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Objectives: Interleukin-27 (IL-27) is known as an anti-HIV
cytokine. We have recently demonstrated that IL-27-pretreatment
promotes phytohemagglutinin-stimulated CD4(+) T cells into HIV-
1-resistant cells by inhibiting an uncoating step.

Purpose: To further characterize the function of the HIV resistant
T cells, we investigated profiles of microRNA in the cells using
microRNA sequencing (miRNA-seq) and assessed anti-HIV effect of
the microRNAs.

Methods: Phytohemagglutinin-stimulated CD4(+) T cells were
treated with or without IL-27 for 3 days. MicroRNA profiles were
analyzed using miRNA-seq. To assess anti-HIV effect, T cells or
macrophages were transfected with synthesized microRNA mimics
and then infected with HIVNL4.3 or HIVAD8. Anti-HIV effect was
monitored by a p24 antigen enzyme-linked immunosorbent assay kit.
interferon (IFN)-a, IFN-b, or IFN-l production was quantified using
each subtype-specific enzyme-linked immunosorbent assay kit.

Results: A comparative analysis of microRNA profiles indicated
that expression of known miRNAs was not significantly changed in
IL-27-treated cells compared with untreated T cells; however, a total
of 15 novel microRNAs (miRTC1 ; miRTC15) were identified.
Anti-HIV assay using overexpression of each novel microRNA
revealed that 10 nM miRTC14 (GenBank accession number:
MF281439) remarkably suppressed HIV infection by (99.3 6
0.27%, n = 9) in macrophages but not in T cells. The inhibition
was associated through induction of .1000 pg/mL of IFN-as
and IFN-l1.

Conclusion: We discovered a total of 15 novel microRNAs in
T cells and characterized that miRTC14, one of the novel micro-
RNAs, was a potent IFN-inducing anti-HIV miRNA, implicating
that regulation of the expression of miRTC14 may be a potent
therapeutic tool for not only HIV but also other virus infection.
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T cells, macrophages

(J Acquir Immune Defic Syndr 2021;86:378–387)

INTRODUCTION
MicroRNAs (miRNAs) are small (19–22 nucleotides in

length) noncoding RNAs that are critical regulators of
translation and turnover of messenger RNAs (mRNAs).
MiRNAs post-transcriptionally regulate eukaryotic gene
expression and play important roles in many biological
cellular functions including cell growth, apoptosis, and gene
regulation. They are involved in the pathological progress of
human diseases such as cancer, vascular disease, immune
disease, and infections.1 These miRNAs generally bind to
target areas in the 39 untranslated region (39UTR) of mRNAs
through the RNA induced silencing complex, which ulti-
mately leads to mRNA degradation or translational repres-
sion.2 More than half of all mRNAs are believed to have
39UTR containing a complementary sequence of 2–7 nucle-
otides at the 59 end of the miRNA (the so-called “seed”
sequence).3 However, it is reported that some miRNAs target
the noncanonical regions in mRNAs and regulate cellular
functions.4,5 Because miRNAs were first discovered in 1993,
there have been increasing reports of novel miRNAs, and the
latest Sanger miRNA database (miRbase.org) has reported
nearly 2300 human miRNAs.6
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Interleukin (IL)-27 is a member of the IL-12 cytokine
family (IL-12, IL-23, IL-27, IL-35, and IL-39)7–10 and forms a
heterodimeric cytokine composed of p28 (also known as IL-
30) and the Epstein–Barr virus induced gene 3 (EBI3) sub-
units.11 It is known that IL-27 is involved in the activation of
both innate and adaptive immune responses9 and is able to
suppress different virus species including HIV,12–15 hepatitis C
virus,16 hepatitis B virus,17 influenza virus,18 and cytomegalo-
virus19; therefore, it is considered as a potent antiviral
therapeutic reagent. We previously demonstrated that IL-27
is able to induce novel miRNAs in macrophages and dendritic
cells (DCs) and identified that 6 novel miRNAs (GenBank
accession number: KC832799 ; KC832805, miRBase name:
has-miR-6852, has-miR-7702, has-miR-7703, has-miR-7004,
has-miR-7705, and has-miR-7006) in macrophages20 and 22
novel miRNAs in DCs (GenBank Accession number:
KY994043 ; KY994064),21 and predicted that some of them
target viral genes and potent antiviral RNAs.

Recently, we reported that IL-27-pretreatment of activated
primary CD4(+) T cells confers the resistance to HIV infec-
tion.22 To define the mechanism of HIV resistance, the gene
expression profile by microarray analysis and proteomic mass
analysis using 2-dimensional difference in gel electrophoresis
(2D-DIGE) were performed. The microarray analysis displayed
no significant differences in the expression of 25,000 messenger
RNAs;23 on contrary, 2D-DIGE analysis demonstrated a
significant increase in acetylation of Y box-1 (YB-1), a DNA
and RNA binding protein, and we found that the acetylated YB-
1 suppressed uncoating of HIV core protein after infection.

In the current study, we analyzed the miRNA profile in
the HIV resistant IL-27-treated T cells to further elucidate the
function of the cells. We report a total of 15 novel miRNAs and
a functional analysis reveals that one of the miRNAs (miRTC14,
GenBank Accession number: MF281439) is a powerful anti-
HIV miRNA that induces multiple subtypes of interferons.

MATERIALS AND METHODS

Ethics Statement
All experimental procedures in these studies were

approved by the National Cancer Institute at Frederick and
National Institute of Allergy and Infectious Diseases (NIAID)
Institutional Review Board and performed in accordance with
the relevant guidelines and regulations. Participants were
informed written consent before blood being drawn.

