I interferon (IFN-I) system exert
significant selective pressure on cancers. This often results
in tumor cells that have impairments in IFN-I pathways,
thereby facilitating their escape from tumor suppressive
immune responses [3]. Several defects in IFN-I pathways
have been characterized in tumors, including reduction
in IFNa/p secretion and IFNa/B-receptor subunit-1
(IFNART1) expression [4, 5], and altered induction of down-
stream IFN-stimulated genes (ISGs) such as major histo-
compatibility complex-I (MHC-I) [6], interferon regulatory
factor-3 (IRF3) [7], retinoic acid-inducible gene 1 (RIG-I)
[8], and protein kinase R (PKR) [9]. Although such defects
promote tumor survival and immune evasion, they can be
used to distinguish tumor cells from healthy cells, and have
therefore been exploited as therapeutic targets [10].

A significant antiviral IFN-I response is also observed
during the acute phase of HIV-1 infection and can
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effectively suppress viral replication [11]. Sandler and col-
leagues demonstrated that IFNa-2a treatment prior to SIV
infection in rhesus macaques resulted in significant resist-
ance to viral transmission [12]. Interestingly however, the
IFN-I response to HIV-1 infection represents a double-
edged sword with the capacity to potentiate disease patho-
genesis. Within the study, ongoing exposure to IFNa-2a
resulted in significant IFN-I desensitization, impaired ISG
expression, increased viral load, and accelerated CD4%"
T cell decline [12]. Similarly, during the chronic phase of
HIV-1 infection in vivo, persistent elevation in plasma
IFNa has been correlated with higher viral loads and faster
disease progression [13]. Therefore, further investigation
and elucidation of the complex interplay between HIV-1
and the antiviral IFN-I system is necessary.

Driven by antiviral pressures exerted by the IFN-I sys-
tem, HIV-1 has evolved countermeasures similar to those
seen in cancer cells. For instance, transmitted/founder
viruses have been identified to be relatively resistant to
inhibition by IFNa, potentially conferring a selective
advantage during early infection [14]. In parallel, defects
in IFN-I signaling have been demonstrated during pro-
ductive HIV infection including the inhibition of IRF3 by
HIV Vpr [15], disruption of MHC-I by HIV Nef [16], deg-
radation of RIG-I by HIV protease [17], and Tat-mediated
impairment of PKR [18]. IFN-I signaling and responsive-
ness in the context of HIV-1 latency, however, has yet to
be characterized. We therefore investigated components
of the IFN-I pathway within latently HIV-infected cells,
which, if impaired, may facilitate selective eradication
using novel treatment approaches currently employed in
cancer therapy [10].

Due to the complex mechanisms involved in the estab-
lishment of HIV latency [19], none of the existing in vitro
models truly recapitulate latency as occurs in vivo. As
such, cell line models are often used to delineate features
of HIV-1 latency, not only because of the homogenous
presence of latently infected cells within the clonal pop-
ulation, but also the capacity to induce viral replication
upon appropriate stimulation [20]. Therefore, IFN-I sign-
aling was characterized in the latently HIV-infected Ul
[21] and OM10.1 cells [22] (NIH AIDS Reagent Program,
Divison of AIDS, NIAID, NIH), as well as the respective
parental HIV-uninfected U937 (CRL-1593.2) and HL60
(CCL-240) cells (ATCC, Manassas, VA, USA). Cells were
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maintained in RPMI-1640 supplemented with 10 % heat-
inactivated FBS, penicillin (100 U/mL), and streptomycin
(100 pug/mL) at 37 °C and 5 % CO,,.

Aspects of the IFN-I pathway shown to be altered dur-
ing productive HIV-1 infection, including IFN-I cytokines
(IFNa/B), IENARI, and the antiviral ISGs, MHC-I, Inter-
feron stimulated gene-15 (ISG15), and PKR, were inves-
tigated. Surface expression of IFNAR1 (Clone-85228,
R&D Systems, Minneapolis, MN, USA) and MHC-I
(clone-W6/32, eBioscience, San Diego, CA, USA), as well
as intracellular expression of ISG15 (clone-851701, R&D
Systems) and PKR (clone-6H3A10, Abcam, Toronto,
ON, Canada) were quantified by flow cytometry both
at basal levels and following stimulation with increas-
ing concentrations of IFNa for 24 h (PBL Assay Sci-
ence, Piscataway, NJ, USA). In addition, IFNa-induced
mRNA expression of ISG15 and PKR was quantified by
RT-PCR using the following primers: ISG15 forward
(5"-GAGAGGCAGCGAACTCATCT-3') and reverse
(5'-CTTCAGCTCTGACACCGACA-3') [23] and PKR
forward (5-TCTTCATGTATGTGACACTGC-3') and
reverse (5'-CACACAGTCAAGGTCCTTAG-3') [24].

