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ABSTRACT Persistent immune activation during chronic human immunodeficiency vi-
rus type 1 (HIV-1) infection facilitates immune dysfunction and thereby fuels disease pro-
gression. The translocation of bacterial derivatives into blood and the hyperinflammatory
responsiveness of monocytes have been considered important causative factors for per-
sistent immune activation. Whether microRNAs (miRNAs) are involved in regulat-
ing monocyte-mediated inflammatory responses during chronic HIV-1 infection re-
mains elusive. In this study, we show that miR-126-5p functions as a positive regulator
of monocyte-mediated inflammatory responses. Significantly increased miRNA miR-
126-5p and decreased cylindromatosis (CYLD) were observed in primary monocytes
from chronic HIV-1 patients. Inhibition of miR-126-5p in monocytes from chronic HIV-1
patients attenuated the responsiveness of these cells to lipopolysaccharide (LPS) stimula-
tion. Gain-of-function assays confirmed that miR-126-5p could downregulate CYLD,
which in turn caused an upregulation of phosphorylation of JNK protein (pJNK) and en-
hanced inflammatory responses of monocytes to LPS stimulation. Overall, miR-126-5p
upregulates the responsiveness of monocytes to LPS stimulation in chronic HIV-1 infec-
tion, and the suppression of miR-126-5p and the promotion of CYLD expression in pri-
mary monocytes may represent a practical immune intervention strategy to contain per-
sistent inflammation in chronic HIV-1 infection.

IMPORTANCE Monocyte-mediated hyperinflammatory responses during chronic HIV-1
infection are important causative factors driving AIDS progression; however, the underly-
ing mechanism has not been fully addressed. We demonstrated that miR-126-5p,
one of the most upregulated miRNAs during chronic HIV-1 infection, could en-
hance the inflammatory responses of monocytes to LPS by suppressing the in-
hibitory protein CYLD and thereby unleashing the expression of pJNK in the LPS/
Toll-like receptor 4/mitogen-activated protein kinase pathway. This observation
reveals a new mechanism for HIV-1 pathogenesis, which could be targeted by
immune intervention.
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IDS progression is fueled by chronic immune hyperactivation mediated by inflam-
matory cytokines (1-5). Monocyte activation and inflammation are commonly
found in chronic human immunodeficiency virus type 1 (HIV-1) patients (6-11). The
translocation of bacterial derivatives from the compromised gastrointestinal (Gl) tract
into the blood observed in chronic HIV-infected subjects (1, 5, 12) and the hyperre-
sponsiveness of monocytes to lipopolysaccharide (LPS) have been considered impor-
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tant causative factors for persistent immune activation (6, 13). Preexposure of mono-
cytes to Toll-like receptor 7/8 (TLR7/8) ligands derived from HIV-1 single-stranded RNA
(ssRNA) (14, 15) and upregulated TLR2 expression on monocytes (16) could enhance
the inflammatory responsiveness of these cells. In addition, skewed differentiation of
monocytes into proinflammatory CD16* monocytes and tumor necrosis factor alpha
(TNF-a)-producing M-DC8* CD14" CD16**+ monocytes during chronic HIV-1 infection
have been observed in the presence of HIV-1 viremia compared to that observed in
HIV-1 seronegative subjects (7, 9, 17). Effective antiretroviral therapy (ART) successfully
suppresses HIV-1 replication but fails to normalize monocyte activation/inflammation
(3, 18-21). Our previous report shows that interferon-stimulated gene lymphocyte
antigen complex 6, locus E (LY6E), in monocytes regulates the CD14/TLR4 pathway but
inadequately restrains the hyperactivation of monocytes during chronic HIV-1 infection
(13), indicating the presence of additional mechanisms to promote the inflammatory
responses of monocytes.

MicroRNAs (miRNAs) are ~22-nucleotide (nt)-long small RNAs that are important
regulators of mRNA turnover and translation. The importance of miRNAs in HIV-1
infection, particularly in interpreting the replication restriction of HIV-1 in primary
monocytes and resting primary CD4™ T lymphocytes, has been well established (22—
29). miRNAs, such as miR-21 (30), miR-146a (31), and miR-155 (32), are important
regulators in the TLR4 pathway and exert their influence by targeting multiple sites
in the signaling cascade, but little is known about the role of miRNAs in regulating
the immune response during chronic HIV-1 infection in monocytes, an important
source of inflammatory cytokines. We hypothesized that miRNAs play a critical role
in regulating monocyte-mediated inflammatory responses and enhanced immune
activation, thereby facilitating disease progression.

In the current study, we used small-RNA sequencing-based miRNA profiling to
explore the miRNAs that are differentially expressed in healthy donors and HIV-1
patients who are naive to ART treatment and found that miR-126-5p was one of the
most significantly upregulated miRNAs in monocytes derived from chronic HIV-1-
infected patients. Inhibition of miR-126-5p expression in monocytes from chronic HIV-1
patients attenuated the responsiveness to LPS stimulation. Furthermore, we revealed
that the miR-126-5p-CYLD-JNK pathway is engaged in and plays an important role in
the regulation of monocyte-mediated inflammatory responses during chronic HIV-1
infection.