Preparation of Cells and Viruses
CD4(+) T cells and CD14(+) monocytes were isolated

from peripheral blood mononuclear cells of healthy donors.12,15,24

HIV-resisting IL-27-treated T cells (27-Tc) and control T cells
(Ctrl-Tc) were prepared as previously described.22 In brief, T cells
were stimulated with phytohemagglutinin (MiliporeSigma, St.
Louis, MO) and then cultured for an additional three-days with or
without 100 ng/mL of IL-27 (R&D Systems, Minneapolis, MN)
in completed RPMI-1640 (Thermo Fisher Scientific, Waltham,
MA) medium (RP-10) supplemented with 10% fetal bovine
serum (FBS) (Thermo Fisher Scientific), 25 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Quality
Biological, Gaithersburg, MD), 10 mg/mL of gentamicin (Thermo
Fisher Scientific), and 20 units/mL of IL-2 (MiliporeSigma).22

Monocyte-derived macrophages (MDMs) were differentiated
from CD14(+) monocytes using 25 ng/mL of macrophage
colony–stimulating factor (M-CSF) (R&D Systems) in macro-
phage serum-free media (Thermo Fisher Scientific) as previously
described.18 IL-27-differentiated MDMs (I-Mac) were induced by
culturing monocytes with 25 ng/mL M-CSF and 100 ng/mL IL-
27 (R&D Systems) for 7 days.18 Both MDMs were maintained in
completed DMEM (D-10) containing 10% FBS, 25 mM HEPES,
and 10 mg/mL of gentamicin. HEK293T cells were obtained from
ATCC (Manassas, VA) and maintained in D-10. HIVAD8 and
HIVNL4.3 virus stocks were prepared using a plasmid encoding
the full length of HIVAD825 and HIVNL4.3 genes,26 and the
50% tissue culture infectious doses (TCID50s) of each stock were
determined as previously described.12,27 HIVLuc-V28,29 was
produced by cotransfecting HEK293T cells with pNL4-3DEnv-
Luc18,28,29 and pLTR-VSVG using a TransIT-293 transfection kit
(Mirus, Madison, WI) as previously described.18

Preparation of MiRNA Library and
Sequencing of MiRNAs

Total RNA from Ctrl-Tc and 27-Tc was extracted using
QIAzol Lysis Reagent (Qiagen, Germantown, MD). A total of
6 miRNA libraries were prepared using the NEBNext
Multiplex Small RNA Library Prep for the Illumina protocol
(New England BioLabs, Ipswich, MA) and sequenced on the
Hiseq2500 using v4 chemistry for single end sequencing (San
Diego, CA) at the sequencing facility, Frederick National
Laboratory for Cancer Research. A quality check of the
miRNA-seq data indicated that 93% or more of the bases for
all samples had a Phred quality score of Q30 or greater, and
all samples yielded between 53 and 62 million reads. All
small RNA sequences have been deposited into the NCBI
SRA database under BioProject ID PRJNA602725.

Differential Expression Analysis
Differential miRNA expression analysis was performed

as previously described.21 Raw reads were cleaned by
Cutadapt v1.10,30 then mapped to the human reference
genome hg38 using the Burrows–Wheeler aligner, BWA
(v0.7.10-r789) with one mismatch.31 Known miRNA read
counts were determined by the bedtools v2.2632 with
miRBase (v21).33 The read count matrix was analyzed using
the edgeR package 3.16.534 in R version 3.2.3. The
significant miRNAs were selected based on fold changes
.1.5 or #1.5, false discovery rates ,0.05, and at least one
sample count (maximum read counts) .50.

Discovery of Candidates of Novel miRNAs
Discovery of novel miRNAs was performed as pre-

viously described.21 In brief, novel miRNA candidates were
generated by miRDeep2 algorithm.35 Other RNAs, such as
snoRNAs, snRNAs, tRNAs, rRNAs, Y-RNAs, etc., were
eliminated using RFam (v12.1) (https://rfam.xfam.org/) and
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GENCODE v24 (https://www.gencodegenes.org/human/
release_24.html) annotation. Top candidates of interests were
selected based on their read counts or P values. These
sequences have been deposited into the GenBank database
under accession number: MF281428 ; MF281440 (Table 1).

Quantitative Real Time-Polymerase
Chain Reaction

To quantify the expression of miRNAs and interferons
(IFNs), real-time quantitative real time-polymerase chain reaction
(qRT-PCR) was performed using TaqMan Universal PCR
Master Mix (Thermo Fisher Scientific) with the a CFX96 real-
time system (Bio-Rad, Hercules, CA) as previously
described20,36 All probes used in this study are listed in Table
3, Supplemental Digital Content, http://links.lww.com/QAI/
B571.

miRNA Transfection
MiRNA mimics were synthesized by Thermo Fisher

Scientific. Transfection of miRNAs into T cells and MDMs
was conducted using 4D-Nucleofector (Lonza, Walkersville,
MD) with the EO-115 program and RNAiMAX (Thermo
Fisher Scientific),37 respectively, following the protocols
from the vendors. Cell viability was determined by trypan
blue exclusion assay as previously described.12 MiRNA
mimic negative controls were obtained from Thermo Fisher
Scientific (control 1: Cat # 4464058, control 2: Cat #
AM17110) and GE-Healthcare (Chicago, IL) (control 3: Cat
# CN0010000-01-05). An siRNA negative control was
purchased from Thermo Fisher Scientific.

HIV-1 Replication and Infection Assays
T cells or MDMs were infected with HIVLuc-V at 100

ng/mL p24, HIVNL4.3 at 1000 TCID50/106 cells, or HIVAD8 at

5000 TCID50/106 cells.12 HIVLuc–V-infected cells were cul-
tured for 48 hours, and then viral infection was quantified using
the Bright-Glo Luciferase kit (Promega, Madison, WI).18 HIV
replication in T cells and MDMs was monitored on 7 and 14
days after infection, respectively, using a p24 antigen enzyme-
linked immunosorbent assay (ELISA) kit (Perkin Elmer, Boston,
MA).14

Enzyme-Linked Immunosorbent Assay
Concentrations of interferon (IFN)-a, b, and l in

culture supernatants from transfected cells were measured
using the VeriKine-HS Human IFN-a All Subtype ELISA Kit
(PBL Assay Science, Piscataway, NJ), the VeriKine-HS
Human IFN-b ELISA Kit (PBL Assay Science), and the
human IL-29 ELISA kit (Invitrogen, Carlsbad, CA), respec-
tively, following the manufacturer’s instructions.

Neutralization of IFN Using B18R
MDMs were transfected with 10 nM miRNAs as

described above and cultured for a total of 72 hours in the
absence or presence of 1 mg/mL B18R (R&D Systems). For a
positive control of the neutralization effect for B18R,
untransfected MDMs were cultured with IFN-a (100
units/mL) (R&D System).

Statistical Analysis
Results were representative of at least 3 independent

experiments. The values are expressed as means 6 SD or 6
SE. The statistical significance was determined by the Student
t test. P, 0.05 was considered to indicate a statistically
significant difference between the experimental groups.

