J c I The Journal of Clinical Investigation

Long noncoding RNA MIR4435-2HG enhances metabolic
function of myeloid dendritic cells from HIV-1 elite controllers

Ciputra Adijaya Hartana, ... , Mathias Lichterfeld, Xu G. Yu
J Clin Invest. 2021;131(9):e146136. https://doi.org/10.1172/JCI146136.

BEETE(L WG AIDS/HIV  Immunology

Graphical abstract

E Y

Myeloid dendritic cells Myeloid dendritic cells

CD4* T cells

e -
D

CD8" T cells

CDa* T calls

"

= CD8" T cells

Find the latest version:

https://jci.me/146136/pdf


http://www.jci.org
http://www.jci.org/131/9?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI146136
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/11?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/25?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/146136/pdf
https://jci.me/146136/pdf?utm_content=qrcode

The Journal of Clinical Investigation

RESEARCH ARTICLE

Long noncoding RNA MIR4435-2HG enhances
metabolic function of myeloid dendritic cells

from HIV-1 elite controllers

Ciputra Adijaya Hartana," Yelizaveta Rassadkina,’ Ce Gao," Enrique Martin-Gayo,? Bruce D. Walker,"** Mathias Lichterfeld,"**

and Xu G. Yu"®

'Ragon Institute of MGH, MIT and Harvard, Cambridge, Massachusetts, USA. lmmunology Unit, Universidad Auténoma de Madrid, Hospital Universitario la Princesa, Madrid, Spain. *Institute for Medical

Engineering and Sciences, and “Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts, USA. *Infectious Disease Division, Brigham and Women's Hospital, Boston,

Massachusetts, USA. ®Broad Institute of MIT and Harvard, Cambridge, Massachusetts, USA.

modifications of a member of the mTOR signaling pathway.

Introduction
Effective control of HIV-1 replication can be readily induced by
highly active antiretroviral therapy (HAART) (1), but also occurs
spontaneously in the absence of antiretroviral therapy in a small
group of persons termed elite controllers (ECs) (2, 3). This extraor-
dinary ability to control HIV-1 replication in the absence of phar-
macological antiretroviral treatment provides a unique opportunity
to study the dynamics of immune responses involved in restricting
viral turnover. Indeed, recent studies suggest that immune respons-
es in ECs are able to exert substantial selection pressure on viral-
ly infected cells, resulting in selective persistence of cells in which
HIV-1is integrated in repressive chromosomal regions, presumably
conferring deep latency (4). Therefore, investigations of immune
responses from ECs may provide clues for finding novel immuno-
logical targets for spontaneous control of HIV-1 infection (5).
Immune protection against HIV-1 disease progression has most-
ly been attributed to T cell-mediated immune responses, which can
eliminate virally infected cells by HLA class I-restricted cytolysis
and are frequently regarded as the cornerstone of spontaneous viral
control in ECs (2). Dendritic cells (DCs) are innate professional anti-
gen presenting cells and play critical roles in the induction of HIV-1-
specific T cell responses (6, 7). Upon HIV-1 sensing by endosomal
and cytoplasmic microbial pattern recognition receptors, myeloid
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Restriction of HIV-1 replication in elite controllers (ECs) is frequently attributed to T cell-mediated immune responses, while
the specific contribution of innate immune cells is less clear. Here, we demonstrate an upregulation of the host long noncoding
RNA (IncRNA) MIR4435-2HG in primary myeloid dendritic cells (mDCs) from ECs. Elevated expression of this IncRNA in

mDCs was associated with a distinct immunometabolic profile, characterized by increased oxidative phosphorylation and
glycolysis activities in response to TLR3 stimulation. Using functional assays, we show that MIR4435-2HG directly influenced
the metabolic state of mDCs, likely through epigenetic mechanisms involving H3K27ac enrichment at an intronic enhancer

in the RPTOR gene locus, the main component of the mammalian target of rapamycin complex 1 (mTORC1). Together, these
results suggest a role of MIR4435-2HG for enhancing immunometabolic activities of mDCs in ECs through targeted epigenetic

DCs (mDCs) can prime, expand, and activate T cells. DCs are also
reported to be permissive to productive HIV-1infection (8), although
their susceptibility to viral infection varies among DC subsets (9).
Interestingly, mDCs from ECs frequently show elevated expres-
sion levels of immunomodulatory molecules (10), and seem to be
endowed with improved abilities to mount cell-intrinsic type I inter-
feronresponses after recognition of HIV-1 (11). Such improved innate
immune responses in mDCs are likely to critically contribute to the
evolution of potent and effective cellular immune responses in ECs
(12). The ability of mDCs from ECs to seemingly persist in an elevat-
ed functional modification state is etiologically unclear at present,
but appears reminiscent of trained immunity, previously described
in innate immune cells (13). The concept of trained immunity relates
to improved functional responsiveness of innate immune cells due
to epigenetic changes in immune profiles, frequently involving an
altered metabolic activity (14, 15).

LncRNAs are defined as small, noncoding RNA species with
nucleotides longer than 200 base pairs and have important regula-
tory roles for modulating functional states of cells (16). These effects
are mediated through sequence-specific interactions of IncRNAs
with other RNAs or with chromosomal DNA, and /or through molec-
ular binding to paraspeckles and proteins (17, 18). Such interactions
between IncRNAs and nucleic acids or proteins frequently modu-
late the position and function of chromatin-modifying enzymes,
resulting in enhanced methylation or acetylation of the lysine con-
stituents of histones or altered recruitment of transcription factors
to specific chromosomal locations (19, 20). A role of IncRNAs in
regulating the human immune response to a diverse range of patho-
gens is increasingly appreciated (21-23), and a possible function of
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Figure 1. Increased expression of IncRNA MIR4435-2HG in primary mDCs from ECs. (A) Heatmap displaying differentially expressed IncRNAs (FDR-adjusted
P value < 0.05) in mDCs from ECs (n = 20) vs. HIVNs (n = 15) and HAARTSs (n = 13) measured by RNAseq. (B) The expression (TPM+1) of MIR4435-2HG in

mDCs was compared among ECs (n = 20), HIVNs (n = 15), and HAARTSs (n = 13). Kruskal-Wallis test was used as the statistical test. (C) Venn diagram showing
overlap between genes differentially expressed (FDR-adjusted P value < 0.0001) between EC vs. HIVN and EC vs. HAART and correlated with MIR4435-2HG
expression (FDR-adjusted correlation P value < 0.0001). (D) Canonical pathways predicted to be significantly enriched for 924 DEGs from C, using IPA. Path-
ways predicated to be activated or inhibited are highlighted in red or blue, respectively. Pathways with no predicted change are marked in gray. Cutoff was
established at -log (P value) > 2 (yellow dashed line) and z score > 1.5 or < -1.5. (E) Heatmaps displaying DEGs involved in oxidative phosphorylation or mTOR

signaling predicted by IPA in D (FDR-adjusted P value < 0.05).