RESULTS

Upregulation of miR-126-5p in monocytes correlates with HIV-1 disease pro-
gression. We profiled miRNA expression using lon Torrent PGM and observed that the
majority of the known miRNAs were dysregulated in purified CD14™ monocytes from
chronic HIV-1 patients compared with those from healthy donors (data not shown).
Eight miRNAs showed a 50-fold change (adjusted P value of <0.05); miR-126-5p was
one of the most upregulated miRNAs. Because previous studies have demonstrated
that miR-126-3p is engaged in the TLR4 signaling pathway and miR-126-5p usually
plays a synergistic role with miR-126-3p (33-35), we postulated that miR-126-5p plays
a role similar to that of miR-126-3p in the LPS/TLR4 pathway. Given that the LPS/TLR4
pathway plays an important role in the pathogenesis of HIV-1 infection, we considered
the priority was to focus on deciphering the role of miR-126-5p in all eight miRNAs.
Therefore, we further validated the significant differences in miR-126-5p expression
between chronic HIV-1 patients and healthy donors using a quantitative PCR (qPCR)
assay (Fig. TA). We also examined miR-126-5p expression in CD14* monocytes in
relation to the clinical parameters of HIV-1 disease progression. In a cross-sectional
study, miR-126-5p expression in purified CD14™ monocytes was inversely correlated
with the absolute CD4™ T cell counts and positively correlated with the viral loads (the
viral load of one patient was not detected) (Fig. 1B and C). As the purity of CD14"
monocytes in our study exceeded 97% based on CD14 staining, the predominant
miR-126-5p quantified was likely derived from monocytes, although we were unable to
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FIG 1 miR-126-5p is significantly upregulated in primary monocytes during chronic HIV-1 infection and correlated with disease progression. (A) miR-126-5p
expression is significantly increased during chronic HIV-1 infection. The expression of miR-126-5p was quantified by qPCR and normalized to the expression
of U6 in each sample. (B) The inverse correlation of miR-126-5p expression in monocytes with CD4* T cell counts. The expression levels of miR-126-5p were
used to perform the correlation analysis with CD4+ T cell counts, and a significant negative correlation was observed (rho = —0.53, P = 0.039). (C) The
correlation of miR-126-5p expression in monocytes with plasma viral loads. The expression levels of miR-126-5p were used to perform the association with
plasma viral loads, and a significant association was observed (rho = 0.58, P = 0.03). (D) An example of a dot plot analysis of three monocyte subsets: CD14+*
CD16~ (classical) monocytes, CD14* CD16** (nonclassical) monocytes, and CD14+* CD16* (intermediate) monocytes. (E) HIV-1 infection resulted in increased
levels of nonclassical and intermediate monocyte subsets, and ART mainly reduces the level of nonclassical monocytes. The percentages of the three monocyte
subsets were obtained from HIV~ (HIV-1 seronegative; n = 16), ART— (HIV-1 infected, naive to ART; n = 9), and ART+ (HIV-1 infected, ART treated; n = 12)
subjects and averaged into groups; the constituent ratios then were calculated using the averaged data and plotted. (F) miR-126-5p is primarily upregulated
in nonclassical monocytes. gPCR was performed on three monocyte subsets (CD14** CD16~, CD14* CD16**, and CD14*+ CD16") derived from the ART—
(n = 5) and HIV= (n = 5) groups, and the data were averaged by groups. n.s, not significant.

exclude the possibility of contamination by predominant endothelial cells (ECs), which
have been reported as the main source of the miR-126-3p/5p cluster (35-38).

As noted above, human monocyte subsets can be classified by flow cytometry
based on the expression of CD14 and CD16. The majority of monocytes express CD14
but not CD16 (CD14+*+ CD167), and those expressing CD16 can be further subdivided
into two subpopulations as CD14*+ CD16™ cells and CD14* CD16** cells (Fig. 1D).
CD16™" monocytes are well known to play a pivotal role in TNF-a overproduction in
response to LPS stimulation, and higher frequencies of CD14"+ CD16* and CD14*
CD16** cells were identified in chronic HIV-1 patients than in healthy donors (Fig. 1E).
We quantified the expression of miR-126-5p in three monocyte subsets to exclude the
possibility that the elevated miR-126-5p level was due to the perturbation of monocyte
subsets and identified that miR-126-5p was significantly upregulated in CD14+ CD16+*
monocytes but not CD14+*+ CD16~ monocytes and CD14** CD16™ monocytes in
HIV-1 patients (Fig. 1F). Previous studies have demonstrated that miR-126-5p is an
intronic product of the vascular endothelial epidermal growth factor-like domain 7
(EGFL7) in ECs (38, 39). The expression of EGFL7 and its coexpression with miR-126-5p
in primary monocytes requires further investigation.
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FIG 2 miR-126-5p upregulates TNF-a production in LPS-stimulated primary monocytes. (A) HIV-1 infection resulted in increased TNF-a production of monocytes
in response to LPS stimulation. Examples of TNF-a production of monocytes with and without LPS stimulation are shown on the left. PBMCs from the HIV—
(n =9), ART~ (n = 8), and ART* (n = 8) groups were stimulated with LPS (100 ng/ml) for 20 h. TNF-a production in monocytes was quantified by gating
CD14~-positive cells in a flow cytometry-based intracellular staining assay and statistically calculated by groups. TNF-a production is significantly higher in the
ART~ (P < 0.0001) and ART* (P = 0.02) than in the HIV~ group. ART treatment significantly reduces TNF-«a production (P = 0.03 for the ART~ group versus
the ART™" group). (B) TNF-a production is significantly upregulated in nonclassical monocytes. TNF-« production was quantified as described above; nonclassical
monocytes were gated as CD14+ CD16**, and TNF-a production in this subset was compared between the HIV-1-seronegative and HIV-1-infected groups. (C)
Overexpression of miR-126-5p in primary monocytes derived from the HIV~ subjects profoundly enhances TNF-a production. Here, 1 X 10° transfected
monocytes were stimulated with LPS (100 ng/ml) for 20 h, and the supernatants were collected for TNF-« analysis. The level of TNF-a was quantified by ELISA.
The results shown on the left were from three independent experiments in one donor, and the production of TNF-« in response to LPS stimulation in three
donors is shown on the right. (D) Effective transfection of miR-126-5p mimic in primary monocytes was observed. Primary monocytes derived from the HIV~
group were electrotransfected with control or miR-126-5p mimic, and the transfection efficacy was determined by gPCR.