TABLE 1. Sequence and Genomic Location of Novel miRNAs*

miRNA Name GenBank Accession Number Mature miR Sequence 59–39† Precursor Genomic Location

miRTC1 MF281428 ccccacugcuaaauuugacug chr2:88229575..88229659:2

miRTC2 MF281429 aucugugggauuaugacug chr8:55909398..55909449:2

miRTC3 MF281430 aacauagcgagaccccgucucua chr19:11536523..11536595:2

miRTC4 MF281431 uccccaguacccccacca chr1:156887614..156887687:+

miRTC5 MF281432 gcauuggugguucaguggu chr8:105496291..105496332:+

miRTC6 MF281433 aaggagcucacagucuauug chr8:130477073..130477146:+

miRTC7 MF281434 aucccagacgagcccccc chr20:56273039..56273100:2

miRTC8 MF281435 gcaggacgguggccaug chr16:72055503..72055548:2

miRTC9 MF281436 cuccuggcuggcucgcca chr18:2292241..2292322:2

miRTC10 MF281437 uacucucucggacaagcuguaggu chr7:139044100..139044157:2

miRTC11 MF281438 aucugugggauuaugac chr8:46040269..46040318:2

miRTC12 MF281439 gucuacggccauaccacc chr9:63815546..63815633:+

miRTC13 MF281440 caaaaacugugauuacuuuug chr18:64238466..64238547:2

miRTC14 MF281428 aacgcugcgaccuagauguauucu chr18:74148958..74149017:+

miRTC15 MF281429 ucccuguucuccuucccugucc chrX:53411910..53411974:2

*The novel miRNAs were identified using miRDeep2 and RFam (v12.1), as described in the Materials and Methods.
†The sequence data were submitted to the National Center for Biotechnology Information Read Archive under accession No. PRJNA602725.
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RESULTS

Identification of 15 Novel miRNAs in CD4+

T Cells
To compare the miRNA profiles of untreated CD4(+)

T cells (Ctrl-Tc) and IL-27-treated CD4(+) T cells (27-Tc),
RNAs were extracted from cells from 3 independent donors,
and miRNA-seq was conducted. The significantly expressed
miRNAs were determined using 3 criteria: (1) the read counts
of the miRNA of interest in 27-TC were . 1.5-fold greater or
less than in Ctrl-Tc, (2) the false discovery rate was less than
0.05, and (3) at least the maximum count of 1 sample count
was more than 50. We found a total of 1110 known miRNAs
in the 6 samples. The average number of sequence reads for
known miRNAs in Ctrl-Tc was 56,445 (range: 0–3, 311 to
324), compared with 53,394 (range: 0–3, 248 to 442) in 27-
Tc. Principal component analysis demonstrated that pro-
portion of variants in the small RNA expression in 27-Tc
was less than the donor-dependent variants (see Fig. 1,
Supplemental Digital Content, http://links.lww.com/QAI/
B571), suggesting that IL-27 may not differentially regulate
expression of the miRNAs in T cells.

To further characterize the miRNA profile in these
cell types, we sought to identify novel miRNAs and then
discovered a total of 15 novel miRNAs (miRTC1 ;
miRTC15) (Table 1). The average number of reads of the
novel miRNAs for Ctrl-Tc and 27-Tc was 115 reads (range:

0–1 to 419) and 114 (range: 2–1 to 287), respectively (see
Fig. 2, Supplemental Digital Content, http://links.lww.
com/QAI/B571). The novel miRNAs were traced back to
their possible genomic locations to define whether second-
ary stem-loop structures could form. These 15 miRNAs
could all form the appropriate stem-loop structures as
shown by the predicted secondary structures (see Fig. 3,
Supplemental Digital Content, http://links.lww.com/QAI/
B571). To validate the expression of each of miRNA, we
performed a semiquantitative real time PCR using specific
probes for each miRNA. We used a total of 12 probes for
the 15 novel miRNAs (the probes for miRTC7, 9 and 11
were not able to be synthesized, because miRTC7 and 9
contain a high GC content and miRTC11 possesses a high
similarity [89.5%] to miRTC2). Because of the high
similarity between miRTC2 and 11, the probe for miRTC2
detects both miRNAs. The qPCR assay confirmed the
expression of all tested miRNAs in Ctrl-Tc and 27-Tc from
the 3 donors; however, IL-27-treatment did not signifi-
cantly alter the expression levels of these miRNAs (Fig.
1A). Using the same probes, we also assessed the
expression of the novel miRNAs in MDMs and IL–27-
induced MDMs (I-Mac)18 (Fig. 1B). The expression of
each miRNA was consistently detected in each MDM sets
from all 3 donors without any significant changes in I-Mac.
Of note, the expression of miRTC14 in T cells and MDMs
was relatively lower than other miRNAs.

FIGURE 1. Comparison of baseline novel miRNA expression in T cells and MDMs. CD4(+) T cells and CD14(+) monocytes were
isolated from peripheral blood mononuclear cells of 3 independent healthy donors. A, T cells were stimulated with phytohe-
magglutinin for 3 days and then cultured for additional 3 days without (Ctrl-Tc) or with 100 ng/mLIL-27 (27-Tc) in the presence of
20 units/mL of IL-2. B, Monocytes were differentiated into macrophages in the presence of 25 ng/mL M-CSF alone (MDMs) or 25
ng/mL M-CSF with 100 ng/mL IL-27 (I-Mac) for 7 days. Total RNA from Ctrl-Tc, 27-Tc, MDMs, and I-Mac were extracted, and the
expression of each novel miRNA was quantified by real time qRT-PCR. Gene-specific probes were custom-made by Thermo Fisher
Scientific. As an internal control, the small nuclear protein RNU44 probe was used. Base line of the expression of each miRNA was
calculated by comparing the Ct values of each miRNA with the Ct value of RNU44 and then subtracting this from 40 (40-delta
Ct).74 Results represent mean 6 SE (n = 3) of 3 independent assays.
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Novel miRNAs Inhibit HIV in MDMs
To assess the anti-HIV effect by overexpression of each