IncRNAs in modulating trained immunity of innate immune cells
has been proposed by prior studies (15, 23, 24). However, mecha-
nistic insight into the activity of individual IncRNA species in the
context of DCs and HIV-1 infection is currently scarce.

In this study, we observed a selective upregulation of IncRNA
MIR4435-2HG in primary mDCs from ECs. Using complex immu-
nometabolic profiling assays, we noted that MIR4435-2HG can acti-
vate oxidative phosphorylation in mDCs, most likely through epi-
genetic mechanisms involving H3K27ac enrichment at a recognized
enhancer inthe RPTOR gene locus, resulting in a higher transcription
of this gene. Correspondingly, we found that RPTOR, the main com-
ponent of the mammalian target of rapamycin complex 1 (nTORC1),
was functionally controlling OXPHOS and glycolysis metabolisms in
mDCs. Together, these results suggest a role for MIR4435-2HG in
inducing an increased functional metabolic state in primary mDCs
from ECs through targeted epigenetic modifications.

:

Results
Increased expression of IncRNA MIR4435-2HG in primary mDCs from
ECs. LncRNAs may have important roles for regulating the transcrip-
tional and functional behavior of mDCs during HIV-1 infection, but
have never been systematically assessed in the rare subset of persons
who naturally control HIV-1replication in the absence of antiretrovi-
ral therapy (i.e., ECs). Here, we mined our previously generated RNA-
seq data (25) to evaluate IncRNA expressions in sorted mDCs (Sup-
plemental Figure 1A; supplemental material available online with
this article; https://doi.org/10.1172/JCI146136DS1) from a cohort of
ECs (n=20). HIV-1-negative healthy individuals (HIVNSs; n = 15) and
individuals treated with HAART (HAARTS; n = 13) were analyzed as
reference cohorts. The clinical and demographical characteristics of
these study participants are summarized in Supplemental Table 1.

In total, we identified 55 and 8 IncRNAs that were significant-
ly (FDR-adjusted P value < 0.05) up- or downregulated in ECs

J Clin Invest. 2021;131(9):e146136 https://doi.org/10.1172/)CI146136
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Figure 2. Upregulation of MIR4435-2HG in mDCs is associated with an increased oxidative phosphorylation. (A) The fold changes of MIR4435-2HG expres-
sion normalized to ACTB in mDCs from ECs (n = 6), HIVNs (n = 6), HAARTs (n = 6), and CPs (n = 9) after 2 pg/mL Poly(l:C) stimulation for 24 hours, relative to
unstimulated control, was measured by RT-PCR. Kruskal-Wallis test was used for statistical analysis. (B) OCR of mDCs from ECs (n = 8), HIVNs (n = 11), HAARTs
(n =6), and CPs (n = 9) with or without 2 ug/mL Poly(l:C) stimulation for 24 hours was measured at indicated time points in responses to oligomycin, FCCP, and
rotenone/antimycin A using a Seahorse XFe96 Analyzer. (C) Basal respiration, maximal respiration, and spare respiratory capacity in mDCs were compared in
ECs, HIVNs, HAARTs, and CPs with or without 2 ug/mL Poly(1:C) stimulation for 24 hours. Paired, 2-tailed t test was used to compare OCR between stimulated
and unstimulated cells, whereas 1-way ANOVA test was used to compare OCR among cohorts. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

compared with both reference cohorts (Figure 1A and Supple-
mental Figure 1B). Subsequent filtering according to more robust
statistical criteria (Supplemental Figure 1B) allowed us to detect
4 upregulated IncRNAs for which differences between ECs and
reference cohorts were most evident. All of these 4 IncRNAs were
more strongly expressed in mDCs, but not in monocytes, from ECs
compared with HIVNs and HAARTs (Figure 1B and Supplemen-
tal Figure 1, C and D). Out of these 4 IncRNA transcripts, IncRNA
MIR4435-2HG was selected for further study due to its possible
functional significance as a regulator of immune cell survival and
activation in alternative infectious disease contexts (26, 27).

To predict the biological regulatory functions of MIR4435-
2HG on gene expression signatures from mDCs, we performed a
correlation analysis between expression intensities of the IncRNA
and mRNAs in primary mDCs from the 3 different study cohorts.
We observed that out of a total of 1749 transcripts that were
strongly associated with MIR4435-2HG (FDR-adjusted P value <
0.0001), 924 genes were differentially expressed between ECs
and either one of the 2 control cohorts (FDR-adjusted P value <
0.0001) (Figure 1C). Ingenuity pathway analysis (IPA) (28) sug-
gested activation of oxidative phosphorylation (OXPHOS) as the
predominant canonical pathway that these 924 transcripts were
involved in (Figure 1D). OXPHOS was also identified as the major
underlying functional activity of these genes using the DAVID
gene ontology prediction tool (Supplemental Figure 24) (29, 30).
Notably, other metabolic pathways known to support OXPHOS,
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such as the mTOR signaling pathway and the p-oxidation of fatty
acids, were also predicted to be activated by these transcripts, as
well as the mTOR-associated EIF2 signaling pathway (Figure 1D)
(31,32). Correspondingly, a list of transcripts known to be involved
in OXPHOS and mTOR/EIF2 pathways met criteria for differen-
tial expression between ECs and other study cohorts (Figure 1E).
Therefore, we hypothesized that upregulation of MIR4435-2HG
may alter the oxidative metabolism and affect ensuing immu-
nometabolic functions of mDCs from ECs.

Upregulation of MIR4435-2HG in mDCs is associated with a
distinct metabolic profile. To evaluate possible functional conse-
quences of MIR4435-2HG upregulation in mDCs from ECs, we
performed an evaluation of the metabolic profile of these cells,
relative to control cells from HIVNs, HAARTS, and viremic HIV-1-
infected individuals not treated with HAART (chronic progressors,
CPs). For this purpose, we stimulated mDCs from these cohorts
using Poly(I:C). Higher MIR4435-2HG expression remained clear-
ly visible in ECs after stimulation with Poly(I:C) (Figure 2A). Sub-
sequently, we measured OXPHOS activities by means of oxygen
consumption rates (OCRs), using the Seahorse technology (33).
Following activation, we observed significant increases of basal
respiration, maximal respiration, and spare respiratory capacity in
primary mDCs from both ECs (n = 8) and HIVNs (n = 11), while
such changes were less pronounced in HAARTS (n = 6) and CPs
(n=9) (Figure 2, B and C). Interestingly, maximal respiration and
spare respiratory capacity were significantly higher in mDCs from
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Figure 3. Upregulation of MIR4435-2HG in mDCs is associated with an enhanced metabolic profile. (A) Flow cytometry contour plots displaying the coex-
pression of MitoTracker or ROS and activation marker CD86 in mDCs from a representative EC with or without 2 ug/mL Poly(1:C) stimulation for 24 hours.
(B) The MFIs of MitoTracker and ROS in total mDCs were compared among ECs (n = 9), HIVNs (n = 8), HAARTs (n = 6), and CPs (n = 9). The MFIs were shown
as fold changes after Poly(I:C) stimulation, relative to unstimulated controls. Kruskal-Wallis test was used for statistical analysis. (C, D) The frequencies of
mDCs coexpressing MitoTracker or ROS and activation markers (CD86, CD40, and CD83) in ECs (n = 9), HIVNs (n = 8), HAARTs (n = 6), and CPs (n = 9) were
compared. The frequencies were expressed as fold changes of respective cell populations after Poly(l:C) stimulation, relative to unstimulated conditions.
Kruskal-Wallis test was used to compare the fold changes of cell frequencies among cohorts. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

ECs compared with all 3 reference cohorts after Poly(I:C) stimu-
lation (Figure 2C), highlighting remarkably elevated OXPHOS
activities in mDCs from ECs.

