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ABSTRACT A rare subset of HIV-infected individuals, termed elite controllers (ECs),
can maintain long-term control over HIV replication in the absence of antiretroviral
therapy (ART). To elucidate the biological mechanism of resistance to HIV replication
at the molecular and cellular levels, we performed RNA sequencing and identified al-
ternative splicing variants from ECs, HIV-infected individuals undergoing ART, ART-
naive HIV-infected individuals, and healthy controls. We identified differential gene
expression patterns that are specific to ECs and may influence HIV resistance, includ-
ing alternative RNA splicing and exon usage variants of the CREM/ICER gene (cyclic
AMP [cAMP]-responsive element modulator/inducible cAMP early repressors). The
knockout and knockdown of specific ICER exons that were found to be upregulated
in ECs resulted in significantly increased HIV infection in a CD41 T cell line and pri-
mary CD41 T cells. Overexpression of ICER isoforms decreased HIV infection in pri-
mary CD41 T cells. Furthermore, ICER regulated HIV long terminal repeat (LTR) pro-
moter activity in a Tat-dependent manner. Together, these results suggest that ICER
is an HIV host factor that may contribute to the HIV resistance of ECs. These findings
will help elucidate the mechanisms of HIV control by ECs and may yield a new
approach for treatment of HIV.

IMPORTANCE A small group of HIV-infected individuals, termed elite controllers (ECs), dis-
play control of HIV replication in the absence of antiretroviral therapy (ART). However,
the mechanism of ECs’ resistance to HIV replication is not clear. In our work, we found
an increased expression of specific, small isoforms of ICER in ECs. Further experiments
proved that ICER is a robust host factor to regulate viral replication. Furthermore, we
found that ICER regulates HIV LTR promoter activity in a Tat-dependent manner. These
findings suggest that ICER is related to spontaneous control of HIV infection in ECs. This
study may help elucidate a novel target for treatment of HIV.
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Asmall group of HIV-infected individuals, termed elite controllers (ECs), display con-
trol of HIV replication in the absence of antiretroviral therapy (ART) (1). This is in

contrast to what occurs in most humans, in whom HIV infection progresses to AIDS
unless treated with ART. ECs can spontaneously control HIV replication without ART
and maintain HIV RNA levels in the blood below the level of detection (1, 2). Some
aspects of the natural course of infection in ECs that contribute to this resistance,
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including protective HLA alleles and effective CD81 T cell cytotoxicity, both of which
inhibit viral replication, have been described (3–6). It has also been suggested that
infection with a virus that has low replicative fitness may explain viral control in some
ECs, but viruses isolated from a subset of ECs have been found to be fully competent
and replicate vigorously in vitro (7).

Together, these data suggest that the restricted replication capacity of HIV in ECs is
likely driven by host-specific differences that prevent viral replication and/or disease
progression. Several host restriction factors have been identified to inhibit viral replica-
tion. For example, TRIM5a (8), SAMHD1 (9), and APOBEC3G (10) were found to protect
human and nonhuman primates against retroviral infection. Host-specific differences
in these proteins have been linked to protection against infection and are thought to
provide a significant barrier against cross-species transmission, but these host factors
have not been reported to account for HIV resistance in ECs. Host factor-driven mecha-
nisms of resistance to HIV in ECs remain largely unexplored.

Previous studies found that both monocyte-derived macrophages and CD41 T cells
from HIV controllers had low susceptibility to HIV infection in vitro (11, 12). However,
the restriction of viral replication in CD41 T cells from HIV controllers can be overcome
by high-dose viral challenges (11, 13). Additionally, some reports have found that
CD41 T cells from ECs can be infected by autologous or laboratory strains of HIV (13,
14). A previous study identified potential host factors regulating viral replication in the
transcriptomes of CD41 T cells in comparisons between ECs and ART-naive HIV-
infected individuals (15). While the transcriptional profile broadly correlated with the
viral set point of the patients, it was unclear if this profile was driven by different levels
of infected T cells being sampled or by systemic differences within the individuals.
Compared to CD41 T cells, myeloid-derived cells, such as monocytes, macrophages,
and dendritic cells, are generally more resistant to HIV infection, in part due to the
increased expression of innate immune factors (16).

On the basis of the results of these previous studies, we hypothesized that specific
genetic programs in monocytes from ECs might provide information on cell resistance
to infection. As monocytes are not the main target of infection, sequencing of the
monocyte population would further avoid confounders driven by infection-dependent
changes. To test this hypothesis, we performed transcriptomics and analyzed gene
expression profiles of monocytes derived from ECs, HIV-infected individuals under-
going ART, ART-naive HIV-infected individuals, and healthy controls. We focused on
the genes that exhibited increased or decreased expression specifically in ECs relative
to those in the other three control groups (non-ECs). Here, we show increased expres-
sion of specific exons of the ICER (inducible cyclic AMP [cAMP] early repressor) locus
specifically in ECs. Knockout of ICER in a CD41 T cell line increased HIV infection; over-
expression or knockdown of these isoforms in primary CD41 T cells decreased or
increased HIV infection, respectively. These findings suggest that specific genetic pro-
grams in ECs, including altered splicing of ICER, may regulate cellular resistance to HIV
infection.

RESULTS
Screening of the genes controlling HIV infection in ECs. To identify host factors

specific to ECs that might be involved in controlling HIV infection, we performed RNA
sequencing (RNA-Seq) to compare the transcriptomes of monocytes from ECs and non-
ECs. Peripheral blood mononuclear cells (PBMCs) were obtained from 44 individuals (see
Table S1 in the supplemental material), comprised of 10 ECs, 12 aviremic HIV-infected
ART-treated individuals, 11 HIV-infected ART-naive individuals, and 11 healthy controls
without HIV infection. Monocytes were enriched from each sample, and RNA was
extracted for RNA-Seq. To explore critical molecular factors and pathways, we compared
the distinct gene expression pattern in ECs with those in the other three control groups
(non-ECs) (Fig. 1A). Overall, 2,836 genes exhibited significantly increased or decreased lev-
els of expression in ECs (log2 fold change . 1.4, q value , 0.05) compared to those in
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ART-treated individuals, ART-naive individuals, or healthy control individuals. Using gene
ontology (GO) to functionally characterize these genes, we found that “regulation of met-
abolic process,” “regulation of transcription by RNA polymerase ii,” and “regulation of ap-
optotic process” represented the top functional entities of genes that were differentially
expressed between ECs and healthy control or ART-treated individuals. In comparisons of
ECs with ART-naive individuals, the top functional entities were “response to stress,”
“defense response,” and “regulation of metabolic process” (Table S2). Among these, we
found 53 candidate genes in ECs that were differentially expressed from those in each
non-EC group (Table S3) and that might contribute to the different outcomes of HIV infec-
tion in ECs independently of HIV infection or ART status.