miR-126-5p upregulates TNF-a production in LPS-stimulated monocytes. Hy-
peractivation of CD14™ monocytes upon LPS/TLR4 stimulation during chronic HIV-1
infection has been reported previously. We compared the production of TNF-« in
monocytes purified from healthy donors (HIV™), HIV-1* naive to ART (ART), and
ART-treated HIV-1 patients (ART™) in the absence or presence of LPS stimulation. As
shown in Fig. 2A, the percentage of TNF-a™ monocytes that responded to LPS
stimulation was profoundly increased in ART-naive patients compared with healthy
donors (P < 0.001) and was less significantly increased in patients who were effectively
treated with ART (P = 0.02). We further confirmed that CD14* CD16" " monocytes
from ART-naive HIV-1 patients produced significantly more TNF-« in response to LPS
than those from HIV-1 seronegative healthy controls (Fig. 2B). To determine whether
the overexpression of miR-126-5p influenced the responses of monocytes to LPS
stimulation, we electrotransfected primary monocytes purified from healthy donors
with miR-126-5p mimic (Fig. 2C, left) and then stimulated the monocytes with LPS.
Interestingly, miR-126-5p-overexpressing monocytes produced significantly higher lev-
els of TNF-« than the control mimic-transfected monocyte cells (Fig. 2C, right). The
efficiency of miR-126-5p overexpression was determined by gPCR as shown in Fig. 2D.
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These data demonstrated that higher expression of miR-126-5p in monocytes during
HIV-1 infection resulted in the upregulation of TNF-« in response to LPS stimulation.

CYLD is a candidate target of miR-126-5p. We next sought to identify the target
genes of miR-126-5p. In silico analyses provided several gene candidates, including
CYLD (a protein that belongs to the A20 family), NLR family CARD domain-containing
3 (NLRC3), suppressor of cytokine signaling 1 (SOCS1), TNFAIP3 interacting protein 1
(TNIP1), and protein tyrosine phosphatase, nonreceptor type 6 (SHP1), which are also
involved in regulating the LPS/TLR4/nuclear factor kappa-light-chain enhancer of acti-
vated B cells (NF-kB)/mitogen-activated kinase (MAPK) signaling pathways. We found
that overexpression of miR-126-5p significantly decreased the expression of CYLD (Fig.
3A) and SOCS1 but not NLRC3, TNIP1, or SHP1 in monocytes purified from healthy
donors (data not shown). We next concentrated on the regulatory role of miR-126-5p
on CYLD and SOCS1. We constructed reporter plasmids by replacing the 3'-untranslated
region (3'UTR) of firefly luciferase with the 3’"UTR of CYLD or SOCS1. A three-base-pair
mutation (mutant mimic) was introduced into miR-126-5p mimic as a further control
(shown at the top of Fig. 3B). After transfection of 293T cells with the miR-126-5p mimic,
miR-126-5p mutant mimic, control inhibitor, or miR-126-5p inhibitor, we observed that
the miR-126-5p mimic markedly decreased the expression of luciferase in 293T cells
cotransfected with pMIR-REPORT vector containing the 3'UTR of CYLD (Fig. 3B) or
SOCS1 (data not shown), whereas miR-126-5p inhibitor profoundly increased luciferase
expression in 293T cells cotransfected with pMIR-REPORT vector containing the CYLD
3'UTR (Fig. 3B). In contrast, there was no significant difference between the expres-
sion of luciferase in 293T cells transfected with miR-126-5p mutant mimic and
control mimic. Furthermore, immunoblot analyses showed that forced expression of
miR-126-5p repressed the expression of CYLD in primary monocytes (Fig. 3C).

Because CYLD, a target of miR-126-5p, has been previously shown to be involved in
the negative regulation of JNK signaling (40), we hypothesized that the CYLD-mediated
attenuation of pJNK could be released by miR-126-5p. To test this hypothesis, we
isolated primary monocytes from healthy donors and overexpressed miR-126-5p in
these cells. Importantly, the overexpression of miR-126-5p significantly increased pJNK2
levels in primary monocytes from healthy donors (Fig. 3D). Overall, these data dem-
onstrated that miR-126-5p could activate the MAPK signaling pathway by upregulating
pJNK through the inhibition of CYLD expression, thereby enhancing TLR4 responsive-
ness.

CYLD negatively regulates TNF-a secretion in monocytes in response to LPS
stimulation. CYLD acts as a negative regulator for Toll-like receptor 2 signaling via
negative cross talk with TNF receptor-associated factor 6 (TRAF6) and TRAF7 in 293T cell
lines and other cell types (41-44). Whether CYLD regulates TLR4 signaling in monocytes
remains unclear. Transient knockdown of CYLD by siRNA resulted in a significant
increase in TNF-« secretion in THP-1 cells (Fig. 3E). We also established an in vitro model
via stable knockdown of CYLD expression in THP-1-shCYLD cell lines. Significantly
higher levels of TNF-a secretion in response to LPS stimulation were observed in
THP-1-shCYLD cells as early as 3 h after LPS treatment and through 20 h (data not
shown). The production of other inflammatory cytokines, especially interleukin-13
(IL-1B), was also significantly increased in THP-1-shCYLD cells (data not shown). In
addition, the function of CYLD in regulating TLR4 responsiveness was further confirmed
in primary monocytes (Fig. 4F).