Mitochondrial OXPHOS is known to be associated with an
increased membrane polarization in mitochondria and production
of reactive oxygen species (ROS), which can be flow-cytometrical-
ly assessed using MitoTracker Red CMXROS and CM-H2DCFDA
dyes, respectively (Figure 3A). We observed that after Poly(I:C)
stimulation, mDCs from ECs displayed increased mitochondrial
polarization and ROS production (Figure 3B), specifically in the
subset of activated mDCs expressing the costimulatory molecule
CD86 (Figure 3, A, C, and D). The increase in the frequencies of
MitoTracker* CD86* mDCs following Poly(l:C) stimulation was
significantly higher in ECs relative to control cells from HIVNS,
HAARTs, and CPs (P=0.0249, P=0.0091, and P=0.0026, respec-
tively) (Figure 3C). In addition, the proportion of MitoTracker*
CD40*"mDCs was significantly higher in ECs relative to HIVNs and

CPs (P=0.0214 and P = 0.0138, respectively), while no differences
were noted between MitoTracker* CD83* mDCs among all cohorts
(Figure 3C). Notably, we also observed a significant increase of
ROS* CD86" mDC frequencies after Poly(I:C) stimulation from
ECs compared with all the other cohorts (all P < 0.001) (Figure
3D). ROS expression in CD40* mDCs was higher in ECs compared
with CPs (P = 0.0072), but was indistinguishable in CD83* mDCs
between poly(I:C)-stimulated mDCs from all cohorts (Figure 3D).
Moreover, we noted positive correlations between MIR443-2HG
expression and the frequencies of MitoTracker* CD86* and ROS*
CD86*mDCs in ECs (Supplemental Figure 3, A and B).

To extend these observations, we measured the extracellular
acidification rate (ECAR), an established correlate of cellular gly-
colytic activity, in Poly(I:C)-stimulated mDCs. Poly(I:C) stimula-
tion increased the ECAR in mDCs from ECs and HIVNSs, and this
effect was significantly more pronounced in the ECs compared with
HIVNs, HAARTS, and CPs (P=0.0041, P<0.0001, and P< 0.0001,

J Clin Invest. 2021;131(9):e146136 https://doi.org/10.1172/)C1146136
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respectively) (Figure 4, A and B). Notably, no changesin OCR/ECAR
ratios were seen following Poly(I:C) stimulation in all study cohorts,
suggesting that both OXPHOS and glycolysis are induced in parallel
(Figure 4C). Taken together, these results suggest that upregulation
of MIR4435-2HG in mDCs from ECs is associated with a distinct
functional metabolic profile, characterized by increases of both
OXPHOS and glycolytic activities following Poly(I:C) stimulation.
MIR4435-2HG is expressed in subsets of mDCs with phenotypic
features of increased activation and function. To better characterize
the expression of MIR4435-2HG in defined mDC subpopulations,
we optimized a PrimeFlow RNA detection assay for evaluating
IncRNA MIR4435-2HG expression directly ex vivo in primary mDCs
by flow cytometry. First, using this flow cytometry-based detec-
tion technique, we confirmed that the expression of MIR4435-2HG
is higher in mDCs from ECs (n = 8) than in those from HIVNs (1 =
13) (P = 0.0103) (Figure 5A), while no difference in mDC frequen-
cies between ECs and HIVNs was detected (Supplemental Figure
4A). Moreover, MIR4435-2HG was not differentially expressed
between plasmacytoid dendritic cells (pDCs) or natural killer (NK)
cells from the 2 study cohorts (Supplemental Figure 4B). Expression
of MIR4435-2HG in total mDCs was positively associated with the
expression of the costimulatory molecule CD86 (Figure 5B), and
the mean fluorescence intensity (MFI) of MIR4435-2HG in CD86*
mDCs was significantly higher compared with CD86- mDCs, both
in ECs and in HIVNs (Figure 5C). In addition, a positive associa-
tion was seen between MIR4435-2HG and the immunoregulatory
receptor LILRB2 (Figure 5B and Supplemental Figure 4C). However,
MIR4435-2HG expression was not significantly different between
LILRB2* mDCs from ECs and HIVNs (Supplemental Figure 4D).
We subsequently used t-distributed stochastic neighbor embedding
(tSNE) and flow self-organizing maps (FlowSOM) (34) to identify
phenotypically defined mDC subpopulations (Supplemental Fig-
ure 1A). FlowSOM identified 7 major, phenotypically distinct mDC

J Clin Invest. 2021;131(9):e146136 https://doi.org/10.1172/JC1146136

and Supplemental Figure 5A); also, per-cell

levels of MIR4435-35-2HG signal intensity
for these subsets did not differ among the 2 study cohorts (Figure
6, E and F). Notably, we observed that CD16" mDCs, a cell subset
endowed with increased abilities for antigen presentation, and pre-
viously classified as the DC4 subpopulation (35) or as CD16* CD144m
nonclassical monocytes (36-38), were subdivided by FlowSOM into
2 different clusters (clusters 2 and 7) (Figure 6A). Cluster 2 mDCs
exhibited moderate expression intensity of MIR4435-2HG (Figure
6, B and C) and were markedly increased in ECs, accounting for
more than 60% of all mDCs in ECs and less than 25% of mDCs in
HIVNs (P=0.0006) (Figure 6D). In contrast, cluster 7 mDCs exhib-
ited low/absent expression of MIR4435-2HG (Figure 6, B and C)
and was greatly expanded in HIVNs compared with ECs (29.18%
vs. 0.09%, P=0.0112) (Figure 6D). Finally, cluster 3,a CD141*mDC
cluster, which is reminiscent of the cross-presenting DC1 cell sub-
population described previously (35), showed a significantly higher
per-cell expression of MIR4435-2HG in ECs compared with HIVNs
(Figure 6E). However, the frequency of this cluster was small (~1%
in both cohorts) (Figure 6D). Together, these studies demonstrate
that upregulation of MIR4435-2HG in mDCs from ECs is due to
(a) expansion of subsets with moderate MIR4435-2HG expression
(cluster 2), (b) reduction of subsets with low MIR4435-2HG expres-
sion (cluster 7), and (c) an increase in per-cell levels of MIR4435-
2HG expression in cluster 3 (Figure 6, B-F). We also observed that in
clusters 2, 3, 4, and 5, MIR4435-2HG correlated positively with vari-
ous mDC activation markers, in contrast to the MIR4435-2HG-low/
absent cluster 7 (Supplemental Figure 5B). Therefore, the selective
upregulation of MIR4425-2HG in mDCs with phenotypic features of
more advanced maturation suggests an involvement of this IncRNA
in regulating the functional profile of mDCs.