Next, the identified genes were subjected to gene function and network linkage
analyses. We found that “cell cycle,” “cellular process and activation,” and “apoptotic
process” represented the top functional entities that distinguished ECs from non-ECs
(Fig. S1A). Using STRING to analyze interaction networks, we identified a notable clus-
ter that includes several of the most markedly variable genes, such as the most highly
upregulated genes, SKI1B and NR4A2, and the most highly downregulated gene,
HSPA1B (Fig. 1B). To determine if the differentially expressed genes in ECs confer HIV
resistance phenotypes to other cells, we overexpressed the 12 most significantly
altered genes (Table S4A). Each of the genes was cloned into a lentiviral expression

FIG 1 Unique gene expression in ECs. Gene expression was analyzed by RNA-seq in purified monocytes from ECs and from ART-treated and virus-
suppressed (ART) and ART-naive individuals, as well as healthy controls (Healthy). (A) Heatmap demonstrating the hierarchical clustering of the distinctly
expressed genes in numbers of transcripts per million (TPM) in the four study groups. In total, 2,836 genes met the gene selection criteria (log2 fold
change . 1.4, FDR-adjusted P , 0.05), and the genes were significantly different from those in at least one of the EC/ART, EC/ART-naive, and EC/Healthy
comparisons. (B) Functional gene network showing the genes increased (red) or decreased (blue) in ECs compared with those in the other three groups
simultaneously. The edge width reflects the interaction score between two genes. The minimum required interaction score was .0.3. (C) Overall RNA
expression levels (TPM) of CREM in ECs and in ART, ART-naive, and healthy control subjects. (D) Sashimi plot of CREM exons 13 to 20, displaying raw
mapped RNA sequencing reads. Each group contained 10 pooled samples.
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vector and used to make high-titer lentivirus. Interferon alpha 1 (IFNA1) was used as an
HIV-resistant positive control (17, 18); CD8 cells or an empty vector was used as a nega-
tive control. Lentiviruses containing target genes were used to transduce primary
CD41 T cells isolated from 3 different non-HIV-infected donors. Transduced cells were
subsequently infected with HIV NL4-3. Percentages of infected cells were quantified by
intracellular HIV p24 staining 72 h after HIV infection. Except with IFNA1, which showed
significant resistance to HIV challenge, we failed to observe differences in HIV infection
after overexpression of the differentially expressed genes (Fig. S1B).

In the gene interaction network cluster, the cAMP-responsive element modulator
(CREM) gene interacted with both the most highly upregulated and the most highly
downregulated genes. While not among the most highly differentially expressed
genes, the overall RNA expression level of CREM was significantly increased in ECs
compared to that in non-ECs (Fig. 1C). CREM encodes the cAMP-responsive element
modulator, a bZIP transcription factor that plays a critical role in cAMP-regulated signal
transduction. CREM has a large number of alternatively spliced transcript variants that
are regulated posttranscriptionally (.40 in humans). Some of these isoforms serve as
transcriptional activators, and the others work as repressors (19). Globally, to identify
compositional dissimilarity among the alternative splicing events, unsupervised prin-
cipal-component analysis (PCA) was applied to calculate sample distances. ECs had
distinct alternative splicing events compared with those of the other non-EC groups
(Fig. S1C). Indeed, visualizing the RNA sequencing data from ECs in Integrative
Genomics Viewer (IGV) showed several unique splicing junction events, particularly
on chr10:35,195,000 to chr35,213,000, which spanned the CREM gene from exon 15
to exon 20 (Fig. 1D). Based on the central nature of CREM in the regulatory network
and its known function as a transcriptional activator/repressor, we hypothesized that
CREM might be the key upstream molecule that regulates differentially expressed
genes in ECs.

CREM/ICER isoform-enriched variants and alternative splicing in ECs. The human
CREM gene contains 20 exons, which use different promoters and transcription factors
to generate complex alternative mRNA splicing events (Fig. S1E). The alternatively
spliced variants generate different CREM isoforms that may exert opposing effects on
target gene expression depending on the absence or presence of the transactivating
domains (20). Therefore, identification of the exon usage and alternative splicing iso-
forms is essential to interpreting changes in RNA expression from this locus. To deter-
mine which transcripts may be differentially regulated, we compared unique reads to
each isoform and calculated the expression of each transcript per million reads (TPM).
Four specific CREM isoforms were found to be enriched in ECs over non-ECs (Fig. S1D).
Notably, all of the isoforms enriched in ECs were inducible cAMP early repressors or
ICERs. These isoforms displayed preferential usage of exons 15 and 16 (Fig. 2A). This
same enrichment was observed when results were calculated as an isoform fraction
(IF) (Fig. 2B). On the other hand, two CREM isoforms were enriched in non-ECs com-
pared to ECs, one of them encoding a long noncoding RNA (lncRNA) and the other
spanning exon 2 to exon 20 (Fig. 2A). We also quantified the alternative splicing events
within CREM by analyzing the percent spliced (in Psi or W) (Fig. 2C). Consistently with
the IF analysis, the Psi results showed that ECs had an alternative first exon (AFE) pref-
erence for usage of exon 16 (median Psi = 90.2%), short exon 16 (median Psi = 89.0%),
and exon 15 (median Psi = 4.6%). In ECs, when the first exon of CREM was exon 15,
exon 18 had a highly skipped exon (SE) fraction (median Psi = 25.2%).

Knockout of ICER exons using CRISPR-Cas9 increases HIV infection in a CD4+ T
cell line. Given the many CREM/ICER isoforms, we used a CRISPR-Cas9 system to knock
out the CREM/ICER gene in HuT78 cells to explore its role in HIV replication. We
designed several synthetic single-guide RNAs (sgRNAs) against ICER exons 15 and 16
(Table S4B). Exons 18 and 19, which were commonly used in CREM/ICER isoforms
(Fig. S1E), were also knocked out. Exon 13, which was used in most CREM isoforms but
absent in ICER isoforms (Fig. S1E), was chosen as a control. CD8A was chosen as a neg-
ative control. Individual CREM/ICER exon or CD8A gene knockout clones were obtained
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through single-cell sorting and screened by sequencing. We selected three clones for
each exon or gene knockout. Next, the cell clones were challenged with HIV NL4-3,
and infection was quantified by intracellular HIV p24 staining and flow cytometry at 72
h. The cell clones carrying the frameshift in ICER were more vulnerable to HIV chal-
lenge (Fig. 3A). To confirm these results, representative mutant clones that had frame-
shifts in each exon were challenged with increasing doses of HIV NL4-3. The productive
infection was quantified. As observed above, each ICER exon's knockout significantly
promoted infection on day 3 (Fig. 3B and C). Similar results were obtained using the
HIV NL4-3 virus to challenge cells with each frameshift mutation after cultivation for
6 days (Fig. 3B and C). The cell clones suffered significantly, decreasing cell counts due
to HIV-related cell death by the day 6 and day 9 time points (Fig. 3B and D).

Knockdown of ICER exons using shRNA leads to increased HIV infection in
primary CD4+ T cells. To determine the contribution of ICER to HIV infection in pri-
mary CD41 T cells, short hairpin RNA (shRNA)-mediated silencing was used to suppress
ICER expression (Table S4C). Lentiviruses containing shRNA that target distinct exons
were used to transduce primary CD41 T cells isolated from 4 different non-HIV-infected
donors. The efficiency and specificity of ICER were assessed by immunoblotting
(Fig. 4A). The shRNA against exons 15 and 19 was highly efficient in knocking down
ICER, while shRNA against exons 16 and 18 had a low knockdown efficiency similar to
that of the nontargeting control (Fig. 4A). Similar levels of cell viability were observed
between CD41 T cells after ICER knockdown and control shRNA-transduced CD41 T

FIG 2 EC-specific CREM/ICER isoforms and alternative splicing based on RNA sequencing. (A) Schematic illustration of CREM/ICER displaying the six
relevant transcript isoforms (Ensembl ID) with their predicted functional domain structures. The expression of these six CREM/ICER isoforms was
significantly increased or decreased in ECs compared to in all three control groups (non-ECs). (B) The frequencies of six CREM/ICER transcript isoform
fractions (IFs) among all CREM/ICER isoforms in the four study groups. (C) Splicing patterns within the EC-relevant CREM/ICER genes quantified by the
percent spliced-in (Psi or W) values in the four study groups; the Psi with a significant difference is shown. The preference alternative first exon (AFE) usage
and skipped exon (SE) in ECs are highlighted.
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cells (Fig. S2A). Transduced cells were subsequently infected with HIV AD8 (CCR5-
tropic) or HIV NL4-3 (CXCR4-tropic) virus, and infected cells were quantified by intracel-
lular HIV p24 staining on days 3 and 5 postinfection. Upon ICER depletion, both HIV
AD8 and NL4-3 infections were dramatically increased in primary T cells from all four
donors compared to levels of control shRNA in transduced cells (Fig. 4B to D). The
three shRNAs with the highest knockdown efficiencies, shRNA 15-1, shRNA 15-2, and
shRNA 19-2, had on average 5.0-, 9.1-, and 5.8-fold increases in HIV AD8 infection,
respectively, compared with levels of control shRNA on day 3 after viral challenge
(Fig. 4C). Furthermore, shRNA 15-1 and shRNA 19-2 had average 4.6- and 2.8-fold
increases in HIV NL4-3 infection, respectively, compared with levels of control shRNA