Basal expression of IFNAR1, MHC-I, and PKR is lower

in latently HIV-infected cells

The constitutive expression of IFNAR1 was ~twofold
lower in the latently HIV-infected Ul and OM10.1 cells,
than in the HIV-uninfected controls (Fig. 1a). Addition-
ally, surface expression of MHC-I, an antiviral protein
known to be downregulated during HIV replication
[16], was demonstrated to be significantly lower in both
Ul and OM10.1 cells, than in the respective uninfected
parental cells (Fig. 1b). There was minimal constitutive
expression of ISG15, an IFN-inducible ubiquitin-like
antiviral protein, in all cell lines (Fig. 1c). Similarly, there
was no difference in the basal expression of PKR, a dou-
ble-stranded RNA-sensing pattern recognition receptor
(PRR), between Ul and U937 cells. In contrast, OM10.1
cells had higher expression of PKR in comparison to
the HIV-uninfected HL60 cells (Fig. 1d). This pattern of
PKR expression for both cell lines pairs was confirmed
by Western blot (Additional file 1). In summary, differ-
ences in basal levels of IFNAR1, MHC-I, and PKR, were
observed between two independent latently HIV-infected
and uninfected cell line pairs.

(See figure on next page.)

Fig. 1 Expression of IFNART, MHC-I, ISG15, and PKR in HIV-uninfected and latently HIV-infected cells. Constitutive expression of several ISGs was
quantified by flow cytometry in latently HIV-infected U1 and OM10.1 cells. Surface expression of a IFNAR1 (n = 5) and b MHC-I (n = 6) were signifi-
cantly lower in the latently HIV-infected U1 and OM10.1 cells, than in uninfected parental controls. ¢ Constitutive intracellular expression of ISG15
(n = 6) was minimal in all cell lines. d Intracellular PKR expression was higher in latently HIV-infected OM10.1 cells, than in uninfected HLE0 cells

(n = 6). No difference in basal PKR expression was observed between U937 and U1 cells (n = 6). Representative histogram and cumulative data for

each ISG is shown. *p < 0.0001, **p = 0.002, ***p < 0.0017 by unpaired T test
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Responsiveness to exogenous IFNa is impaired in latently
HiV-infected cells

Next, the responsiveness of latently HIV-infected cells
to exogenous IFNa was investigated by characterizing
the expression of downstream ISGs. MHC-I expression
was upregulated in response to IFN« in all cell lines, but
was significantly lower in the latently HIV-infected Ul
(Fig. 2a) and OM10.1 cells (Fig. 2b) when compared to
their respective controls. Similarly, IFNa enhanced the
expression of ISG15 in a dose-dependent manner in all
cell lines, but the level of ISG15 expression was lower in
the latently HIV-infected U1 (Fig. 3a) and OM10.1 cells
(Fig. 3b) than in the HIV-uninfected controls. Although
no difference in the expression of ISG15 mRNA was
observed between U937 and Ul cells following IFN«
treatment, a significantly lower level of ISG15 expres-
sion was observed in OM10.1 cells relative to HL60 cells
(Additional file 2A). Finally, IFNa-induced PKR expres-
sion was found to be impaired in OM10.1 cells relative
to HL60 cells (Fig. 4b), but did not differ between Ul and
U937 cells (Fig. 4a). Consistent with this, lower levels of
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IFNa-induced PKR gene expression were observed in
OM10.1 cells than in HL60 cells, but no difference was
observed between Ul and U937 cells (Additional file 2B).

Poly(l:C)-induced activation of IFN-I pathways is defective
in latently HIV-infected cells
The observed impairments in IFNa-induced ISG expres-
sion in latently HIV-infected Ul and OM10.1 cells com-
pared to healthy parental controls can potentially be
explained by differences in IFNAR1 expression (Fig. 1a).
To address this possibility, cell lines were transfected
with the synthetic RNA analog, polyinosinic: polycyti-
dylic acid (poly(I:C)). Recognition of poly(I:C) by vari-
ous intracellular RNA-sensing PRRs, including toll-like
receptor-3, PKR, RIG-I, and melanocyte-differentiation
factor 5, has been shown to directly induce ISG expres-
sion [25]. Therefore, transfection of cells with poly(L:C)
provided a means by which to measure ISG induction in
the absence of exogenous IFN-I stimulation.