novel miRNA in T cells, miRTC1 ; miRTC14 mimic
(excluding miRTC7, 9, 11, 15: miRTC15 mimic was not be
successfully synthesized) were chemically synthesized. T cells
were transfected with each miRNA mimic using the 4D-
Nucleofector, and then infected with either HIVNL4.3 or
HIVLuc-V. Although overexpressed each miRNA was con-
firmed by a qRT-PCR (see Fig. 4A, Supplemental Digital
Content, http://links.lww.com/QAI/B571), and cell viability
using trypan blue exclusion assay was not significant changed
(viability was 80–90%); none of the overexpressed miRTCs
had a significant impact on either HIVNL4.3 replication or
HIVLuc-V infection (see Fig. 5, Supplemental Digital Content,
http://links.lww.com/QAI/B571); thus, we concluded that the
novel miRNAs had no anti-HIV property in T cells. To further
characterize a potential role of each miRNA, MDMs were
transfected with each miRNA mimic using RNAiMAX and
then infected with either HIVAD8 or HIVLuc-V. The over-
expression of each miRTC in MDMs was confirmed by qRT-
PCR (see Fig. 4B, Supplemental Digital Content, http://links.
lww.com/QAI/B571). Of interest, miRTC5, miRTC10, and
miRTC14 significantly suppressed HIV HIVAD8 replication,
and miRTC3, miRTC10, and miRTC14 remarkably abolished
HIVLuc-V infection (Fig. 2A). Trypan exclusion assay
demonstrated none of miR mimics had impact on cytotoxicity:

cell viabilities of miRCtrl-transfected, miRTC10-transfected,
and miRTC14-transfected MDMs were 87 6 5.0%, 90 6
5.4%, and 83 6 4.0%, respectively (P . 0.05). Taken
together, we found that miRTC10 and 14 possess anti-HIV
property in MDMs but not in T cells. MiRTC14 mimic was the
strongest inhibitor of HIVAD8 and HIVLuc-V infection. Thus,
we mainly focused on the miRTC14-mediated antiviral effect
in subsequent experiments.

To further characterize the miRTC14 effect, we per-
formed a dose response assay using different concentrations
of either miRTC14 or a control nontargeting miRNA
(miRCtrl) with HIVLuc-V infection in MDMs. As shown in
Figure 2B, miRTC14, but not miRCtrl inhibited viral
infection in a dose dependent manner, and in the presence
of 10 nM, miRTC14 inhibited HIVLuc-V infection by (99.3
6 0.27%, n = 9) (P , 0.001) and qRT-PCR confirmed that
the miRTC14 and the miRCtrl expressed in the cells in a
dose-dependent manner (Fig. 2C).These results further indi-
cated that miRTC14 is a powerful anti-HIV miRNA.

MiRTC14 is an Interferon-Inducing RNA
It has been empirically shown that the transfection

efficiency of nucleic acids into primary cells is significantly
lower than that into cell lines38,39 ; therefore, we first
speculated that miRTC14 could stimulate cells as an

FIGURE 2. Characterization of the anti-HIV effect of each novel miRNA in MDMs. A, MDMs were transfected with 10 nM miRNA
using RNAimax lipofectamine for 72 hours and then infected with HIVAD8 (opened bars) or HIVLuc-V (closed bars) as described in
the Materials and Methods. HIVAD8 and HIVLuc-V infected cells were culture for 14- and 2-days, respectively. HIV replication was
monitored by a p24 antigen capture kit (PerkinElmer) and Luciferase was detected by the Bright-Glo (Promega). Each experiment
was performed triplicate using cells from 3 independent donors. Results represent relative infection compared to HIV infection
value in miRCtrl-transfected MDMs. Data indicate mean6 SE (n = 3). *P, 0.05, ***P, 0.001. B, MDMs were transfected with 0,
0.1, 1.0, 10.0, and 100.0 nM of miRCtrl or miRTC14 mimic for 72 hours, and total RNA was extracted, and change of miRTC14
expression was quantified using qRT-PCR, results indicate relative gene expression increase dose dependently in miRTC14
transfected cells. C, MDMs were transfected with 0, 0.1, 1.0, 10.0, and 100.0 nM miRCtrl or miRTC14 mimic for 72 hours and
then infected with HIVLuc-V. HIV infection was monitored at 48 hours after infection by the luciferase activity using the Bright Glo.
Results represent mean 6 SD. ***P , 0.001.
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extracellular RNA ligand to induce the observed anti-HIV
effect. To address this hypothesis, MDMs were treated with
10 nM miRTC14 alone without transfection lipid, transfection
lipid alone, miRTC14 mimic alone, or a mixture of miRTC14
and the lipid. Only the mixture of miRTC14 with lipid
induced a high levels of anti-HIV effect (99.3 6 0.27%, n =
9) (Fig. 3A), indicating that only the transfected miRTC14
prompted the anti-HIV effect. To elucidate whether miRTC14
directly interacts HIVAD8 transcripts as the noncanonical
mechanism,4,5 a target prediction analysis was performed
using 4 prediction tools (miRanda,40 RNA22,41 IntaRNA,42

and RNAHybrid43) with minimum free energy #50 kcal/mol
cutoff. Intriguingly, the analysis revealed that miRTC14
potentially targets HIVAD8 env, gag, pol, and vif genes
(see Fig. 6, Supplemental Digital Content, http://links.lww.
com/QAI/B571). Given the presumed rarity of transfection
into MDMs, despite the result from the prediction analysis,
we hypothesized that the miRTC14-transfected cells may
produce an antiviral soluble factor(s) that inhibits HIV
in trans.

Interferons (IFNs) are a well-investigated anti-HIV
proteins44 and are produced from MDMs on stimulation;

thus, we presumed that the transfected miRTC14 might
induce IFNs and inhibit HIV. To dissect the IFN induction
by miRTC14 transfection, we used a soluble vaccinia virus-
encoded type I-IFN receptor (B18R), previously shown to
have a potent Type-I IFN neutralizing effect.45,46 In the
absence or presence of 1 mg/mL of B18R, miRTC14 trans-
fection was performed, and then the anti-HIV effect was
assessed using MDMs. As a positive control for the
neutralizing effect, cells were treated with 10 units/mL of
IFN-a. In the presence of B18R, the miRTC14-mediated anti-
HIV activity was suppressed (Fig. 3B), suggesting that
miRTC14 induces Type-I IFN.