MIR4435-2HG modulates functional metabolic activities in mDCs.
Based on the close associations between MIR4435-2HG expres-
sion and the functional metabolic profiles of mDCs from ECs, in
particular the OXPHOS and mTOR signaling pathways (Figure
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1, C and D), we subsequently conducted in vitro experiments to
directly evaluate the possible regulatory roles of this IncRNA on
host transcriptional and metabolic activity. To address this, mDCs
from HIVNSs (n = 5) were isolated and subjected to siRNA-mediated
gene silencing of MIR4435-2HG, followed by Poly(I:C) stimulation
(Figure 7A). SiRNA transfection allowed for an efficient downregu-
lation of MIR4435-2HG, relative to a nonspecific scramble siRNA
(Supplemental Figure 6A). Following MIR4435-2HG knockdown,
we observed significant changes in gene expression in Poly(I:C)-ac-
tivated mDCs, with 1035 genes meeting criteria for differential
expression (FDR-adjusted P value < 0.05) (Figure 7B). IPA of these
differentially expressed genes predicted a functional inhibition of
canonical pathways related to OXPHOS, TNFR2, and TNFR1 sig-
naling, mTOR/EIF2 signaling, and production of nitric oxide (NO)
and ROS following downregulation of MIR4435-2HG (Figure 7C).
Notably, the apparent repression of OXPHOS and the mTOR/
EIF2 pathways (Supplemental Figure 6B) following experimen-
tal MIR4435-2HG downregulation resonates with the activation
of these pathways in mDCs from ECs (Figure 1D and Supplemen-
tal Figure 6C), in which we observed higher expression levels of
MIR4435-2HG. Therefore, these results suggest that MIR4335-2HG
upregulation in mDCs from ECs plays a critical role for regulating
and inducing increased metabolic activities in these cells.

To further explore functional effects of MIR4435-2HG, we mea-
sured OXPHOS and glycolytic activityin mDCs after MIR4435-2HG
gene silencing (Figure 7A). As described above, MIR4435-2HG-
specific and scramble control siRNA were nucleofected into pri-
mary mDCs, with efficient IncRNA silencing and uncompromised
viability of mDCs (Supplemental Figure 6, D and E), followed by
stimulation with Poly(I:C). We noted that the basal respiration and
maximal respiration were significantly lower when MIR4435-2HG

was silenced (P = 0.0078 and P = 0.0078, respectively), while the
spare respiratory capacity seemed to be unaffected (Figure 8, A and
B). Notably, MIR4435-2HG gene silencing did not seem to influence
the baseline ECAR or the OCR/ECAR ratio (Figure 8, A and C).
However, increases in ECAR following experimental blockade of
respiratory chain complexes by oligomycin and Rotenone/Antimy-
cin A were less pronounced in mDCs treated with MIR4435-2HG-
specific siRNA (Figure 8A); this suggests that silencing of MIR4435-
2HG weakens the cellular ability to upregulate nonoxidative
glycolytic activity when oxidative phosphorylation is inhibited. The
frequency of CD40-, CD83-, and CD86-expressing mDCs coex-
pressing MitoTracker or ROS was significantly reduced exclusively
following Poly(I:C) stimulation (Supplemental Figure 7, A and B)
once MIR4435-2HG was silenced (Figure 8, D-F), further indicat-
ing lower OXPHOS and costimulation activities after inhibition of
MIR4435-2HG. Consequently, when MIR4435-2HG was silenced,
the ability of mDCs to induce CD4* and CD8" T cell proliferation
was significantly reduced (P = 0.0313 and P = 0.0469, respective-
ly) (Figure 8, G and H). In combination with the transcriptional
changes reported above (Figure 7, B and C), these functional assays
support the hypothesis that MIR4435-2HG is critically involved in
regulating the metabolic activities of mDCs.

MIR4435-2HG influences RPTOR expression in mDCs through
H3K27ac histone modification. LncRNAs can modify gene expres-
sion by epigenetic alterations through the recruitment of inhibitory
or activating histone-modifying enzymes to defined chromosomal
DNA locations (19, 20, 39). One proposed mechanism responsible
for such regulatory functions of IncRNAs is the formation of triple
helices, characterized by insertion of the IncRNA into the major
groove of the duplex DNA structure; such a triple-helix configuration
is enabled by sequence-specific interactions between DNA-binding
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Figure 6. MIR4435-2HG is expressed in subsets of mDCs with phenotypic features of increased activation and function. (A) tSNE map displaying the concat-
enated mDCs from ECs (n = 8) and HIVNs (n = 13) in 7 clusters identified by FlowSOM. (B) Heatmap showing the MFI of the parameters measured in the 7 mDC
clusters from A. (C) Global tSNE map of concatenated mDCs, with mDCs from ECs and HIVNs overlaid (top). tSNE map showing the expression of individual
phenotypic markers measured by flow cytometry (bottom). (D) Pie charts displaying the average frequencies of the 7 clusters in each cohort. Mann Whitney U
test was used to compare the frequencies of each cluster between ECs and HIVNs, whereas 2 test was used to compare the overall frequency distribution. (E) The
MFIs of MIR4435-2HG were compared among 7 clusters in ECs and HIVNs. Mann Whitney U test was used for comparison between ECs and HIVNs, whereas Fried-
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Notably, the RPTOR gene encodes for a major
component of the mTOR subcomplex mTORC1
and was downregulated following experimental
silencing of MIR4435-2HG (Figure 7, B and C,
and Figure 9C). Epigenetic changes at this par-
ticular genomic site were specific for H3K27ac,
whereas H3K27me3 and H3K4me3 signal
intensity at this gene locus was not different
between the 2 study cohorts (Figure 9, D and
E). Corresponding to these findings, we noted a
significant positive correlation between IncRNA
MIR4435-2HG expression and RPTOR mRNA
expression in ECs (Figure 9F). Moreover, down-
regulation of RPTOR mRNA (Figure 9G) and
protein (Figure 9H) expression was noted after
experimental MIR4435-2HG gene silencing by
siRNA in ECs. Collectively, these results sug-
gest that MIR4435-2HG can effectively increase
RPTOR gene expression through triple helix

BaseMean = 1

I
0

T

P

mm Predicted to be activated mm No prediction
[] Changed canonical pathways

domains of IncRNAs and specific chromosomal DNA regions (40).
To evaluate epigenetic effects of MIR4435-2HG on chromatin struc-
ture and histone modifications, we performed cleavage under target
& release using nuclease (CUT&RUN) assay in mDCs from ECs (n
=4) and HIVNSs (n = 4), allowing for identification of DNA segments
binding to defined activating and inhibitory histone marks (41).
These experiments demonstrated a significant enrichment or de-
enrichment of H3K27ac-, H3K27me3-, and H3K4me3-associated
DNA segments at multiple genomic loci in ECs relative to HIVNs
(Figure 9A, Supplemental Figure 8, A and B, and Supplemental
Table 2), suggesting considerable differences in epigenetic regula-
tion between mDCs from the 2 study cohorts. Notably, we observed
significantly increased H3K27ac enrichment at an intronic enhancer
region within the RPTOR gene in mDCs from ECs compared with
HIVNs (Figure 9B), a genomic locus for which computational algo-
rithms (40) specifically predicted susceptibility to triple-helix forma-
tion between chromosomal double-stranded DNA and MIR4435-
2HG using the triplex domain finder (TDF) algorithm (Figure 9C).