FIG 3 Knockout of ICERs increase HIV infection. CREM/ICER exon 13, 15, 16, 18, or 19 in HuT78 cells was knocked out using the CRISPR-Cas9 system. The
viral replication efficiency on each CREM/ICER exon knockout HuT78 cell clone was evaluated by HIV Gag staining using flow cytometry. (A) Fold changes
of HIV infection in every three clones with CREM/ICER exon 13, 15, 16, 18, or 19 or CD8A knocked out, compared to infection levels in wild-type HuT78
cells (WT) on day 3 after HIV NL4-3 infection. (B) Expression of CREM/ICER after CRISPR-Cas9 knockout in the HuT78 cell line. (C) Dot plots representing
Gag1 cells on day 3 and day 6 after challenging individual exon knockouts of the HuT78 cell line with HIV NL4-3. The knockout of ICER exon 15, 16, 18, or
19 in HuT78 cells generated different resistance patterns to HIV infection. Mean levels of five replicates from three independent experiments are shown.
SSC-A, side scatter area. (D, E) The representative cells with ICER exon 15, 16, 18, or 19 knocked out were infected with increasing viral inputs of HIV NL4-3. The
infection efficiency was monitored on day 3 (D) and day 6 by measuring Gag1 cells. (E) The live cell counts were measured on day 9. Values are means 6
standard deviations (SD) (five replicates from three independent experiments). (One-way ANOVA followed by Holm-Sidak's multiple-comparison test, ***,
P , 0.001.)
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on day 3 postinfection (Fig. 4D). Similar results were obtained using the HIV AD8 and
NL4-3 virus to challenge cells with each knockdown after cultivation for 5 days
(Fig. S2B and S2C).

To further verify the effect of ICER exon knockdown in inhibiting HIV infection, we
examined a range of different HIV strains. Human primary CD41 T cells were chal-
lenged with different strains of HIV after silencing ICER expression. The tested HIV
included CCR5-tropic (JR-CSF and BaL), CXCR4/CCR5-tropic (89.6), and CXCR4-tropic
(IIIB) HIV strains. Treatment with shRNAs 15-1 and 15-2 (knockdown of exon 15) and
shRNA 19-2 (knockdown of exon 19) increased HIV infection of all tested strains in pri-
mary CD41 T cells from multiple independent donors on day 3 postinfection (Fig. 5A
to D) and day 5 postinfection (Fig. S3A to S3D).

Overexpression of ICER isoforms leads to resistance to HIV infection in primary
CD4+ T cells. To better understand which ICER isoforms influence infection, we individ-
ually overexpressed eight different ICER isoforms in primary CD41 T cells from 4 inde-
pendent donors using a lentiviral expression system. Two isoforms of CREM were used
as isoform controls, and a CD8A vector was used as a negative control. The specificity
of ICER isoform overexpression was assessed in HEK 293T cells (Fig. S4A), and the trans-
duction efficiency of isoforms in primary CD41 T cells was determined by immunoblot-
ting (Fig. 6A). Although HEK 293T cells highly expressed all tested ICER isoforms, pri-
mary CD41 T cells highly expressed only isoforms 5, 7, 8, 11, and 31. After transduction,
the expression of different ICER isoforms did not affect cell viability (Fig. S4B). Next,

FIG 4 Increased HIV infection in primary CD41 T cells upon ICER knockdown. Primary CD41 T cells were activated using anti-CD2/CD3/CD28 and
transduced with ICER shRNAs against exon 15 (sh15-1, sh15-2), 16 (sh16-1, sh16-2), 18 (sh18), or 19 (sh19-1, sh19-2). The empty lentivirus was used as a
control (sh-control). The transduced cells were selected using puromycin. (A) Expression of ICER after shRNA knockdown in primary CD41 T cells. (B) Dot
plots representing percentages of Gag1 cells on day 3 after HIV AD8 or HIV NL4-3 infection upon ICER exon 15 or 19 knockdown in primary CD4 T cells. (C,
D) Summarized results of HIV AD8 (C) or NL4-3 (D) infection after shRNA knockdown of ICER exon 15, 16, 18, or 19 in primary CD41 T cells isolated from
four different donors. Results are shown as the fold change in the percent infection of ICER shRNA-transduced cells compared to the percent infection of
sh-control transduced cells on day 3 after viral challenges. Each histogram bar represents means 6 SD from triplicates for each donor. (One-way ANOVA
followed by Holm-Sidak's multiple-comparison test, ***, P , 0.001; ****, P , 0.0001.)
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overexpression of ICER isoforms 5, 8, 11, and 31 resulted in 45.1%, 56.5%, 79.1%, and
79.5% average decreases in HIV AD8 infection on day 3, respectively, compared with
the level in transduced CD8A cells (Fig. 6B; Fig. S4C). The overexpression of ICER iso-
forms 8 and 11 resulted in 49.2% and 39.0% decreases in HIV NL4-3 infection on day 3
(Fig. 6C; Fig. S4C). Similar results were observed on day 5; the impacts of isoforms 8,
11, and 31 on HIV NL4-3 infection were more pronounced (Fig. S4D and S4E).

In addition to assessing the overexpression of individual ICER isoforms, we assessed
the effect of small-molecule agonists of ICER in the context of HIV infection.
Prostaglandin E2 (PGE2) and 8-bromo-cAMP (8-Br-cAMP) have been shown to increase
intracellular cAMP and induce endogenous ICER protein levels (21, 22); they were not
found to alter cell viability in the current study (Fig. S4F). We found that both PGE2
and 8-Br-cAMP treatment increased cell resistance to HIV infection (Fig. 6D to F).
Treatment of human primary CD41 T cells with PGE2 (100 mM) for 16 to 24 h prior to
infection resulted in a 57.6% decrease in HIV AD8 infection and a 67.2% decrease in
HIV NL4-3 infection compared with levels of infection in untreated cells (Fig. 6D to F).
Notably, 8-Br-cAMP pretreatment resulted in a more dramatic inhibition of HIV infec-
tion in human primary CD41 T cells (Fig. 6F), consistent with its resistance to hydrolysis
by phosphodiesterases. Treatment of cells with 250 mM 8-Br-cAMP resulted in 84.8%
and 97.1% decreases in HIV AD8 and NL4-3 infection, respectively, compared with lev-
els in untreated cells (Fig. 6F).