Based on receptor usages, human IFNs have been
classified into 3 major types (type-I, type-II, and type-III
IFNs). Type-I IFN consists of 5 subtypes, a, b, e, k, and v
and human Type-III IFN comprises 4 l subtypes. Because
type-I and type-III IFNs are secreted from macro-
phages,14,37,47 we quantified the concentrations of not only
type-I but also type-III IFNs in the culture supernatants of
miRTC1 ; miRTC14 or miRCtrl-transfected cells (see Fig.
10, Supplemental Digital Content, http://links.lww.com/QAI/
B571). Preliminary screening experiments showed that

FIGURE 3. miRTC14 significantly induces type-I and type-III IFNs. A, Impact of RNA transfection lipid on the anti-HIV effect.
MDMs were treated with a transfection lipid reagent, lipofectamine RNAiMAX, miRNA (10 nM miRCtrl or miRTC14), or miRNA
with the lipid for 72 hours. The cells were then infected with HIVLuc-V. HIV-infection was monitored by the luciferase activity. The
data are a representative result from 2 independent experiments, the results show mean 6 SD ***P , 0.001. B, MDMs were
transfected with 10 nM miRCtrl or miRTC14 and cultured in the absence or presence of 1 mg/mL of B18R for a total 72 hours. The
transfected cells were infected with HIVLuc-V and then incubated for 48 hours. HIV infection was monitored by the luciferase
activity. As a control, untreated cells or IFN-a (R&D systems)-treated cells were also cultured with or without the B18R. The data
are a representative result from 2 independent experiments, data shown are mean 6 SD (n = 3). ***P , 0.001. C, Quantitation of
concentrations of IFNs in transfection supernatants. MDMs were transfected with 10 nM of miRCtrl or miRTC14 for 72 hours, and,
then, cell-free supernatants were collected. Concentrations of IFN-a, b, and a were determined through ELISA kits. Detection
limits of IFN-as (all subtypes), b, and ls (all subtypes) were 1.25, 1.2, and 15.6 pg/mL, respectively. The box plots show data the
results from 8 donors for IFN-as and IFN-ls and 5 donors for IFN-b.
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miRTC14 was the highest inducer of type I and type III IFNs.
In the supernatants of miRCtrl #1-transfected cells, only IFN-
a was detected at a low level (1.67 6 0.67 pg/mL, n = 8),
whereas all other miRTC mimics (except miRTC10 mimic), 2
different negative control miRNAs (miRCtrl #2 and #3) and a
different form of control small RNA (siRNACtrl) produced
IFNs below a detectable level. In the miRTC14-transfected
supernatants, although a donor dependency was observed in
the induction of IFNs, both type-I and type-III IFNs were
detected: IFN-a (16806 625 pg/mL, n = 8, P, 0.01), IFN-b
(49.9 6 25.0 pg/mL, n = 5, P, 0.05), and IFN-ls (668 6
124 pg/mL, n = 7, P , 0.001) Figure 3C. In the human
genome, IFN-a and IFN-l composed of 13 and 4 subtypes,
respectively. To define which subtypes of IFN genes were
induced by miRTC14, qRT-PCR was performed. The result
demonstrated that miRTC14 significantly enhanced IFNA1,
IFNA2, IFNA8, IFNA13, IFNA14, IFNB, and IFNL1 expres-
sion more than 100-fold (Fig. 4A, B).

To understand the mechanism of the IFN-induction,
potential targets of miRTC14 were predicted using 4 miRNA
prediction tools: miRanda,40 miRDB,48,49 TargetScan,50,51

and MR-microT.52 A total of 1 gene was identified as
common predicted genes by all 4 tools, and 15 genes were
predicted by 3 of the 4 programs (see Fig. 7, Tables 1 and 2,
Supplemental Digital Content, http://links.lww.com/QAI/
B571). We checked the LUC7 such as 3 pre-mRNA splicing
factor (LUC7L3) which is predicted by 4 tools by real-time
PCR assay that demonstrated the LUC7L3 was upregulated
(see Fig. 8, Supplemental Digital Content, http://links.lww.
com/QAI/B571). LUC7L3 is a nuclear protein which is
involved in pre-mRNA splicing.53,54

After cross-referencing with the genes associated with
regulation of IFN activation, 2 genes, histone deacetylase 4
(HDAC4)55,56 and phosphatidylserine synthase 1 (PTDSS1)57

were predicted as potential targets for miRT14. Because both
gene products are known to negatively regulate IFN gene
activation, we expected that miRTC14 could downregulate the

gene expression and subsequently induce the IFN genes
activation. A real-time PCR assay, however, demonstrated that
the expression of both genes was not changed by the miRTC14
in MDMs (see Fig. 9, Supplemental Digital Content, http://
links.lww.com/QAI/B571), implicating that miRTC14 induces
IFNs through some uncharacterized mechanisms.

DISCUSSION
We have previously reported that IL-27 pulse-treatment

of T cells produced HIV-resistant cells without significant
changes in the expression of mRNAs compared with untreated
cells.22 In the current study, to further characterize IL-27 effect
in the T cells, miRNAs profile was analyzed. Although a
profile of known miRNAs did not display significant differ-
ences between 27-Tc and Ctrl-Tc, we discovered a total of 15
novel miRNAs in both cell types. The expression was not
significantly changed by IL-27 treatment. Overexpression of
miRTC14 using mimic miRTC14 into MDMs, but not Ctrl-T
cells, resulted in a robust anti-HIV effect through the induction
of high amounts of multiple subtypes of IFNs. Thus, the
miRTC14 is a novel IFN-inducing anti-viral miRNA, and this
anti-HIV effect is caused by an extensively investigated IFN-
mediated mechanism(s).

A validation assay by qRT-PCR demonstrated that IL-
27 had no impact on the expression of any of novel miRNAs,
and miRTC14 expression in T cells and MDM was relatively
lower than other miRNAs in both cell types. MiRTC14
(GenBank accession number: MF281439) is encoded in the
translocase of the inner mitochondrial membrane 21
(TIMM21) gene on chromosome 8 as an exonic miRNA.
Although the function and regulation of TIMM21 has not
been well investigated yet, a study of the mechanism of
TIMM21 gene regulation may provide a new insight into
miRNA-mediated antiviral effect; therefore, it would be
interesting to monitor miRTC14 expression and TIMM21
expression in HIV-infected patients or other diseases.

