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Distinct lineages of T cells can act in response to various environmental cues to either drive or restrictimmune-mediated
pathology. Here, we identify the RNA binding protein, poly(C)-binding protein 1 (PCBP1) as an intracellularimmune
checkpoint that is up-regulated in activated T cells to prevent conversion of effector T (Te#) cells into regulatory
T (Treg) cells, by restricting the expression of Te¢s cell-intrinsic T,eg commitment programs. This was critical for
stabilizing Teg cell functions and subverting immune-suppressive signals. T cell-specific deletion of Pcbp 1 favored
Treg cell differentiation, enlisted multiple inhibitory immune checkpoint molecules including PD-1, TIGIT, and VISTA
on tumor-infiltrating lymphocytes, and blunted antitumor immunity. Our results demonstrate a critical role for
PCBP1 as an intracellular immune checkpoint for maintaining Te¢ cell functions in cancer immunity.

INTRODUCTION

Immune checkpoint blockade (ICB) with antibodies targeting
coinhibitory molecules programmed cell death-1 (PD-1) and cytotoxic
T-lymphocyte associated protein 4 (CTLA-4) have demonstrated
clinical benefits in malignances such as melanoma, non-small cell
lung, and cancer head and neck cancer, ultimately changing the prac-
tice of medical oncology (I1-4). ICB has particularly been successful
in melanoma, where up to 40% of patients show evidence of continued
durable disease control. Recent evidence, which suggests that block-
ing one inhibitory receptor allows another to dominate and subvert
antitumor immunity, provides further impetus for combination
therapy or dual blockade of immune checkpoint to improve re-
sponse and survival (1, 5). However, there are considerable toxicities
associated with this approach, and therefore, optimizing treatments
to define responders versus nonresponders is pertinent. Moreover,
identifying additional molecular predictors of response to ICB would
support more robust predictions and improve treatment outcomes
in patients (6, 7).

RNA binding proteins (RBPs) are important posttranscriptional
regulators that control RNA biology (splicing, stability, etc.) and
translation. RBPs also enable T cells to maintain a poised transcrip-
tome that can be rapidly translated in response to T cell receptor
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(TCR) stimulation. Thus, RBPs are quickly emerging as critical reg-
ulators of gene expression in response to T cell activation and dif-
ferentiation (8-10). One such RBP is the poly(C)-binding proteins
(PCBPs), which are multifunctional adaptor proteins implicated in
the regulation of numerous biological processes. Most cell types
express PCBP1, a member of a family of four homologous proteins
that includes PCBP2, PCBP3, and PCBP4 (11). Besides RNA bind-
ing, PCBP1 also functions as an iron-binding protein that delivers
iron to ferritin and other iron-dependent proteins (12, 13). More-
over, PCBP1 exhibits DNA and RNA binding properties, as well as
controlling protein output by altering the fate of their binding targets
(14, 15). Notably, the RNA binding function of PCBP1 is regulated
by the phosphorylation state of the protein (16, 17). That is, un-
phosphorylated PCBP1 is able to bind to selective mRNAs and
restrict their translation, thereby repressing its targets. However, in
a chronic immune-suppressive setting, such as cancer, PCBP1 is
phosphorylated at Ser® by transforming growth factor-p (TGF-p)
via the protein kinase, BB/AKT2, causing release of PCBP1 from the
target transcript and subsequent mRNA translation, thus derepres-
sion of targets (18-20). Notably, the liberated mRNAs subsequently
regulate downstream transcription. One such target, moesin, is
repressed by PCBP1 in activated T cells but is posttranscriptionally
induced in regulatory T cells (Tiegs) via TGF-B-mediated release
from PCBP1 repression (21). In turn, moesin promotes optimal
TGF-p signaling by stabilizing the TGF-p receptors, which conse-
quently augments Ty, differentiation (21). Although PCBP1 was
recently reported to promote granulocyte-macrophage colony-
stimulating factor (GM-CSF) production by T cells (22), the physio-
logical roles of PCBP1 in the development and function of CD4" and
CD8" T cells, as well as Theg differentiation, are unknown. Because
of its sensitivity to TGF-p signaling, inhibition of PCBP1 function
may be a critical strategy for tumors to subvert antitumor immunity.