Using the Lipofectamine®2000 reagent (ThermoFisher
Scientific, Waltham, MA, USA), cells were transfected
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Fig. 2 IFNa-induced expression of MHC-I is impaired in latently HIV-infected U1 and OM10.1 cells. Cell lines were stimulated with 10, 100, or

IFNo. Dose (Units/mL)

1000 U/mL of exogenous IFNa for 24 h. Following stimulation, cells were collected and surface expression of MHC- was assessed by flow cytometry.
Representative histogram and summary data of IFNa-induced MHC-I expression normalized to unstimulated controls is shown for a U937 and U1
cells (n = 6) and b HL60 and OM10.1 cells (n = 6). /p < 0.0001 by one-way ANOVA and p < 0.05 by pairwise Dunnett’s test compared to unstimu-
lated cells. *p < 0.05; **p < 0.01, and ***p < 0.001 by Two-way ANOVA with Bonferroni post-test for multiple comparisons
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Fig. 3 IFNa-induced expression of ISG15 is impaired in latently HIV-infected U1 and OM10.1 cells. Cell lines were treated with increasing concentra-
tions of exogenous IFNa for 24 h. Following stimulation, cells were fixed and permeabilized, after which intracellular ISG15 expression was measured
by flow cytometry. Representative histogram and cumulative data of IFNa-induced ISG15 expression normalized to unstimulated controls is shown
fora U937 and U1 cells (n = 6) and b HL60 and OM10.1 cells (n = 8). 'p < 0.0001 by one-way ANOVA and p < 0.05 by pairwise Dunnett’s Test com-
pared to unstimulated cells. *p < 0.001; **p < 0.05 by Two-way ANOVA with Bonferroni post-test for multiple comparisons

with various concentrations of poly (I:C) (InvivoGen,
San Diego, CA, USA) for 48 h. Similar levels of trans-
fection efficiency were confirmed in all cell lines using
Rhodamine labelled poly(I:C) (Invivogen). Follow-
ing stimulation, IFNa/p secretion was assessed using
the HEK-Blue"™ IFNa/B (InvivoGen) biologic assay as
described [26], and intracellular ISG15 and PKR expres-
sion were assessed as before. Low levels of endogenous
IFNa/p were detectable in culture supernatant of unstim-
ulated U937 and U1 cells (Fig. 5a). However, upregulation
of IFNa/p production in response to poly(I:C) transfec-
tion was only observed in U937 cells (Fig. 5b). While
poly(:C) caused a dose-dependent increase in intra-
cellular ISG15 expression in U937 cells, no effect was
observed in the latently HIV-infected U1 cells (Fig. 5c¢).
Similarly, poly(I:C)-induced PKR expression was
impaired in the Ul cells, when compared to U937 cells
(Fig. 5d). Similar defects in IFN-I pathway induction fol-
lowing poly(l:C) stimulation were also quantified within
HL60 and OM10.1 cells (Additional file 3).

Utilizing two independent cell line models of HIV-
latency, we have demonstrated widespread IFN-I path-
way defects, including impaired secretion of IFNa/p and
expression of IFNAR1, MHC-I, ISG15, and PKR, fol-
lowing exogenous IFNa or poly(I:C) stimulation. Inter-
estingly, antagonism of IFNAR1 in rhesus macaques
in the context of SIV infection resulted in significant
impairment in ISG expression, particularly in the path-
ways associated with PRRs [12]. The observed defects in
IFNARI in latently HIV-1 infected cells may therefore
not only promote escape from IFN-mediated immune
responses, as reported in several tumors [5], but also
facilitate the establishment of the latent reservoir. ISG15
plays critical antiviral roles both by regulating IFN-I
mediators such as RIG-I and IRF3, as well as through
direct inhibition of viral proteins [27]. Impaired expres-
sion of ISG15 in latently HIV-infected Ul and OM10.1
cells may therefore contribute to downstream defects
in the activation of IFN-I pathways crucial for antiviral
defense. In addition, impaired induction of MHC-I and
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Fig. 4 IFNa-induced PKR expression was impaired in latently HIV-infected OM10.1 cells. Cell lines were left unstimulated or treated with increasing
concentrations of exogenous IFNa for 24 h. Following stimulation, cells were fixed and permeabilized, after which intracellular PKR expression was
measured by flow cytometry. Representative histogram and cumulative summary of IFNa-induced PKR expression, normalized to unstimulated
controls, is shown for a U937 and U1 cells (n = 6) and b HL60 and OM10.1 cells (n = 6). 'p = 0.04; *p = 0.0008; §p < 0.0001 by one-way ANOVA and
p < 0.05 by pairwise Dunnett’s Test compared to unstimulated cells. *p < 0.05; **p < 0.001 by Two-way ANOVA with Bonferroni post-test for multiple
comparisons