:

8
-log ( P value)
m Predicted to be inhibited

T 1

2 1 formation at an intronic RPTOR gene enhancer,

with resulting enrichment of the activating
chromatin marker H3K27ac to this genomic
location, likely through specific recruitment of
histone acetyltransferases.

mTORCI inhibition reduced OXPHOS,
glycolysis, and functional activities in mDCs. RPTOR is the main
functional component of mTORCI, a major subcomponent of the
mTOR signaling pathway which regulates cellular metabolism
and activation in DCs and other cells (42). We hypothesized that
MIR4435-2HG increases the immunometabolic activity of mDCs
through enhanced epigenetic modification of H3K27ac in the
RPTOR gene locus, resulting in increased RPTOR gene expression
and activation of the mTORC1 complex. To test this, we analyzed
the functional and metabolic profile of mDCs in the presence or
absence of rapamycin treatment. We noted that the mTORC1
inhibitor rapamycin significantly reduced basal respiration, max-
imal respiration, and spare respiratory capacity in Poly(I:C)-stim-
ulated mDCs (Figure 10, A and B). In addition, rapamycin also
inhibited glycolysis, as lower extracellular acidification rate levels
were observed following addition of rapamycin, without detectable
differences in the OCR/ECAR ratio (Figure 10, A and C). Corre-
spondingly, the frequencies of mDCs coexpressing MitoTracker
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Figure 8. MIR4435-2HG modulates functional metabolic activities in mDCs. (A) OCR (left) and ECAR (right) of mDCs (1 = 8) nucleofected with either
MIR4435-2HG siRNA or scramble siRNA and stimulated with 2 ug/mL Poly(l:C) for 24 hours was measured at indicated time points in responses to
oligomycin, FCCP, and rotenone/antimycin A using a Seahorse XFe96 Analyzer. (B) Basal respiration, maximal respiration, and spare respiratory capacity in
mDCs from A were compared between MIR4435-2HG siRNA and scramble siRNA nucleofected cells. Wilcoxon matched pairs signed rank test was used as
the statistical test. (C) Basal ECAR and OCR/ECAR ratio in mDCs from A were compared between MIR4435-2HG siRNA and scramble siRNA nucleofected
cells. Wilcoxon matched pairs signed rank test was used as the statistical test. (D) Contour plots from a representative donor displaying the coexpression
of MitoTracker (left) or ROS (right) to activation markers (CD40, CD83, and CD86) in mDCs nucleofected with either MIR4435-2HG siRNA or scramble siRNA
and stimulated with 2 pg/mL Poly(l:C) for 24 hours. (E, F) The fold changes of frequencies of mDCs coexpressing MitoTracker or ROS and activation mark-
ers (CD40, CD83, and CD86) from D were compared. Wilcoxon matched pairs signed rank test was used as the statistical test. (G) A pseudocolor plot from
a representative donor displaying allogeneic CD4* and CD8* T cell proliferations following the coculture with mDCs nucleofected with MIR4435-2HG siRNA
or scramble siRNA and stimulated with 2 pg/mL Poly(l:C). (H) The frequencies of proliferating CD4* and CD8" T cells in mixed leukocyte reactions were
compared (n = 7). Wilcoxon matched pairs signed rank test was used as the statistical test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 9. MIR4435-2HG influences RPTOR expression in mDCs through
H3K27ac histone modification. (A) Heatmap displaying genomic loci with
significant (FDR-adjusted P value < 0.05) H3K27ac enrichment in ECs (1 = 4)
vs. HIVNs (n = 4). (B) Volcano plot showing H3K27ac-enriched genomic loci in
ECs vs. HIVNs. Red dots represent data with -log (P value) > 1.3 and log? fold
change > 1. (€C) Venn diagram showing overlap between H3K27ac-enriched
regions in mDCs from ECs, genomic locations susceptible to MIR4435-2HG-
dependent triple-helix formation predicted by TDF, and DEGs distinguishing
mDCs treated with MIR4435-2HG siRNA vs. scramble siRNA. (D) CUT&RUN-
Seq reads for H3K27ac, H3K27me3, and H3K4me3 at the RPTOR gene locus
in ECs (n = 4) vs. HIVNs (n = 4). Yellow region marks an intronic enhancer
region with significantly increased H3K27ac reads and gray region highlights
the TDF-predicted MIR4435-2HG binding site. (E) The enrichment score for
H3K27ac CUT&RUN-Seq reads in the intronic enhancer region of the RPTOR
gene was compared between ECs and HIVNs. Mann Whitney U test was
used as the statistical test. (F) Correlation analysis between MIR4435-2HG
IncRNA and RPTOR mRNA expressions after normalization to ACTB in mDCs
from ECs (n = 8). Pearson test was used to analyze the correlation. (G) The
relative expression of RPTOR mRNA normalized to ACTB in mDCs from ECs
(n = 8) nucleofected with either MIR4435-2HG siRNA or scramble siRNA for
48 hours was measured by RT-PCR. Wilcoxon matched pairs signed rank test
was used as the statistical test. (H) The MFI of RPTOR protein expression

in mDCs from EC (n = 8) nucleofected with either MIR4435-2HG siRNA or
scramble siRNA for 48 hours was measured by flow cytometry. Wilcoxon
matched pairs signed rank test was used as the statistical test. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.

or ROS with CD40 or CD86 were significantly reduced following
rapamycin treatment; however, this was not seen in CD83" mDCs
coexpressing MitoTracker and ROS (Figure 10, D-G). Correspond-
ing to these observations, the ability of rapamycin-treated mDCs
to stimulate allogeneic CD4* and CD8" T cell proliferation was sig-
nificantly lower (Figure 10, H and I), corresponding to our obser-
vation that mDCs exposed to MIR4435-2HG-specific siRNA had a
weak ability to stimulate allogeneic T cells (Figure 8, G and H). Tak-
en together, these experimental findings support the hypothesis
that IncRNA MIR4435-2HG can increase functional and metabolic
activities of mDCs through targeted increase of mTOR function.