ICER regulates HIV LTR promoter activity in a Tat-dependent manner. CREM/ICER
has been found to regulate RNA polymerase II (RNAP II) through interactions with tran-
scription factor IIA (TFIIA) (23). HIV Tat was found to bind to the trans-activation
response element (TAR) RNA element that is located in the viral 59 long terminal repeat
(LTR) sequences and recruit RNAP II elongation factor to activate transcriptional elon-
gation (24). To evaluate the effects of CREM/ICER on RNAP II and HIV LTR promoter ac-
tivity, we stably transduced TZM-B1 cells with shRNAs against CREM/ICER or overex-
pression of CREM/ICER isoforms; IFNA1 was used as an HIV-resistant positive control.
We tested the activity of the HIV LTR promoter in the absence or presence of HIV Tat

FIG 5 ICER controls infections with different strains of HIV. Primary CD41 T cells were activated using anti-
CD2/CD3/CD28, transduced with ICER shRNAs against exon 15 (sh15-1, sh15-2), 16 (sh16-1, sh16-2), 18 (sh18),
or 19 (sh19-1, sh19-2), and selected with puromycin; empty lentivirus was used as a control (sh-control). The
transduced cells were then infected with HIV JR-CSF (A), BaL (B), 89.6 (C), and IIIB (D). The viral replication
efficiency was evaluated by p24 staining on day 3 after HIV infection. Results are displayed as the fold change
in the percent infection of ICER shRNA-transduced cells from those of sh-control-transduced cells from three
different donors. Each bar represents a mean 6 SD from triplicates for each donor. (One-way ANOVA followed
by Holm-Sidak's multiple-comparison test, **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.)
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protein. No change in HIV LTR promoter activity was found after increasing or decreas-
ing ICER expression (Fig. 7A and B). However, in the presence of HIV Tat, the depletion
of ICER exon 15 led to enhanced LTR-driven luciferase reporter activity, while coexpres-
sion of HIV Tat and the ICER isoforms 4, 5, and 8 decreased LTR-driven luciferase re-
porter activity (Fig. 7A to B). These results indicated that the ICER regulation of HIV
infection is likely through targeting the HIV Tat-LTR axis and viral transcription; our
results are also consistent with the previous work suggesting that ICER regulates RNAP
II (23).

DISCUSSION

The main characteristics of ECs are an undetectable viral load in blood and a steady
CD41 T cell count in the absence of ART. Understanding the mechanism for the natural

FIG 6 Resistance to HIV infection in human primary CD41 T cells after ICER isoform overexpression. Primary CD41 T cells were activated using anti-CD2/
CD3/CD28, transduced with CREM/ICER isoforms with the lentivirus system, and selected with puromycin. The expression of CREM/ICER isoforms using the
lentivirus gene overexpression system is shown. (A) CREM/ICER isoform overexpression in primary CD41 T cells. (B, C) Fold changes in percent HIV AD8 (B)
and NL4-3 (C) infection in human primary CD41 T cells transduced with each CREM/ICER isoform, compared to HIV infection in CD8A gene-transduced T
cells. Histograms are shown in independent experiments performed with cells from four different donors. Each bar represents the mean 6 SD from
triplicates for each donor. (D to F) Anti-CD2/CD3/CD28-activated primary CD41 T cells were treated with PGE2 (50 mM to 0.005 mM) or 8-Br-cAMP (250 mM
to 0.025 mM) for 16 to 24 h and then infected with HIV AD8 or NL4-3 for 3 days. (D) Percent infection (% Gag1) in response to PGE2 (50 mM) or 8-Br-cAMP
(250 mM) from one presentative donor. Dose-dependent effects of PGE2 (E) or 8-Br-cAMP (F) on HIV infection. Results are displayed as the fold change in
percent HIV infection in cells treated with an ICER agonist from the percent HIV infection in untreated cells. Histograms show results in three independent
experiments performed with three different donors. Each bar represents the mean 6 SD from triplicates for each donor. (One-way ANOVA followed by
Holm-Sidak's multiple-comparison test, *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.)
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control of HIV replication in ECs may yield new strategies for the treatment of HIV/
AIDS. Here, we used a transcriptomic approach to compare levels of gene expression
in monocytes isolated from ECs and non-ECs, controlling for ART and HIV infection sta-
tus. We found an increased expression of specific, small isoforms of the CREM gene, all
of which encoded inducible cAMP early repressors (ICERs).

To determine if the differentially expressed genes in ECs confer HIV resistance pheno-
types to other cells, we overexpressed the most significantly altered genes. However, we
failed to observe differences in HIV infection after overexpression of the differentially
expressed genes. While individual overexpression of this gene subset did not influence
infection in this model cell line, it is possible that depletion of these factors or investiga-
tion in a different model may identify unappreciated roles in replication. Alternatively,
these genes may be representative of a gene expression program that renders cells resist-
ant to infection, though these particular genes are not effectors in and of themselves.
Additionally, we cannot rule out the possibility that one or more of our constructs failed
to express, so we cannot definitively state that none of the genes impact HIV replication.
CREM is expressed in most immune cells and encodes many distinct protein isoforms that
have broad impacts on multiple signaling pathways and organ functions. CREMa, for
example, was found to perform critical functions as both an epigenetic and a transcrip-
tional regulator for cytokine production in T lymphocytes (25). Within the CREM family,
the ICERs are specific, short isoforms encoded in the latter half of the gene. ICERs inhibit T
cell activation, suppress proinflammatory cytokine production in macrophages (26, 27),
control systemic autoimmunity in systemic lupus erythematosus (SLE) (28), and increase
apoptosis via antiapoptotic protein expression (29).

Due to the CREM gene encoding many alternatively spliced transcript variants that
are regulated posttranscriptionally (19), it is essential to understand CREM alternative
splicing and isoform enrichment to interpret transcriptional changes. ECs had distinct
alternative splicing events compared with those of the non-EC groups. The IF and Psi
calculations for the CREM gene splice sites showed that ECs widely use CREM exons 15,
16, and 18. Promoters located upstream of exons 15 and 16 drive specific ICER expres-
sion, while exon 18 encodes a short 12-amino-acid segment enriched in acidic amino
acids (20, 30). The location of the promoter results in ICER proteins containing DNA-
binding domains (DBDs) but lacking the upstream transactivation domain of CREM
(20). Additionally, the enriched ICERs in ECs contain intrinsically disordered regions
(IDRs). IDR segments include a high proportion of polar or charged amino acids and
lack a unique three-dimensional structure, permitting highly specific trigger signaling
events while facilitating rapid dissociation when signaling is completed (31).

To determine the function of ICER in HIV infection, we knocked out the exons of
ICER using the HuT78 cell line. The knockout of ICER resulted in significantly increased

FIG 7 ICER regulates HIV LTR promoter activity in a Tat-dependent manner. The activity of the HIV LTR promoter was evaluated by
LTR-driven luciferase reporter activity. (A) TZM-bl cells were stably transduced with shRNAs against ICER exon 15 (sh15-1, sh15-2) or
19 (sh19-2) or with shRNAs against CD8A; the empty lentivirus was used as a vector control. (B) TZM-B1 cells were stably transduced
with ICER isoform 4, 5, 8, 11, or 31. IFN-a was used as a positive control; the pCDH empty lentivirus was used as a vector control. These
cells were transfected with the pQCXIP-Tat vector or the empty one. Histograms show results from three independent experiments. Each
bar represents the mean 6 SD. (One-way ANOVA followed by Holm-Sidak's multiple-comparison test, ***, P , 0.001; ****, P , 0.0001.)
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viral replication and decreased cell counts after HIV infection. However, knockout of
CREM exon 13, which was widely used in CREM isoforms but absent in ICER isoforms,
did not change the HIV infection. We further verified the ICER function in primary
CD41 T cells. Knockdown of ICER exons 15 and 19 resulted in increases in HIV infection
in primary CD41 T cells across a range of HIV strains, including both CCR5- and CXCR4-
tropic viruses. Due to the short nucleotide fragment length of CREM exons 16 and 18
(20, 30), we could not identify effective shRNA against these exons. The ability of ICER
to control HIV infection was also verified through overexpression of eight different
ICER isoforms in primary CD41 T cells using a lentiviral expression system. Although all
ICER isoforms are highly expressed in HEK 293T cells, only some ICER isoforms were
well expressed in primary CD41 T cells. Consistently with the knockdown results, the
EC-specific ICER isoforms inhibited HIV replication in primary CD41 T cells.