Figure 4. miRTC14 induces the activation of multiple subtypes of IFN genes. MDMs were transfected with 10 nM miRCtrl or
miRTC14 and cultured for 48 hours. Total RNAs were extracted from the cells, and real time qRT-PCR was performed using a gene-
specific probe for each subtype of IFNs. Gene expression is presented as relative expression units compared with miRCtrl-trans-
fection after normalization to GAPDH.36 Results represent 6 SE from 3 independent experiments. The inserted table shows the
corresponding P values of all the type of interferon gene expressions.
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RNA transfection induces IFNs from MDMs or other
cell types as an innate-immune response. This induction is
mediated through cytosolic RNA sensors, for example, retinoic
acid-inducible gene I (RIG-I) and melanoma
differentiation–associated gene 5 (MDA5).58,59 RIG-I and
MDA5 recognize short and long RNAs, respectively.60,61 Both
of these RNA sensors are activated under certain conditions
that introduce double-stranded RNA (dsRNA) molecules with
a loop structure with a 59-triphosphate or diphosphate
group.62,63 It has been reported that the minimum required
length of dsRNA for RIG-I is 10–14 bp dsRNA with a stem
loop containing a 59-triphosphate.64,65 In the current study, we
used a synthesized miRTC14 mimic consisting of a 24-bp
dsRNA with neither a loop structure nor the 59 triphosphate.
Although miRCtrl contains the same structure, it had no effect
on the induction of IFNs; therefore, it is plausible that the
mechanism underscoring the induction of IFNs via miRTC14
may be a sequence-dependent and a RIG-I independent
mechanism. The overexpression of miRTC14 in CD4+

T cells had no direct impact on HIV replication; however,
because IFNs inhibit HIV replication in T cells,14 the
replication would be inhibited by a coculture with miRTC14-
transfeced MDMs. To further characterize function of miRTCs,
coculture of HIV-infected T cells66,67 with each miRTC-
transfected MDMs may provide a new set of evidence of
miRTC function. HIV replication may be inhibited by an IFN-
independent manner, such as endosomal transmission68 or
uncharacterized factors from the miRTC-transfected MDMs.
This study may provide a new insight of miRNA function.

A target prediction analysis resulted in that miRTC14
potentially targets HIV genes (see Fig. 6, Supplemental Digital
Content, http://links.lww.com/QAI/B571), suggesting that
miRTC14 may inhibit HIV through not only the IFN-
induction and but also the canonical miRNA mechanism.
MiRTC3 partially suppressed HIVLuc-V infection (single round
infection) by 77 6 5.2% (P , 0.05) within 48 hours, however,
it did not inhibit HIVAD8 replication (multiple round infection)
within14 days after infection. It was assumed that the remaining
HIV infection in the presence of miRTC3 propagated during the
long 14-day incubation, consequently resulting in the detection
of HIV replication. Intriguingly, miRTC5 inhibited HIVAD8 by
82 6 9.0% (P , 0.05) but not HIVLuc-V, presuming that
miRTC5 may interrupt a step of multiple round infection, for
example, assembly or budding step,69,70 or cell-to-cell trans-
fusion step. It is reported that miR-146a interacts Gag and
facilitates Gag degradation, subsequently it inhibits HIV
replication.71 Because a target prediction analysis showed that
miRTC5 targets gag gene with a lower probability, the anti-HIV
effect of miRTC5 may involve an unconventional mechanism as
does miR-146a. Further investigation may reveal the mechanism
behind the anti-HIV effect by miRTC5.

MiRNAs in viral infection can play dual roles either by
helping the body to protect against it or by helping the virus
for infection.72 In our study, we demonstrated that IL-27 did
not enhance the expression of endogenous miRTC14 in
T cells, but when the miRNA was overexpressed in MDMs,
it can initiate a series of IFN induced signaling which inhibit
HIV. The regulation of the expression of miRTC14 in
macrophage may be a potent therapeutic target.

In summary, during a course of analysis of miRNA
profiles in 27-Tc and Ctrl-Tc, we discovered a total of 15
miRNAs and verified that miRTC14 is an IFN-inducing
miRNA. It has been reported that microRNA-30e* is an IFN-
inducing miRNA by the NFk-dependent pathway,73

miRTC14 may prompt the IFN production through a similar
pathway. Further studies are needed to delineate the under-
lying mechanism of this miRNA-mediated IFN induction, and
such studies could also shed light on the regulation of IFN
gene activation and off-target effects of miRNA transfection.

ACKNOWLEDGMENTS
The authors thank HC. Lane for supporting this project

and H. Sui for critical reading. The content of this publication
does not necessarily reflect the reviews or policies of the U.S.
Department of Health and Human Services nor does mention
of trade names, commercial products, or organizations imply
endorsement by the U.S. government. The pNL4.3 and
pNL4-3Luc were obtained from the AIDS reagent program
of the National Institute of Allergy and Infectious Disease
(NIAID), National Institutes of Health, pHIVAD8 was kindly
provided by Dr. M. Martin in NIAID.

REFERENCES
1. Brodersen P, Voinnet O. Revisiting the principles of microRNA target

recognition and mode of action. Nat Rev Mol Cell Biol. 2009;10:
141–148.

2. Betel D, Wilson M, Gabow A, et al. The microRNA.org resource: targets
and expression. Nucleic Acids Res. 2008;36:D149–D153.

3. Friedman RC, Farh KK, Burge CB, et al. Most mammalian mRNAs are
conserved targets of microRNAs. Genome Res. 2009;19:92–105.

4. Lal A, Navarro F, Maher CA, et al. miR-24 Inhibits cell proliferation by
targeting E2F2, MYC, and other cell-cycle genes via binding to
“seedless” 39UTR microRNA recognition elements. Mol Cell. 2009;35:
610–625.

5. Fasanaro P, Romani S, Voellenkle C, et al. ROD1 is a seedless target
gene of hypoxia-induced miR-210. PLoS One. 2012;7:e44651.

6. Alles J, Fehlmann T, Fischer U, et al. An estimate of the total number of
true human miRNAs. Nucleic Acids Res. 2019;47:3353–3364.

7. Guo Y, Cao W, Zhu Y. Immunoregulatory functions of the IL-12 family
of cytokines in antiviral systems. Viruses. 2019;11:772.

8. Swaminathan S, Dai L, Lane HC, et al. Evaluating the potential of IL-27
as a novel therapeutic agent in HIV-1 infection. Cytokine Growth Factor
Rev. 2013;24:571–577.

9. Yoshida H, Hunter CA. The immunobiology of interleukin-27. Annu Rev
Immunol. 2015;33:417–443.

10. Sun L, He C, Nair L, et al. Interleukin 12 (IL-12) family cytokines: role
in immune pathogenesis and treatment of CNS autoimmune disease.
Cytokine. 2015;75:249–255.

11. Pflanz S, Timans JC, Cheung J, et al. IL-27, a heterodimeric cytokine
composed of EBI3 and p28 protein, induces proliferation of naive
CD4(+) T cells. Immunity. 2002;16:779–790.

12. Fakruddin JM, Lempicki RA, Gorelick RJ, et al. Noninfectious
papilloma virus-like particles inhibit HIV-1 replication: implications for
immune control of HIV-1 infection by IL-27. Blood. 2007;109:
1841–1849.