PKR can contribute to abnormalities in viral sensing and
antigen presentation, which may facilitate the establish-
ment and maintenance of HIV latency. Interestingly, we
observed an impaired induction of PKR in OM10.1 cells,
but not in U1 cells. The higher constitutive expression of
PKR in OM10.1 cells when compared to HL60 cells may
in part contribute to the impaired induction observed.
Given the importance of HIV-1 Tat in inhibiting PKR
activation, similar PKR induction observed in U937 and
U1 cells may be explained by the presence of defects in
Tat in U1 cells [18, 28].

The underlying mechanism(s) for the defective IFN-I
response observed within the latently HIV-infected cell
line models employed have yet to be elucidated. Similar
defects in IFN-I signaling have previously been observed
during productive HIV-1 infection, largely mediated by
viral proteins including Tat, Vpu, Vif, and Nef. Although

latent HIV-1 infection in Ul and OM10.1 cells is char-
acterized by minimal p24 antigen expression (Additional
file 4), low-level gene transcription and expression of
viral proteins, including those known to interfere with
IFN-I signaling, may be present [22, 29]. A recent report
demonstrated that a Tat-inhibitor can further suppress
OM10.1 cells into a state of ‘deep latency’ marked by
transcriptional silence, thereby suggesting that within
models of HIV latency viral proteins such as Tat may be
present and functional [30]. Consistent with this, Pace
and colleagues have demonstrated the presence of viral
transcripts encoding Gag, Env, Vif, and Tat/Rev within
their primary CD4" T cell model of HIV latency [31]. An
alternate explanation for our observations may be that
the initial HIV-1 infection induces permanent changes
to the cell, resulting in IFN-I defects that persist during
latency.
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Fig.5 Responsiveness to poly(l:C) was defective in U1 cells, when compared to U937 cells. U937 and U1 cells were transfected (Lipo-
fectamine®2000) with media alone or 0.1, 1, or 10ug/mL of poly(l:C) for 48 h. a Minimal constitutive secretion of of IFNa/B (n = 5) was observed in
U937 and U1 cells, as quantified using using the HEK-Blue™ IFNa/B biologic assay (dashed line denotes lower limit of detection of assay = 0.15 U/
mL). b Secretion of IFNa/@ by U937 cells, but not latently HIV-infected U1 cells was detected following poly(l:C) transfection (n = 5). ¢ Poly(l:C)
induced ISG15 expression (n = 5), as measured by flow cytometry, was observed only in the HIV-uninfected U937 cells. d Similarly, poly(l:C) induced
expression of PKR (n = 5) was impaired in U1 cells, but not in U937 cells. Representative histogram and cumulative summary of poly(l:C)-induced
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cells. *p < 0.01; **p < 0.001, ***p < 0.05 by Two-way ANOVA with Bonferroni post-test for multiple comparisons

Further studies investigating defects in the IFN-I path-  necessary. Nevertheless, the defects in IFN-I signaling and
way in the setting of HIV latency, as well as elucidating  responsiveness reported here may serve as novel therapeu-
the underlying mechanisms for such alterations will be tic targets in the search for HIV-1 eradication strategies.
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Additional files

Additional file 1. Constitutive PKR expression was higher in OM10.1 cells
than in HL60 cells, but similar between U937 and U1 cells. Basal expres-
sion of PKR was assessed in A. U937 and U1 cells (n = 5) and B. HL60 and
OM10.1 cells (n = 4) by Western Blot using primary (sc-6282, Santa Cruz
Biotechnology, Dallas, TX, USA) and secondary antibodies (HAF007, R&D
Systems, Minneapolis, MN, USA). B-actin was used as the loading control.
Representative blots are shown.