In the current study, the “response to stress,” “defense response,” and “response to
virus” represented the different functional entities between ECs and ART-naive individ-
uals, implying cellular responses to viral infection and related inflammation. We also
observed the “regulation of metabolic process” in ECs versus ART-naive individuals,
suggesting the difference in cellular metabolism. Further, we found that “regulation of
metabolic process” represented the main difference between ECs and healthy controls
or ART-treated individuals. Viral replication and related immune perturbations are con-
trolled mainly after ART. Thus, our results suggested that cellular-metabolism-regu-
lated processes remained the main difference between ART-treated individuals and
ECs. The common top functional entity that distinguished ECs from each non-EC group
is “regulation of metabolic process.” ECs had upregulated mitochondrial function, oxi-
dative stress, and decreased immunological activation (32). Metabolic levels were asso-
ciated with the polyfunctionality of the HIV-specific CD81 T cell response (32–34).
cAMP is a key mediator in the cellular metabolic process (35), and CREM encodes the
cAMP-responsive element modulator. CREM is expressed in most immune cells and
had many distinct protein isoforms that have broad impacts on multiple signaling
pathways and organ functions. These findings were further supported by small-mole-
cule agonists of ICER. Small-molecule agonists can rapidly induce the ICER proteins,
which subsequently serve as endogenous inhibitors of gene transcription by compet-
ing for binding with cAMP response element (CRE) sequences (36). After treatment
with ICER agonists PGE2 or 8-Br-cAMP, both ICER agonists strongly increased primary
CD41 T cell resistance to HIV infection. These data are consistent with a model in which
alternative splicing at the CREM/ICER locus in ECs provides protection against infection
and decreases viral set points. PGE2-inhibited HIV replication is mediated by the activa-
tion of cAMP and protein kinase A (PKA), which suppress HIV promoter activity (37).
PGE2 inhibits HIV replication in the late stages of HIV’s viral cycle (38). PGE2 and 8-Br-
cAMP are PKA activators, and the PKA signaling pathway plays a central role in the reg-
ulation of energy balance and immunometabolism (39), suggesting that ICER, its acti-
vated PKA pathway, and altered immunometabolism are critical for the spontaneous
control of HIV infection (32, 33).

In conclusion, increased ICER isoform RNA expression was identified in ECs. The results
of knockout of ICER in the HuT78 CD41 T cell line and knockdown or overexpression of
ICER in primary CD41 T cells indicated that ICER is an HIV host factor that may contribute
to the HIV resistance of ECs. The alternative splicing of ICER for resistance to HIV is distinct
from previously reported antiviral mechanisms. Understanding the role of ICER in HIV rep-
lication may help elucidate a novel target for treatment of HIV.

MATERIALS ANDMETHODS
Subjects. This study was conducted using cryopreserved peripheral blood mononuclear cells

(PBMCs) from 10 ECs, 12 ART-treated HIV individuals, 11 ART-naive HIV individuals, and 11 healthy indi-
viduals. Samples from EC donors were received from the National Institute of Allergy and Infectious
Diseases (NIAID; from Stephen Migueles and Mark Connors). ECs had been infected by HIV more than
8 years, with peripheral CD41 T cell counts above 500 cells/ml and plasma HIV RNA of ,50 copies/ml in
the absence of ART. The clinical characteristics of each individual are shown in Table S1 in the supple-
mental material. Twelve samples from aviremic HIV-infected individuals on ART for at least 24 weeks (a
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single instance of #500 copies/ml was allowed) were collected from the Medical University of South
Carolina (MUSC) clinical division of infectious diseases. Eleven HIV-positive ART-naive samples (plasma
HIV RNA levels of 1,000 to 600,000 copies/ml) were collected from Case Western Reserve University
(from Michael Lederman) and the MUSC clinical division of infectious diseases. Eleven healthy individuals
were recruited from MUSC. The study received ethical approval from the MUSC review board. All
recruited participants for this study provided written consent.

RNA sequencing and analysis. Human primary monocytes were obtained from PBMCs of 44 subjects.
In brief, monocytes were enriched by negative selection using a Pan Monocyte isolation kit (Miltenyi Biotec,
Bergisch Gladbach, Germany). Next, the isolated monocytes were further enriched by positive selection
using CD14 microbeads (Miltenyi Biotec) according to the manufacturer’s instructions. The purity of the
enriched monocytes was verified by flow cytometry to be greater than 95% for the next step. Total RNA
was extracted from the purified monocytes with the RNeasy Plus minikit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer's protocol. After the RNA sequencing was performed, data were processed and an-
alyzed through Trimmomatic (v0.39) (40) and STAR (v2.7) (41). Differential expression between two groups
(ECs versus healthy subjects, ECs versus ART subjects, and ECs versus ART-naive subjects) was identified by
the R Bioconductor package DESeq2 (v1.24.0) (42). The resulting P values were adjusted using Benjamini
and Hochberg’s approach for controlling the false-discovery rate (FDR).

Alternative splicing analysis. The Psi score was used for alternative splicing quantification by psi-
chomics (1.8.2) (43). Salmon (v0.14) (44), which is based on “quasi-alignments” for mapping RNA-seq
reads during isoform quantification, was performed. Calculations of IFs and prediction of functional con-
sequences were performed with IsoformSwitchAnalyzeR (45) using standard parameters.

Infection with HIV. We placed 1 � 105 primary CD41 T cells in each well of a 96-U-well plate and
inoculated them with an HIV NL4-3 suspension. After inoculating CD41 T cells with the AD8, JR-CSF,
89.6, BaL, or IIIB virus, the plate was spun for 1 h at 800 � g and 32°C and then cultured at 37°C in an in-
cubator. After transference of the cells to a 96-U-well plate, the cells and HIV were incubated overnight
at 37°C. The infected cells were washed with 200 ml of fresh culture medium. On day 3 or 5, the cells
were stained with LIVE/DEAD Aqua blue (Thermo Fisher) for 20 min at 4°C to detect and exclude dead
cells. Next, the cells were fixed, permeabilized, and stained for intracellular p24 using anti-p24-pycoery-
thrin (PE) antibodies (Beckman Coulter). Data were acquired using a FACSVers flow cytometer (BD
Biosciences, San Jose, CA) and analyzed using FlowJo software 10.0.6.

CREM/ICER Western blotting. The primary CD41 T cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer with protease/phosphatase inhibitor cocktail (Cell Signaling Technology, Danvers,
MA). After the protein concentration for each cell lysate was determined, an equal volume of 2�
Laemmli sample buffer with b-mercaptoethanol was added to equal amounts of cell lysate. After dena-
turation at 95°C for 5 min, the cell lysate in the sample buffer was loaded with equal amounts of protein
into the wells of an any-kilodalton mini-PROTEAN protein gel (Bio-Rad, Hercules, CA). Next, the proteins
were transferred from the gel to a 0.2-mm Immobilon-PSQ polyvinyl difluoride (PVDF) membrane
(Millipore). The membrane was blocked for 1 h at room temperature and incubated overnight at 4°C
with CREM/ICER antibody (clone 3B5) (LifeSpan BioSciences, Seattle, WA). Mouse anti-human b-actin
was used as the reference. After the membrane was washed three times using Tris-buffered saline–
Tween 20 (TBST), an anti-mouse horseradish peroxidase (HRP)-conjugated secondary antibody was
incubated for an additional hour. The HRP activity was determined using the SuperSignal West Femto
maximum-sensitivity substrate (Thermo Fisher), and the blot was scanned using a ChemiDoc MP imag-
ing system (Bio-Rad).