13. Guzzo C, Jung M, Graveline A, et al. IL-27 increases BST-2 expression
in human monocytes and T cells independently of type I IFN. Sci Rep.
2012;2:974.

14. Imamichi T, Yang J, Huang DW, et al. IL-27, a novel anti-HIV cytokine,
activates multiple interferon-inducible genes in macrophages. AIDS.
2008;22:39–45.

15. Chen Q, Swaminathan S, Yang D, et al. Interleukin-27 is a potent
inhibitor of cis HIV-1 replication in monocyte-derived dendritic cells via
a type I interferon-independent pathway. PLoS One. 2013;8:e59194.

Discovery of a Novel Interferon-Inducing MicroRNAJ Acquir Immune Defic Syndr � Volume 86, Number 3, March 1, 2021

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. www.jaids.com | 385

http://links.lww.com/QAI/B571


16. Frank AC, Zhang X, Katsounas A, et al. Interleukin-27, an anti-HIV-1
cytokine, inhibits replication of hepatitis C virus. J Interferon Cytokine
Res. 2010;30:427–431.

17. Cao Y, Zhang R, Zhang W, et al. IL-27, a cytokine, and IFN-lambda1, a
type III IFN, are coordinated to regulate virus replication through type I
IFN. J Immunol. 2014;192:691–703.

18. Dai L, Lidie KB, Chen Q, et al. IL-27 inhibits HIV-1 infection in human
macrophages by down-regulating host factor SPTBN1 during monocyte
to macrophage differentiation. J Exp Med. 2013;210:517–534.

19. Garg A, Trout R, Spector SA. Human immunodeficiency virus type-1
myeloid derived suppressor cells inhibit cytomegalovirus inflammation
through interleukin-27 and B7-H4. Sci Rep. 2017;7:44485.

20. Swaminathan S, Hu X, Zheng X, et al. Interleukin-27 treated human
macrophages induce the expression of novel microRNAs which may
mediate anti-viral properties. Biochem Biophys Res Commun. 2013;434:
228–234.

21. Hu X, Chen Q, Sowrirajan B, et al. Genome-Wide analyses of
MicroRNA profiling in interleukin-27 treated monocyte-derived human
dendritic cells using deep sequencing: a pilot study. Int J Mol Sci. 2017;
18:925.

22. Poudyal D, Yang J, Chen Q, et al. IL-27 posttranslationally regulates
Y-box binding protein-1 to inhibit HIV-1 replication in human CD4+
T cells. AIDS. 2019;33:1819–1830.

23. Weydert C, van Heertum B, Dirix L, et al. Y-box-binding protein 1
supports the early and late steps of HIV replication. PLoS One. 2018;13:
e0200080.

24. Imamichi T, Yang J, Huang da W, et al. Interleukin-27 induces
interferon-inducible genes: analysis of gene expression profiles using
Affymetrix microarray and DAVID.Methods Mol Biol. 2012;820:25–53.

25. Theodore TS, Englund G, Buckler-White A, et al. Construction and
characterization of a stable full-length macrophage-tropic HIV type 1
molecular clone that directs the production of high titers of progeny
virions. AIDS Res Hum Retroviruses. 1996;12:191–194.

26. Adachi A, Gendelman HE, Koenig S, et al. Production of acquired
immunodeficiency syndrome-associated retrovirus in human and non-
human cells transfected with an infectious molecular clone. J Virol. 1986;
59:284–291.

27. Imamichi T, Berg SC, Imamichi H, et al. Relative replication fitness of a
high-level 39-azido-39-deoxythymidine-resistant variant of human immu-
nodeficiency virus type 1 possessing an amino acid deletion at codon 67
and a novel substitution (Thr–.Gly) at codon 69. J Virol. 2000;74:
10958–10964.

28. Connor RI, Chen BK, Choe S, et al. Vpr is required for efficient
replication of human immunodeficiency virus type-1 in mononuclear
phagocytes. Virology. 1995;206:935–944.

29. He J, Choe S, Walker R, et al. Human immunodeficiency virus type 1
viral protein R (Vpr) arrests cells in the G2 phase of the cell cycle by
inhibiting p34cdc2 activity. J Virol. 1995;69:6705–6711.

30. Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet J. 2011;17:10–12.

31. Li H, Durbin R. Fast and accurate long-read alignment with Burrows-
Wheeler transform. Bioinformatics. 2010;26:589–595.

32. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for
comparing genomic features. Bioinformatics. 2010;26:841–842.

33. Griffiths-Jones S, Grocock RJ, van Dongen S, et al. miRBase: microRNA
sequences, targets and gene nomenclature. Nucleic Acids Res. 2006;34:
D140–D144.

34. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor
package for differential expression analysis of digital gene expression
data. Bioinformatics. 2010;26:139–140.

35. Bentley AR, Sung YJ, Brown MR, et al. Multi-ancestry genome-wide
gene-smoking interaction study of 387,272 individuals identifies new loci
associated with serum lipids. Nat Genet. 2019;51:636–648.

36. Zhang X, Brann TW, Zhou M, et al. Cutting edge: Ku70 is a novel
cytosolic DNA sensor that induces type III rather than type I IFN. J
Immunol. 2011;186:4541–4545.

37. Sui H, Zhou M, Chen Q, et al. siRNA enhances DNA-mediated
interferon lambda-1 response through crosstalk between RIG-I and
IFI16 signalling pathway. Nucleic Acids Res. 2014;42:583–598.

38. Maurisse R, De Semir D, Emamekhoo H, et al. Comparative transfection
of DNA into primary and transformed mammalian cells from different
lineages. BMC Biotechnol. 2010;10:9.

39. Gresch O, Altrogge L. Transfection of difficult-to-transfect primary
mammalian cells. Methods Mol Biol. 2012;801:65–74.

40. John B, Enright AJ, Aravin A, et al. Human MicroRNA targets. PLoS
Biol. 2004;2:e363.

41. Miranda KC, Huynh T, Tay Y, et al. A pattern-based method for the
identification of MicroRNA binding sites and their corresponding
heteroduplexes. Cell. 2006;126:1203–1217.

42. Mann M, Wright PR, Backofen R. IntaRNA 2.0: enhanced and custom-
izable prediction of RNA-RNA interactions. Nucleic Acids Res. 2017;45:
W435–w439.

43. Rehmsmeier M, Steffen P, Hochsmann M, et al. Fast and effective
prediction of microRNA/target duplexes. RNA. 2004;10:1507–1517.