Discussion

A vigorous HIV-1-specific T cell response is commonly regarded
as the backbone of antiviral immunity in persons with natural con-
trol (2), but increasing evidence suggests a contribution of innate
immune cells to such aremarkable disease outcome (43-45). mDCs
are of particular interest in this context, as they play key roles in
priming of antiviral T cell responses, and seemingly have the ability
to persist long-term in functionally enhanced modification states
in ECs (11, 12), for reasons that have escaped clarification to this
point. Here, we demonstrate a distinct immunometabolic profile
in mDCs from ECs, characterized by signs of increased oxidative
and nonoxidative metabolic activity. Etiologically, this altered
metabolic signature was linked to overexpression of the IncRNA
MIR4435-2HG, which induced increased RPTOR gene expres-
sion, likely through targeted triple-helix formation at an intronic
enhancer region in the RPTOR gene and subsequent enrichment of
activating histone marks at this gene locus. Together, these obser-
vations suggest that IncRNA-associated epigenetic histone modifi-
cations contribute to an enhanced metabolic and functional profile
of mDCs in ECs. We propose that such an altered metabolic innate

J Clin Invest. 2021;131(9):e146136 https://doi.org/10.1172/JC1146136

RESEARCH ARTICLE

immune cell signature displays features of trained innate immunity
— a concept that invokes epigenetic histone modifications as struc-
tural correlates for durable enhancements in metabolic states and
functional responsiveness of innate immune cells (13, 14).

Understanding mechanisms enabling natural control of HIV-1
replication remains a puzzling and perplexing research question, but
may possibly have widespread implications for HIV-1 cure research.
Recent data underscore the relevance of immune-mediated selec-
tion mechanisms for driving a highly distinct viral reservoir configu-
ration in these individuals, characterized by chromosomal locations
of intact proviruses that display features of deep latency (4). While
T cell-mediated responses, specifically when targeting highly net-
worked viral epitopes, may play a key role in these selection process-
es (46), a contribution of innate immune cells appears increasingly
obvious, as marked variations in quantity and quality have been
reported for NK cells (47, 48), pDCs (49-51), and, most frequently,
for mDCs from controllers (11, 12, 52, 53). Here, we extend these
findings by showing a distinct expression pattern of OXPHOS
and mTOR genes in mDCs from ECs, which was coupled with an
enhanced oxidative and nonoxidative metabolic profile in response
to TLR3 stimulation. Notably, this altered functional metabolic state
in ECs was associated with selective upregulation of MIR4435-2HG,
a IncRNA that we show can directly influence the metabolic state of
mDCs through induction of RPTOR expression and ensuing increas-
es in mTORC1 activity. Importantly, a distinct MIR4435-2HG-relat-
ed immunometabolic profile occurred selectively in mDCs from
ECs, but was absent in HAARTs and CPs, suggesting that it may rep-
resent an intrinsic component of antiviral immune defense by ECs
and not a mere consequence of virological control (52).

A contribution of IncRNAs to regulation of pathogen-specific
immune responses has been documented in a variety of different
contexts (17), and is frequently mediated through direct interac-
tions with host transcription factors influencing the expression of
immune-related genes (13, 14). Direct protein-RNA interactions
between IncRNA MIR4435-2HG and protein components of the
host transcriptional machinery have indeed been observed in spe-
cific cell types (54, 55), and can therefore not be fully excluded as
underlying explanations of our observations. A more likely mech-
anism, however, involves IncRNA-DNA interactions that are facil-
itated by triple-helix formation. Triple-helix structures between
IncRNAs and double-stranded chromosomal DNA are experimen-
tally well documented, and can occur when IncRNAs are forming
Hoogsteen or reverse Hoogsteen hydrogen bonds with purine-
rich DNA (40). Notably, only specific base combinations within
defined segments of IncRNA and chromosomal DNA can promote
such complex molecular structures (40). In the case of MIR4435-
2HG, computational algorithms predicted triple-helix RNA-DNA
conformations at an intronic enhancer region of the RPTOR gene,
exactly at a location where epigenetic testing revealed enhanced
activating H3K27ac signals in mDCs from ECs. Increased recruit-
ment of histone acetyltransferases is indeed a recognized effect of
triple-helix IncRNA-DNA interactions (39). While structural biol-
ogy experiments would be necessary to formally demonstrate a
triple-helix configuration with MIR4435-2HG at the RPTOR gene
locus, we propose that the combined experimental and computa-
tional results make such IncRNA-DNA interaction highly likely.
Notably, synergistic effects among IncRNAs in the regulation of
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Figure 10. mTORC1 inhibition reduced OXPHOS, glycolysis, and functional
activities in mDCs. (A) OCR (left) and ECAR (right) of mDCs from HIVNs (n =
6) stimulated in 2 ug/mL Poly(1:C) with or without 100 nM rapamycin for 24
hours were measured at indicated time points in responses to oligomycin,
FCCP, and rotenone/antimycin A using a Seahorse XFe96 Analyzer. mDCs
cultured in medium only served as a negative control. (B) Basal respiration,
maximal respiration, and spare respiratory capacity in mDCs from A were
compared in mDCs stimulated with 2 pg/mL Poly(l:C), with or without 100
nM rapamycin for 24 hours. Repeated measures 1-way ANOVA test was used
for statistical analysis. (C) Basal ECAR and OCR/ECAR ratio in mDCs from A
were compared in mDCs stimulated with 2 ug/mL Poly(l:C), with or without
100 nM rapamycin for 24 hours. Repeated measures 1-way ANOVA test was
used for statistical analysis. (D, E) Contour plots from a representative donor
displaying the coexpression of MitoTracker or ROS and activation markers
(CD40, CD83, and CD86) in mDCs stimulated with 2 pg/mL Poly(l:C), with

or without 100 nM rapamycin for 24 hours. (F, G) The frequencies of mDCs
coexpressing MitoTracker or ROS and activation markers (CD40, CD83, and
CD86) in mDCs from HIVNs (n = 6) in D and E were compared. Repeated
measures 1-way ANOVA test was used for statistical analysis. (H) A pseudo-
color plot from a representative donor displaying allogeneic CD4* and CD8*
T cell proliferations following the coculture with mDCs stimulated with 2
ng/mL Poly(l:C), with or without 100 nM rapamycin for 24 hours. (I) The fre-
quencies of proliferating CD4* and CD8* T cells in mixed leukocyte reactions
were compared (n = 6). Repeated measures 1-way ANOVA test was used for
statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

immune cell functions are yet to be explored, as our data have
shown that additional IncRNAs were specifically upregulated in
mDCs from ECs. Therefore, future studies may be dedicated to
investigating these additional IncRNAs and their possible combi-
natorial roles in regulating immune cell behaviors.