Statistical analysis. Conventional measurements of central location and dispersion were used to
describe the data. Nonparametric Mann-Whitney U tests were applied to compare differences in contin-
uous measurements between the two groups. A one-way analysis of variance (ANOVA) followed by
Holm-Sidak's multiple-comparison test was used to compare differences among more than two categor-
ical groups. Significance for comparisons of the expression levels of individual genes in RNA-seq data
were tested using the Wald test in the DESeq2 package; P values denoted were adjusted using
Benjamini-Hochberg correction. Comparison analysis was performed using R (version 3.3.1) or GraphPad
Prism 8. A P of#0.05 was considered statistically significant.

Data availability. RNA-seq data in this study have been deposited in the National Center for
Biotechnology Information Gene Expression Omnibus (GEO) database under accession no. GSE157198.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TEXT S1, DOCX file, 0.03 MB.
FIG S1, PDF file, 0.4 MB.
FIG S2, PDF file, 0.2 MB.
FIG S3, PDF file, 0.2 MB.
FIG S4, PDF file, 1 MB.
TABLE S1, XLSX file, 0.01 MB.
TABLE S2, XLSX file, 0.03 MB.
TABLE S3, XLSX file, 0.02 MB.
TABLE S4, XLSX file, 0.01 MB.

Luo et al. ®

January/February 2022 Volume 13 Issue 1 e01979-21 mbio.asm.org 12

https://mbio.asm.org


ACKNOWLEDGMENTS
We acknowledge Michael Lederman from Case Western Reserve University for

providing human specimens from ART-naive HIV-infected individuals as well as
reviewing the manuscript. We acknowledge Mark Connors from the National Institute
of Allergy and Infectious Diseases for providing human specimens from HIV-infected
elite controllers.

We received support from the National Institute of Allergy and Infectious Diseases
(grants AI128864 to W.J., R01DE025447 to J.Z., R01AI150448 to J.Z., and R56AI15787 to
J.Z.), as well as the National Center for Advancing Translational Sciences of the National
Institutes of Health under award number UL1TR001450 (the pilot grant, W.J.). The
Medical Research Service at the Ralph H. Johnson VA Medical Center provided merit
grant VA CSRD MERIT CX-002422 (W.J.). The Gilead Sciences Research Scholars Program
in HIV provided funds to J.F.H. The NIH provided the following support: grant K22
AI136691 (J.F.H.), grant R01 AI150998 (J.F.H.), Third Coast CFAR (NIH-supported) grant
P30 AI117943 (J.F.H.), and HARC Center (NIH-sponsored) grant P50 GM082250 (J.F.H.).

The content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

Z.L. and W.J. conceived the study. Z.L. wrote the manuscript. Z.L., T.L., and W.J.C.
performed experiments. Z.L. and M.L. analyzed data. M.L., Z.L., Z.Y., J.F.H., J. Zhang, L.Y.,
L.H., and J. Zhu conceived the study and revised the manuscript. S.A.M. provided the
key human specimens and revised the manuscript.

We declare no competing interests.

REFERENCES
1. Pereyra F, Palmer S, Miura T, Block BL, Wiegand A, Rothchild AC, Baker B,

Rosenberg R, Cutrell E, Seaman MS, Coffin JM, Walker BD. 2009. Persistent
low-level viremia in HIV-1 elite controllers and relationship to immunologic
parameters. J Infect Dis 200:984–990. https://doi.org/10.1086/605446.

2. Migueles SA, Connors M. 2010. Long-term nonprogressive disease among
untreated HIV-infected individuals: clinical implications of understanding
immune control of HIV. JAMA 304:194–201. https://doi.org/10.1001/jama
.2010.925.

3. International HIV Controllers Study, Pereyra F, Jia X, McLaren PJ, Telenti A,
de Bakker PI, Walker BD, Ripke S, Brumme CJ, Pulit SL, Carrington M, Kadie
CM, Carlson JM, Heckerman D, Graham RR, Plenge RM, Deeks SG, Gianniny
L, Crawford G, Sullivan J, Gonzalez E, Davies L, Camargo A, Moore JM,
Beattie N, Gupta S, Crenshaw A, Burtt NP, Guiducci C, Gupta N, Gao X, Qi Y,
Yuki Y, Piechocka-Trocha A, Cutrell E, Rosenberg R, Moss KL, Lemay P,
O'Leary J, Schaefer T, Verma P, Toth I, Block B, Baker B, Rothchild A, Lian J,
Proudfoot J, Alvino DM, Vine S, Addo MM, Allen TM, et al. 2010. The major
genetic determinants of HIV-1 control affect HLA class I peptide presenta-
tion. Science 330:1551. https://doi.org/10.1126/science.1195271.

4. Pereyra F, Addo MM, Kaufmann DE, Liu Y, Miura T, Rathod A, Baker B,
Trocha A, Rosenberg R, Mackey E, Ueda P, Lu Z, Cohen D, Wrin T,
Petropoulos CJ, Rosenberg ES, Walker BD. 2008. Genetic and immunologic
heterogeneity among persons who control HIV infection in the absence of
therapy. J Infect Dis 197:563–571. https://doi.org/10.1086/526786.

5. Betts MR, Nason MC, West SM, De Rosa SC, Migueles SA, Abraham J,
Lederman MM, Benito JM, Goepfert PA, Connors M, Roederer M, Koup RA.
2006. HIV nonprogressors preferentially maintain highly functional HIV-spe-
cific CD81 T cells. Blood 107:4781–4789. https://doi.org/10.1182/blood
-2005-12-4818.

6. Migueles SA, Laborico AC, Shupert WL, Sabbaghian MS, Rabin R, Hallahan
CW, Van Baarle D, Kostense S, Miedema F, McLaughlin M, Ehler L, Metcalf
J, Liu S, Connors M. 2002. HIV-specific CD81 T cell proliferation is coupled
to perforin expression and is maintained in nonprogressors. Nat Immunol
3:1061–1068. https://doi.org/10.1038/ni845.

7. Blankson JN, Bailey JR, Thayil S, Yang H-C, Lassen K, Lai J, Gandhi SK,
Siliciano JD, Williams TM, Siliciano RF. 2007. Isolation and characterization
of replication-competent human immunodeficiency virus type 1 from a
subset of elite suppressors. J Virol 81:2508–2518. https://doi.org/10.1128/
JVI.02165-06.

8. Stremlau M, Owens CM, Perron MJ, Kiessling M, Autissier P, Sodroski J.
2004. The cytoplasmic body component TRIM5a restricts HIV-1 infection

in Old World monkeys. Nature 427:848–853. https://doi.org/10.1038/
nature02343.

9. Laguette N, Sobhian B, Casartelli N, Ringeard M, Chable-Bessia C, Ségéral
E, Yatim A, Emiliani S, Schwartz O, Benkirane M. 2011. SAMHD1 is the den-
dritic-and myeloid-cell-specific HIV-1 restriction factor counteracted by
Vpx. Nature 474:654–657. https://doi.org/10.1038/nature10117.

10. Mangeat B, Turelli P, Caron G, Friedli M, Perrin L, Trono D. 2003. Broad
antiretroviral defence by human APOBEC3G through lethal editing of
nascent reverse transcripts. Nature 424:99–103. https://doi.org/10.1038/
nature01709.

11. Sáez-Cirión A, Hamimi C, Bergamaschi A, David A, Versmisse P, Mélard A,
Boufassa F, Barré-Sinoussi F, Lambotte O, Rouzioux C, Pancino G, ANRS
CO18 Cohort. 2011. Restriction of HIV-1 replication in macrophages and
CD41 T cells from HIV controllers. Blood 118:955–964. https://doi.org/10
.1182/blood-2010-12-327106.