44. Pitha PM. Multiple effects of interferon on the replication of human
immunodeficiency virus type 1. Antiviral Res. 1994;24:205–219.

45. Bego MG, Mercier J, Cohen EA. Virus-activated interferon regulatory
factor 7 upregulates expression of the interferon-regulated BST2 gene
independently of interferon signaling. J Virol. 2012;86:3513–3527.

46. Symons JA, Alcami A, Smith GL. Vaccinia virus encodes a soluble type
I interferon receptor of novel structure and broad species specificity. Cell.
1995;81:551–560.

47. Hou W, Wang X, Ye L, et al. Lambda interferon inhibits human
immunodeficiency virus type 1 infection of macrophages. J Virol. 2009;
83:3834–3842.

48. Wang X. miRDB: a microRNA target prediction and functional
annotation database with a wiki interface. RNA. 2008;14:1012–1017.

49. Liu W, Wang X. Prediction of functional microRNA targets by
integrative modeling of microRNA binding and target expression data.
Genome Biol. 2019;20:18.

50. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked
by adenosines, indicates that thousands of human genes are microRNA
targets. Cell. 2005;120:15–20.

51. Agarwal V, Bell GW, Nam JW, et al. Predicting effective microRNA
target sites in mammalian mRNAs. Elife. 2015;4:e05005.

52. Reczko M, Maragkakis M, Alexiou P, et al. Functional microRNA
targets in protein coding sequences. Bioinformatics. 2012;28:771–776.

53. Fortes P, Bilbao-Cortes D, Fornerod M, et al. Luc7p, a novel yeast U1
snRNP protein with a role in 59 splice site recognition. Genes Dev. 1999;
13:2425–2438.

54. Puig O, Bragado-Nilsson E, Koski T, et al. The U1 snRNP-associated
factor Luc7p affects 59 splice site selection in yeast and human. Nucleic
Acids Res. 2007;35:5874–5885.

55. Yang Q, Tang J, Pei R, et al. Host HDAC4 regulates the antiviral
response by inhibiting the phosphorylation of IRF3. J Mol Cell Biol.
2019;11:158–169.

56. Lu Y, Stuart JH, Talbot-Cooper C, et al. Histone deacetylase 4 promotes
type I interferon signaling, restricts DNA viruses, and is degraded via
vaccinia virus protein C6. Proc Natl Acad Sci U S A. 2019;116:
11997–12006.

57. Patrick Younan MI. Disruption of phosphatidylserine synthesis or
trafficking reduces infectivity of ebola virus. J Infect Dis. 2018:
S475–S485.

58. Takeuchi O, Akira S. MDA5/RIG-I and virus recognition. Curr Opin
Immunol. 2008;20:17–22.

59. Ramos HJ, Gale M Jr. RIG-I like receptors and their signaling crosstalk
in the regulation of antiviral immunity. Curr Opin Virol. 2011;1:
167–176.

60. Kato H, Takeuchi O, Sato S, et al. Differential roles of MDA5 and RIG-I
helicases in the recognition of RNA viruses. Nature. 2006;441:101–105.

61. Loo YM, Fornek J, Crochet N, et al. Distinct RIG-I and MDA5 signaling
by RNA viruses in innate immunity. J Virol. 2008;82:335–345.

62. Devarkar SC, Wang C, Miller MT, et al. Structural basis for m7G
recognition and 29-O-methyl discrimination in capped RNAs by the
innate immune receptor RIG-I. Proc Natl Acad Sci U S A. 2016;113:
596–601.

63. Weber M, Sediri H, Felgenhauer U, et al. Influenza virus adaptation
PB2-627K modulates nucleocapsid inhibition by the pathogen sensor
RIG-I. Cell Host Microbe. 2015;17:309–319.

64. Kohlway A, Luo D, Rawling DC, et al. Defining the functional
determinants for RNA surveillance by RIG-I. EMBO Rep. 2013;14:
772–779.

65. Linehan MM, Dickey TH, Molinari ES, et al. A minimal RNA ligand for
potent RIG-I activation in living mice. Sci Adv. 2018;4:e1701854.

Goswami et al J Acquir Immune Defic Syndr � Volume 86, Number 3, March 1, 2021

386 | www.jaids.com Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc.



66. Giese S, Marsh M. Tetherin can restrict cell-free and cell-cell transmission of
HIV from primary macrophages to T cells. PLoS Pathog. 2014;10:e1004189.

67. Groot F, Welsch S, Sattentau QJ. Efficient HIV-1 transmission from
macrophages to T cells across transient virological synapses. Blood.
2008;111:4660–4663.

68. Zhou J, Li X, Wu X, et al. Exosomes released from tumor-associated
macrophages transfer miRNAs that induce a treg/Th17 cell imbalance in
epithelial ovarian cancer. Cancer Immunol Res. 2018;6:1578–1592.

69. Bush DL, Vogt VM. In Vitro assembly of retroviruses. Annu Rev Virol.
2014;1:561–580.

70. Coffin JM, Hughes SH, Varmus HE, eds. Retroviruses. Cold Spring
Harbor, NY: Cold Spring Harbor Laboratory Press; 1997.

71. Chen AK, Sengupta P, Waki K, et al. MicroRNA binding to the HIV-1
Gag protein inhibits Gag assembly and virus production. Proc Natl Acad
Sci U S A. 2014;111:E2676–E2683.

72. Girardi E, Lopez P, Pfeffer S. On the importance of host MicroRNAs
during viral infection. Front Genet. 2018;9:439.

73. Zhu X, He Z, Hu Y, et al. MicroRNA-30e* suppresses dengue virus
replication by promoting NF-kappaB-dependent IFN production. PLoS
Negl Trop Dis. 2014;8:e3088.

74. Swaminathan S, Sui H, Adelsberger JW, et al. HIV-1 treated patients
with undetectable viral loads have lower levels of innate immune
responses via cytosolic DNA sensing systems compared with healthy
uninfected controls. J AIDS Clin Res. 2014;5:315.

ERRATUM

Bacterial Vaginosis and Risk of HIV Infection in the Context of CD101 Gene Variation: Erratum

In the December 15, 2020 issue of JAIDS, the license for the article by Wanga et al (Bacterial Vaginosis and Risk of HIV
Infection in the Context of CD101 Gene Variation. JAIDS 2020;85(5):584-587) has been changed in compliance with
funding requirements. The article is published under the creative commons license CC BY.
This has been corrected online.
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