The CYLD/miR-126-5p/JNK axis is involved in monocyte hyperactivation during
HIV-1 infection. As miR-126-5p is dramatically increased in monocytes during HIV-1
infection and CYLD is the candidate primary target gene for miR-126-5p, we rational-
ized that CYLD should be downregulated during HIV-1 infection. To confirm this
hypothesis, we determined the expression of CYLD in HIV-1 patients who were naive to
ART by Western blotting and observed that CYLD was significantly downregulated in
monocytes from HIV-1 patients who were naive to ART compared to monocytes from
healthy donors (Fig. 4A). To confirm the regulatory role of CYLD in monocytes from
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FIG 3 CYLD is targeted by miR-126-5p and is involved in the regulation of the inflammatory response to LPS stimulation in monocytes. (A) Overexpression of
miR-126-5p resulted in a significant decrease in CYLD expression. Overexpression of miR-126-5p for 72 h was performed in primary monocytes (n = 6), and
the expression of CYLD, the predicted target gene of miR-126-5p, was quantified by qPCR. As shown, overexpression of miR-126-5p resulted in a significant
decrease in CYLD expression. (B) miR-126-5p regulates CYLD 3'UTR activity. The CYLD 3'UTR was placed into a reporter plasmid carrying a luciferase-encoding
gene, and 293T cells were cotransfected with reporter plasmids and miR-126-5p mimic or miR-126-5p inhibitor for 48 h. (Left) As shown, overexpression of
miR-126-5p resulted in a reduction in luciferase activity, whereas overexpression of the miR-126-5p mutant (containing three unmatched base pairs) failed to
do so. (Right) In contrast, inhibition of miR-126-5p increased the luciferase activity. (C) Overexpression of miR-126-5p resulted in a decrease in CYLD protein
expression in monocytes. CYLD protein expression was determined by Western blotting in primary monocytes that were electrotransfected with miR-126-5p
mimic or control for 72 h. Overexpression of miR-126-5p resulted in a decrease in CYLD protein expression in monocytes. R.S.l, relative signal intensity. (D)
Overexpression of miR-126-5p causes an increase in JNK2 phosphorylation in primary monocytes. Western blot analyses were performed to assess JNK
phosphorylation in primary monocytes that were electrotransfected with miR-126-5p mimic or control mimic for 72 h and are shown as an example (left) and
as R.S.I. (right). Experiments were performed in three individuals. (E) Transient knockdown of CYLD in THP-1 cells causes enhanced TNF-a production. (Left) CYLD
expression and JNK phosphorylation in THP-1 cells with transient knockdown and their parental cells were analyzed by Western blotting 72 h after transient
transfection with CYLD siRNA. (Right) TNF-a production in supernatants collected at 3, 6, and 20 h after LPS (100 ng/ml) stimulation was quantified by ELISA,
and 2 X 10° THP-1 cells with transient knockdown of CYLD produced significantly more TNF-« than their controls. (F) Transient knockdown of CYLD in primary
CD14* monocytes (n = 6) resulted in increased TNF-a production. (Right) TNF-a production in the supernatants collected at 6 h after LPS (100 ng/ml)
stimulation in 1 X 10° transfected monocytes was quantified by ELISA. (Left, upper) CYLD expression in the transient knockdown primary monocytes and their
parental cells was analyzed by Western blotting 72 h after transient transfection with CYLD siRNA. (Left, lower) The representative pattern is shown.

HIV-1 patients, we overexpressed CYLD by electrotransfecting monocytes from HIV-1
patients with CYLD-encoding plasmids (pCDNA3.1-CYLD) according to transfection
methods reported previously (45). As shown in Fig. 4, overexpression of CYLD in
primary monocytes from HIV-1 patients who were naive to ART resulted in a significant
reduction of not only TNF-a but also IL-1p, IL-6, and IL-8 production in response to LPS
stimulation (Fig. 4B). To corroborate the regulatory role of miR-126-5p in monocytes
during HIV-1 infection, we transfected monocytes from ART-naive patients with the
miR-126-5p antagomir and observed that pJNK1/2 was decreased along with increased
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FIG 4 miR-126-5p/CYLD/JNK axis regulates the responses of monocytes to LPS stimulation during chronic HIV-1 infection. (A) HIV-1 infection resulted in a
reduction in CYLD protein. Western blot analyses of CYLD protein in monocytes from ART~ individuals (n = 10) were compared with that from HIV~ individuals
(n = 8), shown as an example (left) and as R.S.I. (right). (B) Overexpression of CYLD in primary monocytes (n = 5) derived from the ART~ group suppresses their
inflammatory responses to LPS stimulation. The supernatants were collected at 6 h after LPS (100 ng/ml) stimulation of 5 X 10% primary monocytes transfected
with pcDNA3.1-CYLD (codon optimization) plasmids or pcDNA3.1 plasmids for 72 h. The levels of TNF-¢, IL-6, IL-13, and IL-8 were quantified using BioLegend
LEGENDplex CBA. (C) Inhibition of miR-126-5p increases CYLD protein expression and decreases JNK phosphorylation in monocytes from the ART~ group.
Expression of CYLD protein and JNK phosphorylation were analyzed by Western blotting in primary monocytes that were electrotransfected with control
antagomir or miR-126-5p antagomir for 72 h. Transfection of the miR-126-5p antagomir resulted in an increase in CYLD protein levels and a decrease in
phosphorylated JNK levels. (D) Downregulation of miR-126-5p in monocytes from the ART~ group resulted in decreased TNF-a production. Monocytes from
the ART~ group (n = 3) were electrotransfected with either the control antagomir or the miR-126-5p antagomir; supernatants were collected at 12 h after LPS
(100 ng/ml) stimulation of 5 X 104 transfected monocytes. The downregulation of miR-126-5p was detected by qPCR and is shown on the right.

expression of CYLD (Fig. 4C), and the production of TNF-a was blunted upon LPS
stimulation (Fig. 4D).