12. Chen H, Li C, Huang J, Cung T, Seiss K, Beamon J, Carrington MF, Porter
LC, Burke PS, Yang Y, Ryan BJ, Liu R, Weiss RH, Pereyra F, Cress WD, Brass
AL, Rosenberg ES, Walker BD, Yu XG, Lichterfeld M. 2011. CD41 T cells
from elite controllers resist HIV-1 infection by selective upregulation of
p21. J Clin Invest 121:1549–1560. https://doi.org/10.1172/JCI44539.

13. Julg B, Pereyra F, Buzón MJ, Piechocka-Trocha A, Clark MJ, Baker BM, Lian
J, Miura T, Martinez-Picado J, Addo MM, Walker BD. 2010. Infrequent re-
covery of HIV from but robust exogenous infection of activated CD41 T
cells in HIV elite controllers. Clin Infect Dis 51:233–238. https://doi.org/10
.1086/653677.

14. O'Connell KA, Rabi SA, Siliciano RF, Blankson JN. 2011. CD41 T cells from
elite suppressors are more susceptible to HIV-1 but produce fewer virions
than cells from chronic progressors. Proc Natl Acad Sci U S A 108:
E689–E698. https://doi.org/10.1073/pnas.1108866108.

15. Rotger M, Dang KK, Fellay J, Heinzen EL, Feng S, Descombes P, Shianna
KV, Ge D, Günthard HF, Goldstein DB, Telenti A, Center for HIV/AIDS Vac-
cine Immunology. 2010. Genome-wide mRNA expression correlates of vi-
ral control in CD41 T-cells from HIV-1-infected individuals. PLoS Pathog
6:e1000781. https://doi.org/10.1371/journal.ppat.1000781.

16. Ménager MM, Littman DR. 2016. Actin dynamics regulates dendritic cell-
mediated transfer of HIV-1 to T cells. Cell 164:695–709. https://doi.org/10
.1016/j.cell.2015.12.036.

17. Ho D, Rota T, Kaplan J, Hartshorn K, Andrews C, Schooley R, Hirsch M. 1985.
Recombinant human interferon alfa-A suppresses HTLV-III replication in
vitro. Lancet 325:602–604. https://doi.org/10.1016/S0140-6736(85)92144-0.

ICERs Control HIV Infection ®

January/February 2022 Volume 13 Issue 1 e01979-21 mbio.asm.org 13

https://doi.org/10.1086/605446
https://doi.org/10.1001/jama.2010.925
https://doi.org/10.1001/jama.2010.925
https://doi.org/10.1126/science.1195271
https://doi.org/10.1086/526786
https://doi.org/10.1182/blood-2005-12-4818
https://doi.org/10.1182/blood-2005-12-4818
https://doi.org/10.1038/ni845
https://doi.org/10.1128/JVI.02165-06
https://doi.org/10.1128/JVI.02165-06
https://doi.org/10.1038/nature02343
https://doi.org/10.1038/nature02343
https://doi.org/10.1038/nature10117
https://doi.org/10.1038/nature01709
https://doi.org/10.1038/nature01709
https://doi.org/10.1182/blood-2010-12-327106
https://doi.org/10.1182/blood-2010-12-327106
https://doi.org/10.1172/JCI44539
https://doi.org/10.1086/653677
https://doi.org/10.1086/653677
https://doi.org/10.1073/pnas.1108866108
https://doi.org/10.1371/journal.ppat.1000781
https://doi.org/10.1016/j.cell.2015.12.036
https://doi.org/10.1016/j.cell.2015.12.036
https://doi.org/10.1016/S0140-6736(85)92144-0
https://mbio.asm.org


18. Schoggins JW, Wilson SJ, Panis M, Murphy MY, Jones CT, Bieniasz P,
Rice CM. 2011. A diverse range of gene products are effectors of the
type I interferon antiviral response. Nature 472:481–485. https://doi
.org/10.1038/nature09907.

19. Foulkes NS, Borrelli E, Sassone-Corsi P. 1991. CREM gene: use of alterna-
tive DNA-binding domains generates multiple antagonists of cAMP-
induced transcription. Cell 64:739–749. https://doi.org/10.1016/0092
-8674(91)90503-q.

20. Molina CA, Foulkes NS, Lalli E, Sassone-Corsi P. 1993. Inducibility and neg-
ative autoregulation of CREM: an alternative promoter directs the expres-
sion of ICER, an early response repressor. Cell 75:875–886. https://doi.org/
10.1016/0092-8674(93)90532-u.

21. Stock A, Booth S, Cerundolo V. 2011. Prostaglandin E2 suppresses the dif-
ferentiation of retinoic acid-producing dendritic cells in mice and
humans. J Exp Med 208:761–773. https://doi.org/10.1084/jem.20101967.

22. Yehia G, Schlotter F, Razavi R, Alessandrini A, Molina CA. 2001. Mitogen-acti-
vated protein kinase phosphorylates and targets inducible cAMP early
repressor to ubiquitin-mediated destruction. J Biol Chem 276:35272–35279.
https://doi.org/10.1074/jbc.M105404200.

23. De Cesare D, Fimia GM, Brancorsini S, Parvinen M, Sassone-Corsi P. 2003.
Transcriptional control in male germ cells: general factor TFIIA partici-
pates in CREM-dependent gene activation. Mol Endocrinol 17:2554–2565.
https://doi.org/10.1210/me.2003-0280.

24. Cujec TP, Okamoto H, Fujinaga K, Meyer J, Chamberlin H, Morgan DO,
Peterlin BM. 1997. The HIV transactivator TAT binds to the CDK-activating
kinase and activates the phosphorylation of the carboxy-terminal domain
of RNA polymerase II. Genes Dev 11:2645–2657. https://doi.org/10.1101/
gad.11.20.2645.

25. Rauen T, Hedrich CM, Tenbrock K, Tsokos GC. 2013. cAMP responsive ele-
ment modulator: a critical regulator of cytokine production. Trends Mol
Med 19:262–269. https://doi.org/10.1016/j.molmed.2013.02.001.

26. Bodor J, Feigenbaum L, Bodorova J, Bare C, Reitz MS, Jr, Gress RE. 2001.
Suppression of T-cell responsiveness by inducible cAMP early repressor
(ICER). J Leukoc Biol 69:1053–1059.

27. Vaeth M, Gogishvili T, Bopp T, Klein M, Berberich-Siebelt F, Gattenloehner
S, Avots A, Sparwasser T, Grebe N, Schmitt E, Hünig T, Serfling E, Bodor J.
2011. Regulatory T cells facilitate the nuclear accumulation of inducible
cAMP early repressor (ICER) and suppress nuclear factor of activated T cell
c1 (NFATc1). Proc Natl Acad Sci U S A 108:2480–2485. https://doi.org/10
.1073/pnas.1009463108.

28. Yoshida N, Comte D, Mizui M, Otomo K, Rosetti F, Mayadas TN, Crispín JC,
Bradley SJ, Koga T, Kono M, Karampetsou MP, Kyttaris VC, Tenbrock K,
Tsokos GC. 2016. ICER is requisite for Th17 differentiation. Nat Commun 7:
12993. https://doi.org/10.1038/ncomms12993.

29. Tomita H, Nazmy M, Kajimoto K, Yehia G, Molina CA, Sadoshima J. 2003.
Inducible cAMP early repressor (ICER) is a negative-feedback regulator of
cardiac hypertrophy and an important mediator of cardiac myocyte apo-
ptosis in response to b-adrenergic receptor stimulation. Circ Res 93:
12–22. https://doi.org/10.1161/01.RES.0000079794.57578.F1.