Additional file 2. IFNa-induced ISG15 and PKR mRNA expression was
lower in OM10.1 cells than HL60 cells, but no difference was observed
between U1 and U937 cells. Cell lines were left unstimulated or treated
with increasing concentrations of exogenous IFNa for 16 h. Cell-asso-
ciated ISGT5 and PKR mRNA expression was then quantified by RT-PCR.
GAPDH and RPS18 (Prime PCR, BioRad) were used as reference genes. A.
mMRNA expression of ISG15 normalized to unstimulated controls is shown
for U937/U1 (n = 4) and HL60/OM10.1 (n = 4) cell lines pairs. B. mRNA
expression of PKR normalized to unstimulated controls is shown for
U937/U1 (n = 4) and HL60/OM10.1 (n = 4) cell lines pairs. T p < 0.0001,
$p =0.0015,§ p = 0.043 by one-way ANOVA and p < 0.05 by pairwise
Dunnett’s Test compared to unstimulated cells. *p < 0.05 and **p < 0.0001
by two-way ANOVA with Bonferroni post-test for multiple comparisons.

Additional file 3. Poly(:C)-induced expression of ISG15 and PKR was
impaired in OM10.1 cells, but not in HL60 cells. HL60 and OM10.1 cells
were transfected with increasing doses of poly(1:C) for 48 h as previously
described. A. Both induction and level of expression of ISG15 (n = 5) was
significantly lower in the OM10.1 cells when compared to HIV-uninfected
HL6O cells. B. Although not significant, the qualitative PKR expression was
lower in the latently HIV-1 infected OM10.1 cells than in HL60 cells (n = 6)
in response to poly(l:C). *p < 0.05 by two-way ANOVA with Bonferroni
post-test for multiple comparisons.

Additional file 4. Minimal constitutive p24 antigen expression was
observed in latently HIV-infected U1 and OM10.1 cells. Intracellular
expression of HIV-1 p24 antigen (6604667, Beckman Coulter, Missis-
sauga, Ontario, Canada) was quantified by flow cytometry. Minimal basal
expression of p24 antigen was detected in the latently HIV-1 infected A.
U1 (n=7) and B. OM10.1 cells (n = 6). Representative dot plot and gating
strategy, as well as summative data of intracellular p24 expression in both
latently infected cell lines is shown.
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CART: Combination antiretroviral therapy; IFN-I: Type | interferon; IFNART:
IFNa/B-receptor subunit-1; ISG: Interferon stimulated gene; MHC-I: Major
histocompatibility complex-I; IRF3: Interferon regulatory factor-3; RIG-I: Reti-
noic acid-inducible gene 1; PKR: Protein kinase R; ISG15: Interferon stimulated
gene-15; PRR: Pattern recognition receptor; Poly(l:C): Polyinosinic: polycytidylic
acid.

Authors’ contributions

NR designed the study, validated the methodologies, performed the experi-
ments and analysis, as well as drafted the manuscript. TS designed and
optimized several assays utilized in the study. SF performed several biological
replicates of the experiments used in the study. SC and JBA conceived the
study, participated in the study design, helped with data analysis and inter-
pretation, as well as drafting and editing the manuscript. All authors read and
approved the final manuscript.

Author details

! Ottawa Hospital Research Institute, ORCC Room C4445, 501 Smyth Road,
Ottawa, ON K1H 8L6, Canada. Department of Biochemistry, Microbiol-

ogy and Immunology, University of Ottawa, Ottawa, ON, Canada.  Division
of Infectious Diseases, Ottawa Hospital-General Campus, Ottawa, ON, Canada.

Competing interests
The authors declare that they have no competing interests.

Page 8 of 9

Funding

This study was supported by the Department of Medicine, University of
Ottawa, and by The Canadian HIV Cure Enterprise Team Grant HIG-133050
(J.B.A.) from the Canadian Institutes of Health Research (CIHR) in partnership
with Canadian Foundation for AIDS Research (CANFAR) and the International
AIDS Society (IAS). JB.A.is a Research Chair in the Department of Medicine,
University of Ottawa. T.S. is a recipient of the CIHR Doctoral Research Award.
N.R. is a recipient of the Vanier Canada Graduate Scholarship.