The importance of metabolic profiles for dictating immune cell
function is well recognized in ECs and in other conditions (56-58).
Resting naive and memory T cells use mitochondrial OXPHOS for a
steady supply of energy (59), which upon activation shifts toward gly-
colysis and elevated mitochondrial biogenesis in order to meet higher
energy demands (56, 57,59). A similar immunometabolic process can
be seen in innate immune cells such as DCs and macrophages, which
typically rely on the tricarboxylic acid (TCA) cycle and on OXPHOS
as the main energy source during resting conditions (60, 61). Once
activated, nonoxidative energy production via glycolysis can dom-
inate (61-63). In our study, we observed higher OXPHOS and gly-
colysis in mDCs from ECs after stimulation with the TLR3 ligand
Poly(I:C), without affecting the OCR/ECAR ratio. This corresponded
to the observation that both MIR4435-2HG gene silencing and phar-
macological inhibition of mTORCI1 with rapamycin decreased oxi-
dative and nonoxidative metabolic activities in mDCs. Collectively,
these data strongly suggest a role for the MIR4435-2HG/RPTOR axis
in enhancing the metabolic activity of mDCs through upregulation of
mTORC1 function. While such an enhanced metabolic state is likely
to increase the functional responsiveness of mDCs, in particular with
regard to costimulatory activities, it is noteworthy that continuous
MIR4435-2HG-associated increases in oxidative phosphorylation
may be associated with a risk for elevated oxidative damage result-
ing from ROS. Therefore, it is possible that an elevated functional and
metabolic profile in mDCs from ECsis achieved at the expense of ele-
vated detrimental oxidative stress.

Durable persistence of innate immune cells in higher functional
modification states is well conceptualized in the context of trained
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immunity, and frequently involves epigenetic modifications and
remodeling of chromatin configurations (14, 64-66). For instance,
epigenetic modifications induced by the Bacillus Calmette-Guérin
(BCG) vaccine can lead to enrichment of H3K27ac marks at active
promoters and enhancers, and lead to improved functional respon-
siveness to antimicrobial antigen challenges (67). Such a BCG-asso-
ciated training of innate immunity may translate into health benefits
in a variety of disease contexts (68, 69). Our data raise the hypothe-
sis that in addition to highly effective T cell immune responses, ECs
may be characterized by a functionally enhanced immune profile in
mDCs that is related to distinct epigenetic chromatin features and
may result from prior exposure to HIV-1 and /or additional microbial
antigens. Future studies will be necessary to determine whether epi-
genetically programmed features of improved innate immune func-
tions in ECs might translate into a more effective immune activi-
ty against pathogens other than HIV-1. Moreover, profiling of the
human epigenome in defined innate immune cells from ECs will be
helpful in characterizing possible additional components of trained
immunity in ECs and may represent a complementary effort to
large-scale genomic studies conducted previously in this particu-
lar population (70). We remain optimistic that continuous progress
in defining the diverse components of protective immunity in ECs
may ultimately allow the induction of spontaneous control of HIV-1
in larger populations of persons living with HIV-1.

Methods

Study participants. HIV-1 ECs (n = 23) who had maintained undetect-
able levels of HIV-1 replication for a median of 5 years in the absence
of antiretroviral therapy (viral load < 50 copies/mL; median CD4* T
cell count 882 cells/mm?), HAARTS (n = 13; viral load <50 copies/mL;
median CD4* T cell count 909 cells/mm?), CPs (n = 9; median viral
load 53,500 copies/mL; median CD4* T cell count 528 cells/mm?), and
HIVNs (n = 15) were recruited for this study. The clinical and demo-
graphic characteristics of the study subjects are listed in Supplemen-
tal Table 1. Additional PBMC samples from HIV-1-negative healthy
donors at the MGH Blood Bank were obtained for gene knockdown and
mixed leukocyte reaction experiments.

Magnetic isolation of mDCs. mDCs from peripheral blood were iso-
lated using Human Myeloid Dendritic Cells Isolation Kit (Miltenyi) and
LD columns by negative selection. The purity of cells after isolation was
greater than 90%. The isolated mDCs were used for downstream assays.

Gene expression analysis by RNASeq. Total RNA from isolated
mDCs was extracted and purified using the PicoPure RNA Isolation
Kit (Applied Biosystems). Subsequently, RNAseq libraries were gen-
erated as previously described (71). The whole transcriptome ampli-
fication (WTA) and tagmentation-based library preparation were
performed using Nextera XT (Illumina), followed by sequencing
on a NextSeq 500 Instrument (Illumina). Sequences from RNAseq
were aligned to the human genome (GRCh38) using STAR (72) and
quantified using RSEM (73). Raw counts at gene or isoform levels
were normalized using External RNA Controls Consortium spiked-
in controls through RUV-seq (74), and then used for differential
gene expression analysis with DESeq2 (75). Transcripts per million
(TPM) values were used for downstream analysis.

Differentially expressed genes (DEGs) from previously generated
RNAseq data set (Gene Expression Omnibus accession GSE141498)
(25) and current RNAseq data set (GSE167565 and GSE167564) were
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analyzed using the IPA (Qiagen) (28) and the Database for Annota-
tion, Visualization, and Integrated Discovery (DAVID) v6.8 (29, 30).

Invitro cell culture. Isolated mDCs or total PBMCs were cultured in
medium only (negative control) or with 2 ug/mL TLR3 ligand Poly(1:C)
(Invivogen) for 24 hours. The cells were cultured in RPMI medi-
um (Thermo Fisher Scientific) supplemented with 10% fetal bovine
serum (FBS) (MilliporeSigma), 1% L-glutamine (Corning), 1% penicil-
lin/streptomycin (Corning), and 1% HEPES buffer (Corning) and kept
at 37°C in 5% CO, during the culture. In some experiments, isolated
mDCs were stimulated in 2 pg/mL TLR3 ligand Poly(I:C) (Invivogen),
with or without 100 nM rapamycin (Invivogen) for 24 hours.

Oxygen consumption rate measurement. The OCR was analyzed
using the Seahorse Mito Stress Test Kit (Agilent) on a Seahorse XFe96
Analyzer (Agilent) according to the manufacturer’s protocol. Briefly,
conditioned mDCs were harvested, washed using prewarmed supple-
mented RPMI medium, and plated on XF96 cell culture microplates
(Agilent) coated with poly-D-lysine (Thermo Fisher Scientific) to adhere
the cells on the microplate surface. Prior to the assay, the RPMI medi-
um was replaced with XF Base medium with minimal DMEM (Agilent),
supplemented with 1 mM pyruvate (Agilent), 2 mM glutamine (Agilent),
and 10 mM glucose (Agilent) with the pH adjusted to 7.4. At indicated
time points, OCR was measured in the basal condition and in response
to 2 uM oligomycin, 3 uM FCCP (carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone), and 1 uM rotenone/antimycin A (Agilent).

Mitochondrial potential and ROS measurement. Mitochondrial
membrane potential and ROS were measured by staining cells using
100 nM MitoTracker Red CMXROS (Invitrogen) and 5 uM CM-H2D-
CFDA (Invitrogen) probes, respectively. Total PBMCs or isolated
mDCs were incubated for 30 minutes in these probes at 37°C. Cells
were then washed and stained with LIVE/DEAD Blue Viability Dye
(Invitrogen) and fluorophore-conjugated monoclonal antibodies tar-
geting CD3, CD14, CD16, CD19, CD20, CD56, HLA-DR (BD Biosci-
ences), CD11c, CD40, CD83, and CD86 (Biolegend). The expression
of mitochondrial membrane potential and ROS was measured by a BD
Symphony instrument (BD Biosciences). The data were analyzed using
Flow]o software (FlowJo, LLC).