Altogether, our data demonstrated that CYLD is a negative regulator of the LPS/TLR4
signaling pathway, and suppression of CYLD by miR-126-5p in chronic HIV-1 infection
could lead to an upregulation of LPS/TLR4 pathway responses via JNK phosphorylation.

DISCUSSION

HIV-1 infection results in damage to the host immune system with a progressive loss
of CD4* T cells and ultimately the development of AIDS, which has been associated
with persistent immune activation (1, 46). Microbial and LPS translocation from the
gastrointestinal tract to the blood has been considered to be the causative factor for
the persistent immune activation (1, 2, 4, 47, 48). Monocytes, as the primary target cells
for LPS, have been observed to be hypersensitive to LPS stimulation and to produce
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markedly more inflammatory cytokines during HIV-1 infection than monocytes derived
from HIV-1-seronegative subjects (7-9, 11, 14, 15); however, the underlying mechanism
remains elusive. In the current study, we identified miR-126-5p as an important
regulator of monocyte-mediated inflammatory responses to LPS stimulation. The up-
regulation of miR-126-5p expression during HIV-1 infection is likely to result in the
downregulation of CYLD and thereby lead to removal of the blockade of the MAPK
pathway in primary monocytes. Overall, our data demonstrated that the miRNA can
heavily engage in the regulation of innate immune responses and thereby influence
disease progression.

Preexposure of monocytes to the TLR7/8 pathway triggered by HIV-1 ssRNA-derived
ligands has been considered the causative factor for the increased LPS/TLR4 respon-
siveness (15). Other studies have focused on the skewed differentiation of monocyte
subgroups during HIV-1 infection and observed that proinflammatory CD16™ mono-
cytes and TNF-a-producing M-DC8+ CD14* CD16™+ monocytes were more expanded
in chronic HIV-1 infection than in healthy subjects (7, 9, 17, 49). Interestingly, the
expansion levels of these cells appear to vary among different reports (7, 8, 49). Active
viral replication is likely to push the differentiation of the CD14+**+ CD16~ subset
toward CD14*+ CD16" and CD14* CD16™ * subsets, and prolonged ART is required to
inhibit this tendency (8). Although the hyperreactivity of CD14+ CD16** subsets to LPS
stimulation has been widely observed, the underlying mechanism is poorly understood.
miRNAs have been shown to exercise their function to regulate HIV-1 replication and
are associated with HIV-1 latency by directly targeting the genome of HIV-1 or indirectly
targeting its host dependency factors (HDFs) in monocytes, dendritic cells, and CD4™
T cells (24-27, 50). HIV-1, in turn, can hijack Dicer, which is responsible for miRNA
processing, to escape from miRNA-silencing pathway-mediated host defense (51-53).
Let-7 family miRNAs and miR-9 have been confirmed to modulate IL-10 and IL-2
production, respectively, in CD4™ T cells (54, 55). These data clearly indicate that
miRNAs can engage in the regulation of immune responses in HIV-1 infection.

To further reveal the mechanism responsible for monocyte-mediated hyperinflam-
matory responses, we hypothesized that miRNAs are involved in this mechanism by
removing the inhibitory molecules and thereby increasing the sensitivity of monocytes
to LPS stimulation. Indeed, a significant increase in several miRNAs in monocytes was
observed in HIV-1 infection, among which miR-126-5p was the most upregulated
member, especially in proinflammatory CD14+ CD16™+ monocytes. The miR-126-
3p/5p cluster is expressed predominately in ECs (35-38) and can exert their functions
in non-ECs (34, 56, 57). miR-126-5p has been shown to correlate with metastasis-free
survival in breast cancer patients (33) and to promote endothelial proliferation and
prevent atherosclerosis by suppressing delta-like 1 (DIk1) (58). Vascular endothelial
growth factor-induced phosphorylation of ERK (pERK) can be blocked by the inhibition
of miR-126-3p (37, 56), and forced expression of miR-126-3p leads to a substantial
increase in pERK in leukemogenesis (56). These results suggest that miR-126-3p is
involved in modulating the MAPK pathway. miR-126-3p and its complement, miR-126-
5p, consistently jointly exert the same function (33, 34). miR-126-3p has been shown to
be engaged in promoting the innate immune response (35, 59-61), but the role of
miR-126-5p in regulating the innate immune response, especially TLR4 responsiveness,
which is always accompanied by activation of the MAPK pathway, remains unknown. To
determine whether miR-126-5p is engaged in regulating the LPS/TLR4 pathway, we
overexpressed miR-126-5p in monocytes derived from healthy donors and observed a
significant increase in TNF-a production when stimulated with LPS. In contrast, inhibi-
tion of miR-126-5p expression in monocytes derived from HIV-1 patients reduced the
inflammatory response to LPS stimulation. These data suggested the presence of a
novel posttranscriptional regulatory mechanism that modulates the LPS/TLR4 pathway
in monocytes.