Received: 25 May 2016 Accepted: 28 August 2016
Published online: 09 September 2016

References

1. ChunTW, Stuyver L, Mizell SB, Ehler LA, Mican JA, Baseler M, et al. Pres-
ence of an inducible HIV-1 latent reservoir during highly active antiretro-
viral therapy. PNAS. 1997,94:13193-7.

2. Finzi D, Hermankova M, Pierson T, Carruth LM, Buck C, Chaisson RE, et al.

Identification of a reservoir for HIV-1 in patients on highly active antiretro-

viral therapy. Science. 1997,278:1295-300.

Chiocca EA. Oncolytic viruses. Nat Rev Cancer. 2002;2002(2):938-50.

4. Colamonici OR, Domanski P, Platanias LC, Diaz MO. Correlation between
interferon (IFN) alpha resistance and deletion of the IFN alpha/beta genes
in acute leukemia cell lines suggests selection against the IFN system.
Blood. 1992;80:744-9.

5. Pfeffer LM, Donner DB. The down-regulation of alpha-interferon recep-
tors in human lymphoblastoid cells: relation to cellular responsiveness
to the antiproliferative action of alpha-interferon. Cancer Res. [Internet].
1990;50:2654-7. Available from: http://eutils.ncbi.nim.nih.gov/entrez/
eutils/elink fcgi?dbfrom=pubmed&id=2139358&retmode=ref&cmd=prl
inks.

6. Abril E, Mendez RE, Garcia A, Serrano A, Cabrera T, Garrido F, et al. Charac-
terization of a gastric tumor cell line defective in MHC class | inducibility
by both alpha- and gamma-interferon. Tissue Antigens. 1996;47:391-8.

7. Marozin S, Altomonte J, Stadler F, Thasler WE, Schmid RM, Ebert O. Inhibi-
tion of the IFN-( response in hepatocellular carcinoma by alternative
spliced isoform of IFN regulatory factor-3. Mol Ther. 2008;16:1789-97.

8. ShyuR-Y,Chang S-C, Yu J-C, Hsu S-J, Chou J-M, Lee M-S, et al. Expres-
sion and regulation of retinoid-inducible gene 1 (RIG1) in breast cancer.
Anticancer Res. 2005;25:2453-60.

9. Balachandran S, Porosnicu M, Barber GN. Oncolytic activity of vesicular
stomatitis virus is effective against tumors exhibiting aberrant p53,

Ras, or myc function and involves the induction of apoptosis. J Virol.
2001;75:3474-9.

10. Lichty BD, Breitbach CJ, Stojdl DF, Bell JC. Going viral with cancer immu-
notherapy. Nat Rev Cancer. 2014;14:559-67.

11. Doyle T, Goujon C, Malim MH. HIV-1 and interferons: who's interfering
with whom? Nat Rev Microbiol. 2015;13:403-13.

12. Sandler NG, Bosinger SE, Estes JD, Zhu RTR, Tharp GK, Boritz E, et al. Type |
interferon responses in rhesus macaques prevent SIV infection and slow
disease progression. Nature. 2014;511:601-5.

13. Hardy GAD, Sieg S, Rodriguez B, Anthony D, Asaad R, Jiang W, et al.
Interferon-a is the primary plasma type-I IFN in HIV-1 infection and
correlates with immune activation and disease markers. PLoS ONE.
2013;8:€56527.

14. Fenton-May AE, Dibben O, Emmerich T, Ding H, Pfafferott K, Aasa-Chap-
man MM, et al. Relative resistance of HIV-1 founder viruses to control by
interferon-alpha. Retrovirology. 2013;10:146.

15. Doehle BP, Hladik F, McNevin JP, McElrath MJ, Gale M. Human immu-
nodeficiency virus type 1 mediates global disruption of innate
antiviral signaling and immune defenses within infected cells. J Virol.
2009;83:10395-405.

16. Foster JL, Denial SJ, Temple BRS, Garcia JV. Mechanisms of HIV-1 Nef
function and intracellular signaling. J Neuroimmune Pharmacol.
2011,6:230-46.

17. Solis M, Nakhaei P, Jalalirad M, Lacoste J, Douville R, Arguello M, et al. RIG-
I-mediated antiviral signaling is inhibited in HIV-1 infection by a protease-
mediated sequestration of RIG-I. J Virol. 2011,85:1224-36.

w


http://dx.doi.org/10.1186/s12977-016-0302-9
http://dx.doi.org/10.1186/s12977-016-0302-9
http://dx.doi.org/10.1186/s12977-016-0302-9
http://dx.doi.org/10.1186/s12977-016-0302-9
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=2139358&retmode=ref&cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=2139358&retmode=ref&cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=2139358&retmode=ref&cmd=prlinks

Ranganath et al. Retrovirology (2016) 13:66

20.