RT-PCR. mDCs were washed in 1x PBS and lysed using PicoPure
Extraction Buffer (Applied Biosystems). Total RNA was extracted and
purified using the PicoPure RNA Isolation Kit (Applied Biosystems),
according to the manufacturer’s protocol. Next, total RNA was reverse
transcribed using SuperScript IV Reverse Transcriptase (Invitrogen)
into cDNA. Quantitative PCR was performed using the Quantitect SYBR
Green PCR Kit (Qiagen) and primers designed to amplify MIR4435-
2HG. A ViiA7 instrument (Life Technologies) was used. ACTB was ana-
lyzed as a housekeeping gene. The primer sequences are displayed in
Supplemental Table 3. The expression of MIR4435-2HG relative to the
negative control was calculated using the Livak (20°2) method.

PrimeFlow RNA FACS for IncRNA. The expression of IncRNA
MIR4435-2HG in relation to various DC activation markers in different
DC subsets were evaluated using a flow cytometry-based PrimeFlow
RNA assay kit (Invitrogen). Initially, total PBMCs (5 million cells) were
stained using LIVE/DEAD Blue Viability Dye (Invitrogen) and fluoro-
phore-conjugated monoclonal antibodies specific for various surface
markers (Supplemental Table 4). The cells were then fixed and permea-
bilized using the PrimeFlow fixation and permeabilization kit according
to the manufacturer’s protocol. Subsequently, a MIR4435-2HG-targeting
probe, PreAmp, Amp, and label probe hybridizations were performed at
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40°C at indicated durations of incubation. Specific probes targeting the
housekeeping gene ACTB served as a positive control, while specific tar-
get probes were omitted in negative controls. The expression of IncRNA
MIR4435-2HG and other cell markers was measured using a BD Sym-
phony instrument (BD Biosciences). Data were analyzed using FlowJo
software (Flow]Jo, LLC) with plugins for tSNE and FlowSOM (34). TSNE
analysis was performed in 24,336 cells using equal sampling of cell num-
bers between ECs and HIVNs, with 1000 iterations, a perplexity of 5,
and learning rate (eta) of 1703.

siRNA-mediated IncRNA knockdown. Knockdown of the IncRNA
MIR4435-2HG was performed by nucleofecting isolated primary
mDCs (program CM120, Amaxa 4D-Nucleofector, Lonza) with spe-
cific or scramble siRNAs (Horizon Dharmacon) according to the man-
ufacturer’s instructions. Nucleofected mDCs were cultured in RPMI
medium (Thermo Fisher Scientific) without antibiotics and supple-
mented with 10% FBS (MilliporeSigma), 1% L-glutamine (Corning),
and 1% HEPES buffer (Corning) for 24 or 48 hours. Subsequently, the
cells were either stimulated with 2 pg/mL TLR3 ligand Poly(I:C) (Invi-
vogen), 100 ng/mL TLR4 ligand LPS (Invivogen), 5 pug/mL TLR7/8
ligand CLO97 (Invivogen), or not given any stimulation (medium only
as a negative control) for another 24 hours. Efficiency of siRNA-medi-
ated knockdown was confirmed at the RNA level by RT-PCR.

CUT&RUN sequencing. A standard CUT&RUN sequencing protocol
was used (41) with minor modifications. Briefly, isolated mDCs from
ECs and HIVNs were bound to concanavalin A-coated magnetic beads
(Bangs Laboratories), followed by cell permeabilization using 0.01% dig-
itonin (Millipore) in wash buffer. Primary antibodies against intracellu-
lar H3K27ac, H3K27me3, and H3K4me3 histone marks (Cell Signaling
Technology) were added and cells were incubated at 4°C for overnight.
Guinea pig anti-rabbit IgG antibody (Antibodies-online) was used as a
negative control. The next day, fusion protein CUTANA pA/G-MNase
(20x) (Epicypher) was added and cells were incubated at 4°C for 1 hour,
followed by chromatin digestion using 100 mM CacCl, (Thermo Fisher
Scientific). Stop buffer was then added to stop the chromatin digestion.
DNA fragments were extracted using phenol chloroform (Invitrogen)
and the extracted DNA was eluted in 1 mM Tris-HCI pH 8.0 (Thermo
Fisher Scientific) + 0.1 mM EDTA (Sigma-Aldrich). The DNA library
was prepared using NEBNext Ultra II DNA Library Prep Kit for Illumina
Sequencing (New England Biolabs). The DNA library concentration and
quality were measured by Qubit 1x dsDNA HS kit (Life Technologies)
and D1000 High Sensitivity TapeStation (Agilent), respectively. The
sequencing was performed using NextSeq 500/550 High Output v2.5 kit
(75 cycles) (Illumina) on a NextSeq 500 Instrument (Illumina). Adapt-
ers and low-quality reads were trimmed using Trimmomatic (76) and
aligned to the human genome (GRCh38) using Bowtie2 (77). Peak call-
ing was implemented using MACS2 (78). For visualization, the coverage
profile was calculated using DeepTools (79). Differential binding analy-
sis was performed using DiffBind (80). The CUT&RUN sequencing data
are available in Gene Expression Omnibus accession GSE167563.

TDF analysis for IncRNA. The binding sites between candidate
IncRNA and DNA were characterized using TDF (40). The software
was first used to computationally predict the potential binding sites
for our candidate IncRNA. The promoter regions of genes from
multiple pathways were then tested statistically to identify regions
enriched with IncRNA binding sites.

Mixed leukocyte reaction. Total allogeneic T cells were isolated using
Dynabeads Untouched Human T Cells Kit (Invitrogen) and rested over-
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night at 37°C in 5% CO,. The next day, isolated T cells were stained
using the Vybrant CFDA SE Cell Tracer Kit (Invitrogen) and washed in
complete RPMI medium. Total T cells were then cocultured with condi-
tioned mDCs for 5 days at a T/mDC ratio of 4:1. The cells were cultured in
RPMI medium (Thermo Fisher Scientific) supplemented with 10% FBS
(MilliporeSigma), 1% L-glutamine (Corning), 1% penicillin/streptomycin
(Corning), and 1% HEPES buffer (Corning) and kept at 37°C in 5% CO,
during the culture. As a negative control, total T cells were cultured in
medium only, and as a positive control, T cells were cultured with T cell
activation beads loaded with «CD2/ aCD3/ «CD28 antibodies (Miltenyi).

Statistics. Differences between 2 groups were tested for statis-
tical significance using unpaired, 2-tailed ¢ test or Mann Whitney
test (unpaired observations) and paired, 2-tailed ¢ test or Wilcoxon
matched pairs signed rank test (paired observations). Differences
among 3 groups or more were tested using 1-way ANOVA or Krus-
kal-Wallis (unpaired observations) and repeated measures ANOVA or
Friedman test (paired observations). Correlation between 2 variables
was tested using Spearman or Pearson test. Normality distribution was
tested using Kolmogorov Smirnov test.

Study approval. All subjects gave written informed consent and the
study was approved by the IRB of Massachusetts General Hospital.
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