miRNAs generally exert their functions by negatively regulating their targets post-
transcriptionally (62). DIk1, C-X-C motif chemokine ligand 12 (CXCL12 or SDF-1a),
matrix metallopeptidase 13 (MMP-13), and parathyroid hormone-related protein
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(PTHrP) have been identified as targets of miR-126-5p in previous reports (33, 58, 63,
64). However, none of these molecules were significantly engaged in the regulation of
the responses of monocytes to LPS stimulation. In fact, we identified CYLD as the
primary target of miRNA-126-5p; overexpression of miR-126-5p in monocytes resulted
in CYLD downregulation and thereby allowed activation of the MAPK pathway. CYLD is
a deubiquitination enzyme and regulates cell proliferation, apoptosis, cell movement,
and differentiation through the adjustment of signal transduction and the cytoskeleton
(65, 66). Recent studies have shown that CYLD directly regulates multiple key signaling
cascade pathways, such as the NF-«kB and the MAPK pathways, and acts as a negative
regulator for Toll-like receptor 2 signaling via negative cross talk with TRAF6 and TRAF7
(40, 41). The inhibition of phosphodiesterase 4B (PDE4B) markedly enhances CYLD
expression in response to bacteria and resulted in suppressed inflammation (44).
Moreover, a very recent study by the same group showed that CYLD acts as a negative
regulator of bacterium nontypeable Haemophilus influenzae (NTHi)-induced inflamma-
tion by suppressing K63-linked ubiquitination of myeloid differentiation factor 88
(MyD88) (42). Other studies have indicated that CYLD enhances severe listeriosis by
impairing IL-6/signal transducer and activator of transcription 3 (STAT3)-dependent
fibrin production (43) and by controlling HIV-1 transcription in an NF-«B-dependent
manner (67). CYLD was recently deemed to be involved in hematopoietic stem cell
quiescence and function via inhibition of the p38-MAPK pathway (68). Taking into
consideration the observation that circulating monocytes in HIV-1-infected subjects
exhibit a differential gene signature (69, 70), CYLD may serve as an important regulator
in monocytes, as it is significantly downregulated in monocytes from HIV-1-infected
subjects who are naive to ART in comparison to monocytes from healthy donors.

Similar to miR-126-5p, the suppression of CYLD expression by CYLD siRNA led to a
hyperresponsiveness of monocytes to LPS stimulation. In contrast, in our study, forced
CYLD expression in monocytes from HIV-1 patients attenuated the production of
inflammatory cytokines with engagement of LPS/TLR4 stimulation. These results reveal
a new role of CYLD in the TLR4 signaling pathway in human innate immune cells. In
addition, the reduction of CYLD in monocytes from healthy donors also caused
hyperresponsiveness to Pam;Csk, (TLR2 ligand) stimulation (data not shown).

Overall, our data validate a hypothesis that CYLD is downregulated by miR-126-5p
during chronic HIV-1 infection, and its reduction fuels monocyte activation/inflamma-
tion by enhancing the initial pJNK2 in primary monocytes. These data suggest that the
miR-126-5p/CYLD/JNK axis is an important component of the inflammatory responses:
increased expression of miR-126-5p and decreased expression of CYLD in monocytes
during chronic HIV-1 infection resulted in the hypersensitivity of these cells to LPS
stimulation and fuels the persistent immune activation, thereby facilitating disease
progression during HIV-1 infection. The inhibition of miR-126-5p and promotion of
CYLD expression in monocytes may represent a practical immune intervention strategy
to contain HIV-1-facilitated disease progression. Taking into consideration the versatility
of miR-126-5p in different cells types and its distinct role in different types of disease
(33-38, 56, 57), the potential risks of the application of miR-126-5p in clinical therapy
to inhibit inflammation in chronic HIV-1 infection should be carefully evaluated.

MATERIALS AND METHODS

Human subjects. The basic characteristics of the studied subjects have been previously published
(13, 71). All of the HIV-1 patients were infected by blood transmissions during 1995 or 1996 and were
enrolled in the study and have been followed up six times per year since 2009. For this study, 15 out of
37 ART-naive (ART™) patients and 12 out of 19 ART-treated (ART*) patients were randomly selected
based on the classification described in previous research (13, 14, 71). HIV-1-seronegative subjects were
recruited from the Shanghai Public Health Clinical Center as healthy controls.

Ethics statement. This study was conducted in accordance with the guidelines of the Ethics
Committee of the Shanghai Public Health Clinical Center to ensure protection of the donors, and written
informed consent was obtained from all human subjects.

Phenotypic analyses. In the cell phenotyping assay, peripheral blood mononuclear cells (PBMCs)
from human subjects were stained with antibodies (Abs) against CD14-allophycocyanin (APC), purchased
from BioLegend (San Diego, CA), and CD16-fluorescein isothiocyanate (FITC), purchased from BD
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TABLE 1 Primers for gPCR

Sequence
Primer Forward Reverse
CYLD 5'-TCTATGGGGTAATCCGTTGG-3' 5'-CAGCCTGCACACTCATCTTC-3'
NLRC3 5'-AAACCACATTGGGGACTCCG-3’ 5'-TTCTCCTGATCCGTCCACCA-3’
SOCS1 5'-TGAACTCGCACCTCCTACCTCT-3' 5'-CAACCCCTGGTTTGTGCAA-3'
TNIP1 5'-TGGCTGAGCTCACAGGAAAG-3’ 5'-ACACAGGGTCTGCAGAATGG-3’
GAPDH 5'-ACGGATTTGGTCGTATTGGG-3’ 5'-ATCTCGCTCCTGGAAGATGG-3'

Biosciences (San Jose, CA). FlowJo software (FlowJo LLC, Ashland, OR) was used to perform flow
cytometry analysis.