21

22.

23.

24,

25.

Clerzius G, Gélinas J-F, Gatignol A. Multiple levels of PKR inhibition during
HIV-1 replication. Rev Med Virol. 2010;21:42-53.

Donahue DA, Wainberg MA. Cellular and molecular mechanisms involved
in the establishment of HIV-1 latency. Retrovirology. 2013;10:11.

Cassol E, Alfano M, Biswas P, Poli G. Monocyte-derived macrophages and
myeloid cell lines as targets of HIV-1 replication and persistence. J Leukoc
Biol [Internet]. 2006;80:1018-30. Available from: http://www.jleukbio.org/
cgi/doi/10.1189/jlb.0306150.

Folks TM, Justement J, Kinter A, Dinarello CA, Fauci AS. Cytokine-induced
expression of HIV-1 in a chronically infected promonocyte cell line. Sci-
ence. 1987;238:800-2.

Butera ST, Roberts BD, Lam L, Hodge T, Folks TM. Human immunodefi-
ciency virus type T RNA expression by four chronically infected cell lines
indicates multiple mechanisms of latency. J Virol. 1994;68:2726-30.
Bektas N, Noetzel E, Veeck J, Press MF, Kristiansen G, Naami A, et al.

The ubiquitin-like molecule interferon-stimulated gene 15 (ISG15) is a
potential prognostic marker in human breast cancer. Breast Cancer Res.
2008;10:R58.

He Y, Correa AM, Raso MG, Hofstetter WL, Fang B, Behrens C, et al. The
role of PKR/elF2a signaling pathway in prognosis of non-small cell lung
cancer. PLoS ONE. 2011;6:224855.

Thompson AJV, Locarnini SA. Toll-like receptors, RIG-I-like RNA heli-

cases and the antiviral innate immune response. Immunol Cell Biol.
2007;85:435-45.

26.

27.

28.

29.

30.

31.

Page 9 of 9

Imbeault M, Ouellet M, Tremblay MJ. Microarray study reveals that HIV-1
induces rapid type-| interferon-dependent p53 mRNA up-regulation in
human primary CD4 + T cells. Retrovirology. 2009;6:5-14.

Zhao C, Collins MN, Hsiang T-Y, Krug RM. Interferon-induced ISG15 path-
way: an ongoing virus-host battle. Trends Microbiol. 2013;21:181-6.
Emiliani S, Fischle W, Ott M, Van Lint C, Amella CA, Verdin E. Mutations in
the tat gene are responsible for human immunodeficiency virus type 1
postintegration latency in the U1 cell line. J Virol. 1998,;72:1666-70.
Mousseau G, Kessing CF, Fromentin R, Trautmann L, Chomont N, Valente
ST. The tat inhibitor didehydro-cortistatin A prevents HIV-1 reactivation
from latency. MBio. 2015;6:e00465.

Mousseau G, Clementz MA, Bakeman WN, Nagarsheth N, Cameron

M, Shi J, et al. An analog of the natural steroidal alkaloid cortistatin A
potently suppresses Tat-dependent HIV transcription. Cell Host Microbe.
2012;12:97-108.

Pace MJ, Graf EH, Agosto LM, Mexas AM, Male F, Brady T, et al. Directly
infected resting CD4 + T cells can produce hiv gag without spread-

ing infection in a model of hiv latency. PLoS Pathog [Internet].
2012,8:¢1002818. doi:10.1371/journal.ppat.1002818.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



http://www.jleukbio.org/cgi/doi/10.1189/jlb.0306150
http://www.jleukbio.org/cgi/doi/10.1189/jlb.0306150
http://dx.doi.org/10.1371/journal.ppat.1002818

	Type I interferon responses are impaired in latently HIV infected cells
	Abstract 
	Background: 
	Findings: 
	Conclusions: 

	Findings
	Basal expression of IFNAR1, MHC-I, and PKR is lower in latently HIV-infected cells
	Responsiveness to exogenous IFNα is impaired in latently HIV-infected cells
	Poly(I:C)-induced activation of IFN-I pathways is defective in latently HIV-infected cells

	Authors’ contributions
	References