30. Seidl MD, Nunes F, Fels B, Hildebrandt I, Schmitz W, Schulze-Osthoff K,
Müller FU. 2014. A novel intronic promoter of the Crem gene induces
small ICER (smICER) isoforms. FASEB J 28:143–152. https://doi.org/10
.1096/fj.13-231977.

31. van der Lee R, Buljan M, Lang B, Weatheritt RJ, Daughdrill GW, Dunker AK,
Fuxreiter M, Gough J, Gsponer J, Jones DT, Kim PM, Kriwacki RW, Oldfield
CJ, Pappu RV, Tompa P, Uversky VN, Wright PE, Babu MM. 2014. Classifica-
tion of intrinsically disordered regions and proteins. Chem Rev 114:
6589–6631. https://doi.org/10.1021/cr400525m.

32. Tarancon-Diez L, Rodríguez-Gallego E, Rull A, Peraire J, Viladés C, Portilla I,
Jimenez-Leon MR, Alba V, Herrero P, Leal M, Ruiz-Mateos E, Vidal F, ECRIS
integrated in the Spanish AIDS Research Network. 2019. Immunometabo-
lism is a key factor for the persistent spontaneous elite control of HIV-1
infection. EBioMedicine 42:86–96. https://doi.org/10.1016/j.ebiom.2019
.03.004.

33. Angin M, Volant S, Passaes C, Lecuroux C, Monceaux V, Dillies M-A, Valle-
Casuso JC, Pancino G, Vaslin B, Le Grand R, Weiss L, Goujard C, Meyer L,
Boufassa F, Müller-Trutwin M, Lambotte O, Sáez-Cirión A. 2019. Metabolic
plasticity of HIV-specific CD81 T cells is associated with enhanced antivi-
ral potential and natural control of HIV-1 infection. Nat Metab 1:704–716.
https://doi.org/10.1038/s42255-019-0081-4.

34. Giron LB, Palmer CS, Liu Q, Yin X, Papasavvas E, Sharaf R, Etemad B,
Damra M, Goldman AR, Tang H-Y, Johnston R, Mounzer K, Kostman JR,
Tebas P, Landay A, Montaner LJ, Jacobson JM, Li JZ, Abdel-Mohsen M.
2021. Non-invasive plasma glycomic and metabolic biomarkers of post-
treatment control of HIV. Nat Commun 12:3922. https://doi.org/10.1038/
s41467-021-24077-w.

35. Ravnskjaer K, Madiraju A, Montminy M. 2016. Role of the cAMP pathway
in glucose and lipid metabolism. Handb Exp Pharmacol 233:29–49.
https://doi.org/10.1007/164_2015_32.

36. Stehle JH, Foulkes NS, Molina CA, Simonneaux V, Pévet P, Sassone-Corsi
P. 1993. Adrenergic signals direct rhythmic expression of transcriptional
repressor CREM in the pineal gland. Nature 365:314–320. https://doi.org/
10.1038/365314a0.

37. Hayes MM, Lane BR, King SR, Markovitz DM, Coffey MJ. 2002. Prostaglan-
din E2 inhibits replication of HIV-1 in macrophages through activation of
protein kinase A. Cell Immunol 215:61–71. https://doi.org/10.1016/s0008
-8749(02)00017-5.

38. Clemente MI, Álvarez S, Serramía MJ, Martínez-Bonet M, Muñoz-
Fernández MÁ. 2014. Prostaglandin E2 reduces the release and infectivity
of new cell-free virions and cell-to-cell HIV-1 transfer. PLoS One 9:e85230.
https://doi.org/10.1371/journal.pone.0085230.

39. Mao T, Shao M, Qiu Y, Huang J, Zhang Y, Song B, Wang Q, Jiang L, Liu Y,
Han J-DJ, Cao P, Li J, Gao X, Rui L, Qi L, Li W, Liu Y. 2011. PKA phosphoryla-
tion couples hepatic inositol-requiring enzyme 1a to glucagon signaling
in glucose metabolism. Proc Natl Acad Sci U S A 108:15852–15857.
https://doi.org/10.1073/pnas.1107394108.

40. Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 30:2114–2120. https://doi.org/10
.1093/bioinformatics/btu170.

41. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P,
Chaisson M, Gingeras TR. 2013. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics 29:15–21. https://doi.org/10.1093/bioinformatics/bts635.

42. Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol 15:550.
https://doi.org/10.1186/s13059-014-0550-8.

43. Saraiva-Agostinho N, Barbosa-Morais NL. 2019. psichomics: graphical
application for alternative splicing quantification and analysis. Nucleic
Acids Res 47:e7. https://doi.org/10.1093/nar/gky888.

44. Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. 2017. Salmon pro-
vides fast and bias-aware quantification of transcript expression. Nat
Methods 14:417–419. https://doi.org/10.1038/nmeth.4197.

45. Vitting-Seerup K, Sandelin A. 2019. IsoformSwitchAnalyzeR: analysis of
changes in genome-wide patterns of alternative splicing and its func-
tional consequences. Bioinformatics 35:4469–4471. https://doi.org/10
.1093/bioinformatics/btz247.

Luo et al. ®

January/February 2022 Volume 13 Issue 1 e01979-21 mbio.asm.org 14

https://doi.org/10.1038/nature09907
https://doi.org/10.1038/nature09907
https://doi.org/10.1016/0092-8674(91)90503-q
https://doi.org/10.1016/0092-8674(91)90503-q
https://doi.org/10.1016/0092-8674(93)90532-u
https://doi.org/10.1016/0092-8674(93)90532-u
https://doi.org/10.1084/jem.20101967
https://doi.org/10.1074/jbc.M105404200
https://doi.org/10.1210/me.2003-0280
https://doi.org/10.1101/gad.11.20.2645
https://doi.org/10.1101/gad.11.20.2645
https://doi.org/10.1016/j.molmed.2013.02.001
https://doi.org/10.1073/pnas.1009463108
https://doi.org/10.1073/pnas.1009463108
https://doi.org/10.1038/ncomms12993
https://doi.org/10.1161/01.RES.0000079794.57578.F1
https://doi.org/10.1096/fj.13-231977
https://doi.org/10.1096/fj.13-231977
https://doi.org/10.1021/cr400525m
https://doi.org/10.1016/j.ebiom.2019.03.004
https://doi.org/10.1016/j.ebiom.2019.03.004
https://doi.org/10.1038/s42255-019-0081-4
https://doi.org/10.1038/s41467-021-24077-w
https://doi.org/10.1038/s41467-021-24077-w
https://doi.org/10.1007/164_2015_32
https://doi.org/10.1038/365314a0
https://doi.org/10.1038/365314a0
https://doi.org/10.1016/s0008-8749(02)00017-5
https://doi.org/10.1016/s0008-8749(02)00017-5
https://doi.org/10.1371/journal.pone.0085230
https://doi.org/10.1073/pnas.1107394108
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/nar/gky888
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1093/bioinformatics/btz247
https://doi.org/10.1093/bioinformatics/btz247
https://mbio.asm.org

	RESULTS
	Screening of the genes controlling HIV infection in ECs.
	CREM/ICER isoform-enriched variants and alternative splicing in ECs.
	Knockout of ICER exons using CRISPR-Cas9 increases HIV infection in a CD4+ T cell line.
	Knockdown of ICER exons using shRNA leads to increased HIV infection in primary CD4+ T cells.
	Overexpression of ICER isoforms leads to resistance to HIV infection in primary CD4+ T cells.
	ICER regulates HIV LTR promoter activity in a Tat-dependent manner.

	DISCUSSION
	MATERIALS AND METHODS
	Subjects.
	RNA sequencing and analysis.
	Alternative splicing analysis.
	Infection with HIV.
	CREM/ICER Western blotting.
	Statistical analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