Cells, cell culture, and reagents. PBMCs were isolated from human subjects using Ficoll-Hypaque
(General Electric Company, Chicago, IL) density gradient centrifugation. Primary monocytes were isolated
from PBMCs using the EasySep human monocyte enrichment kit without CD16 deletion (STEMCELL
Technologies, Vancouver, Canada), and purity of >97% was achieved as determined by flow cytometry
based on CD14 staining. The primary monocytes were further genotyped into three monocyte sub-
groups, CD14*+ CD16~, CD14** CD16*, and CD14* CD16**, by flow cytometry based on surface
staining with Abs against CD14-APC and CD16-FITC.

We obtained THP-1 cells (a monocytic cell line) from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). Primary or THP-1 cells were cultured in RPMI 1640 medium supplemented
with 10% FBS (fetal bovine serum) (HyClone Laboratories, Logan, UT), penicillin (100 1U/ml), and
streptomycin (100 pg/ml) (Life Technologies/BRL, Carlsbad, CA) at 37°C with 5% CO,. HEK293T cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (HyClone Laboratories, Logan, UT) supple-
mented with 10% FBS, penicillin (100 IU/ml), and streptomycin (100 wg/ml) at 37°C with 5% CO,. LPS
derived from Escherichia coli O55:B5, a ligand of TLR4, was purchased from Sigma-Aldrich (St. Louis, MO)
and used to stimulate monocytes. Synthetic triacylated lipoprotein (Pam,CSK,), a ligand of TLR2, was
purchased from Invivogen (San Diego, CA).

RNA isolation and RT-PCR. Total RNA was isolated from purified primary monocytes or cell lines
using a Direct-zol RNA miniprep kit (Zymo Research, Orange, CA), and then 1 ug of total RNA was reverse
transcribed using a reverse transcription system product with oligo(dT), s primer (Promega, Fitchburg, WI)
or a specific miRNA RT primer from the Bulge-Loop miRNA quantitative reverse transcription-PCR
(gRT-PCR) primer set (RiboBio Co. Ltd., Guangzhou, China). The mRNA primers used for PCR amplification
are listed in Table 1. miRNAs and mRNAs were quantified using a Mastercycler ep realplex (Eppendorf,
Hamburg, Germany), and the PCR procedures were the following: 95°C for 5 min, followed by 40 cycles
at 95°C for 15 s and 60°C for 30 s. A melting curve was added at the final step to ensure the specificity
of the amplified products. miRNA and mRNA quantification were normalized against housekeeper
controls, U6 snRNA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), respectively. The relative
expression of miRNAs and mRNAs was determined by the 2-24¢T method according to the manufac-
turer’s instructions (Eppendorf, Hamburg, Germany). PCR was performed in 96-well plates from Axygen
(Life Technologies, Carlsbad, CA) with a total reaction volume of 20 ul per well.

Microarray data. Total RNA was isolated from monocytes from five heathy controls or five HIV-1-
seropositive patients in the absence of combined ART treatment. The total RNA from five heathy controls
or five HIV-1 patients was then mixed as one sample and evaluated in parallel using lon Torrent PGM (Life
Technologies, Carlsbad, CA) for small RNA sequencing.

Intracellular cytokine staining. To determine the intracellular expression of TNF-«, PBMCs from
heathy controls or HIV-1-seropositive patients at a density of 5 X 105 cells/ml were seeded in 96-well
plates with 200 ul of fresh culture medium per well and were then stimulated with LPS at a concentration
of 100 ng/ml. After 1 h, brefeldin A (1 ug/ml) and monensin (1 wM), purchased from Sigma-Aldrich (St.
Louis, MO), were added to the cell cultures. After 20 h of incubation, the cells were washed with 2%
newborn calf serum (NCS) (HyClone Laboratories, Logan, UT) in PBS for one-step cleaning and then
stained with Abs against surface markers of CD14 and CD16 for 15 min. Cells washed three times were
harvested, fixed, and permeabilized according to the manufacturers’ instructions for fixation/permeabi-
lization solution (BD Biosciences, San Jose, CA) and then stained with anti-TNF-a—phycoerythrin (PE)-Cy7
(BD Biosciences, San Jose, CA) for 30 min. All procedures were performed at room temperature (25°C).
FlowJo software (FlowJo LLC, Ashland, OR) was used to perform the flow cytometry analysis.

Cytokine measurements. To measure the cytokines, 2 X 10° cultured THP-1 cells or 1 X 10°
monocytes from healthy donors were seeded in 96-well plates with 200 ul of fresh culture medium per
well and then treated with fresh culture medium or LPS at 100 ng/ml. Monocytes from HIV-1 patients at
a density of 5 X 10° cells/ml were seeded in 96-well plates with 100 ul of fresh culture medium per well
and then treated with fresh culture medium or LPS at 100 ng/ml. The cell supernatant was collected upon
stimulation and stored at —80°C until the levels of the inflammatory cytokines (IL-183, IL-6, IL-8, IL-10,
IL-12, MCP-1, and TNF-a) in the supernatant were measured simultaneously using a BioLegend LEGEND-
plex (BioLegend, San Diego, CA) or separately by enzyme-linked immunosorbent assay (ELISA; BD
Biosciences, San Jose, CA).

Construction of the Dual-Luciferase reporter system. The 3'-untranslated region (3’UTR) of CYLD
containing the miR-126-5p binding sites was first amplified by PCR from total RNA extracted from THP-1
cells and then cloned into the pMIR-REPORT vector (Applied Biosystems, Carlsbad, CA). We used
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restriction enzyme cloning sites (underlined) for the restriction enzymes Spel and Hindlll. The primers for
PCR amplification were the following: CYLD 3'UTR forward primer, 5'-GACTAGTCAAGGATATGAAATCAT
TTT; CYLD 3'UTR reverse primer, 5'-CCCAAGCTTAACACCATTAAGGGAATTTA; SOCS1 3'UTR forward
primer, 5'-GACTAGTCCGGCAGCGCCCGCCGTGCA; SOCS1 3'UTR reverse primer, 5'-CCCAAGCTTAAAAAA
AAAACTTTCATAAT.

Oligonucleotide and plasmid transfection. MicrON miR-126-5p mimic, miR-126-5p mutant mimic
containing three altered nucleotides in the seed sequence of miR-126-5p, and micrON miRNA mimic
negative controls (control mimic, with minimal homology to all known miRNAs) were used for the miRNA
gain-of-function studies in cell lines and primary cells; micrOFF miR-126-5p inhibitor and micrOFF miRNA
inhibitor negative controls (control inhibitor) were used for the miRNA loss-of-function studies in cell
lines. The micrOFF miR-126-5p antagomir, a chemically modified miR-126-5p inhibitor, and micrOFF
miRNA antagomir control (control antagomir) were used for miRNA loss-of-function studies in primary
monocytes. Scrambled small interfering RNA (control siRNA) and CYLD-specific siRNA were used for
transient silencing of the expression of CYLD. All oligonucleotides were synthesized by RiboBio (RiboBio
Co. Ltd. Guangzhou, China) and delivered to 1.5 X 106 to ~3 X 10° THP-1 cells or primary monocytes
at a final concentration of 1.5 X 10/200 pmol oligonucleotides using the Amaxa Cell Line Nucleofector
kit or the Amaxa Human Monocyte Nucleofector kit (Lonza, Basel, Switzerland) according to the
directions supplied and previous studies (13, 31, 45, 72, 73). The cells were cultured in a 24-well plate for
48 h or 72 h with 2 ml of fresh culture medium (RPMI 1640 medium supplemented with 10% fetal bovine
serum) per well and harvested, and the transfection efficiency was confirmed by qPCR or Western
blotting.

To confirm the presence of miR-126-5p targeting sequences in the 3’UTR of the candidate gene,
HEK293T cells were obtained from the Cell Bank of the Chinese Academy of Sciences, and 1 X 104
cells/well were seeded into a 96-well plate 1 day before transfection. The cells were then cotransfected
with the CYLD 3'UTR reporter, a control plasmid, pRL-CMV (Promega, Fitchburg, WI), and a final
concentration of 100 nM miR-126-5p mimic, miR-126-5p-mutant mimic, control mimic, control inhibitor,
or miR-126-5p inhibitor using TurboFect in vitro transfection reagent (Thermo Fisher Scientific, Waltham,
MA). Luciferase activity was measured 48 h posttransfection using a Dual-Luciferase reporter assay
system (Promega, Fitchburg, WI) according to the manufacturer’s instructions.

Primary cells (1.5 X 10°) from HIV-1 patients were electrotransfected for 72 h with 2.5 pg of
endotoxin-free pCDNA3.1 or pCDNA3.1-CYLD (codon optimization), constructed by Genewiz (Suzhou,
China). The experimental procedures were optimized according to previous studies (28, 45, 74, 75).

Lentiviral transduction. Lentiviruses were produced by cotransfecting 293T cells in a 6-well plate
with, per well, T pug of pVSV-G (envelop-encoding plasmid), 4 ug of psPAX2 (packing plasmid), and 4 ug
of TRC2-pLKO-puro constructs containing short hairpin RNA directed against human CYLD (lentiviral
vectors), all purchased from Sigma-Aldrich (St. Louis, MO), in a 2-ml volume using TurboFect transfection
reagent (Thermo Fisher Scientific, Waltham, MA). DMEM was refreshed 6 h after transfection, and the
lentivirus was harvested 48 h later, filtered through a 0.45-um filter, and stored at —80°C until
transduction. THP-1 cells were transduced with vesicular stomatitis virus glycoprotein-pseudotyped
lentivirus to generate CYLD-reduced THP-1-shCYLD cells and THP-1-shCtrl cells. The efficiency of trans-
fection was confirmed by Western blotting every 4 days until stable silencing of the expression of CYLD.

Immunoblot analysis. After transfection with miRNA mimic or siRNA, 1 X 10° to ~1.5 X 106 cells
were washed, harvested in 100 wl of PBS, and lysed in 20 ul of 6X loading buffer (TransGen Biotech,
Beijing, China). Equal amounts of transfected cell lysates were loaded onto a 10% SDS-PAGE gel,
separated at a constant voltage, and transferred electrophoretically to polyvinylidene difluoride (PVDF)
membranes at a constant current. PVDF membranes were blocked, incubated with primary Abs, and
further incubated with horseradish peroxidase (HRP)-conjugated secondary Abs. The Abs used in the
current study were the following: rabbit anti-CYLD polyclonal Ab, rabbit anti-SAPK/JNK monoclonal
Ab (MAb), and rabbit anti-phosphor-SAPK/JNK MAb, which were purchased from Cell Signaling
Technology (Danvers, MA), as well as mouse anti-B-actin MAb, HRP-conjugated goat anti-mouse, and
HRP-conjugated donkey anti-rabbit secondary Abs, which were from Santa Cruz Biotechnology
(Santa Cruz, CA).

Statistical analyses. The data obtained from the different treatments in the same sample were
evaluated using the two-tailed Student’s t test, and all data were expressed as the means = standard
deviations. Correlations were tested with the Spearman rank correlation test. Differences between
healthy controls and HIV-1-seropositive patients or cellular subsets were determined with a Mann-
Whitney nonparametric test. All data were processed using GraphPad Prism, version 5.0 (GraphPad
Software, San Diego, CA). A P value of <0.05 was defined as statistically significant.
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