Here, we found that PCBP1 is up-regulated in activated T cells.
PCBP1 was critical for stabilizing effector T cell functions by pre-
venting their shift into Tregs and subverting immune-suppressive
signals. Specifically, PCBP1 constrained expression of effector
T cell-intrinsic Ty commitment programs to safeguard the immune
response and antitumor functions. Consequently, T cell-specific
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deletion of PCBP1 resulted in a significantly greater proportion of
forkhead box protein P3-positive (FoxP3") Tregs that alleviated
acute graft-versus-host disease (aGVHD) but blunted antitumor
responses in mice. Whole-transcriptome analysis revealed that PCBP1
has a global function in restricting the expression of genes that pro-
mote immune tolerance.

RESULTS

PCBP1 is up-regulated in activated T cells

To gain insight into the role of PCBP1 in T cells, we first analyzed
the expression of mRNA encoding members of the PCBP family in
human CD3* T cells before and after activation (23). We found that
PCBP1 mRNA was abundant in both resting T cells and in activated
T cells (Fig. 1A). We next assessed PCBP1 protein expression in
naive/resting (T0 and Tc-0) or anti-CD3/anti-ICOS paramagnetic
activated (ThO and Tc-1) human T cells from healthy individuals.
We detected lower PCBP1 expression in naive CD4" (Fig. 1B) and
CD8" (Fig. 1C) T cells that was robustly up-regulated upon bead
activation. Moesin, which is repressed by PCBP1 (21), was also ele-
vated in resting T cells but was rapidly down-regulated in activated
human T cells (Fig. 1, B and C).

PCBP1 levels in ex vivo mouse splenic lymphocytes were grossly
comparable (Fig. 1D). Similar to human T cells, Pcbpl mRNA was
comparable between resting and activated mouse T cells but increased
in iTyegs (Fig. 1E). PCBP1 protein was markedly elevated in CD4*
and CD8" T cells after TCR stimulation (Fig. 1, F to J). In addition,
PCBP1 was distinctly expressed in CD69'°% and CD69"¢" CD8*
T cells cultured in vitro with increasing doses of interleukin-2
(IL-2) (fig. S1, A to E). Consistent with PCBP1 repression of moesin
translation (21), PCBP1 was reduced in unstimulated T cells with a
concomitant increase of moesin in CD4" (Fig. 1, G and H) and
CD8" T cells (Fig. 1, I and ]) isolated from the spleen of wild-type
(WT) mice. Activation of T cells up-regulated PCBP1, which then
repressed moesin expression (Fig. 1, G to J) (21). iT, differentia-
tion rescued moesin expression (Fig. 1, G and H) because of TGF-B-
mediated phosphorylation of PCBP1, which abrogates its repressive
function (Fig. 1, Kand L, and fig. S1, F and G) (18, 21). These results
indicated that PCBP1 is rapidly up-regulated in response to T cell
activation to restrict translation of moesin. Because of the rapid
induction of PCBP1 in activated T cells and elevated mRNA in early
thymocytes (fig. S1H), we wondered whether PCBP1 has a cell-
autonomous role in T cells.

PCBP1 inhibits optimal differentiation of Tyegs

We next sought to examine the physiological roles of PCBP1 in
T cells; we mated mice with loxP-flanked alleles (Pcbplﬂ f) (12) to
mice with transgenic expression of Cre recombinase from the
T cell-specific Cd4 promoter (Cd4-Cre) to generate Pcbp1”'Cd4-Cre
progeny. Notably, Pcbpl-null embryos are rendered nonviable in
the peri-implantation stage (24). We confirmed efficient deletion of
Pcbpl in single-positive (SP) CD4 and CD8, but not in double-negative
(DN) thymocytes, by flow cytometry (fig. S2A). We found that
Pcbp1"Cd4-Cre mice exhibited a lower frequency of SP4 and SP8
cells that resulted in greater than twofold fewer matured thymocytes,
although the total number of thymocytes and double-positive cells
was unaltered relative to control mice (fig. S2B). As expected, the
frequency of DN thymocytes was unaltered in Pcbplf/deél—Cre mice
compared to WT littermates (fig. S2C); however, the proportion of
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SP4 FoxP3"CD25" mature thymic Tregs (tTregs), as well as Treg precursor
cells (pre-Treg; SP4 CD25"GITR FoxP3") (25), was increased in
Pcbp1"1Cd4-Cre mice (fig. S2, D and E). A similar reduction of
matured T cells was observed in the spleen and lymph nodes of
Pcbp1"Cd4-Cre mice (fig. S2, F to H). Notably, Pcbp1VCd4-Cre
mice appeared normal and do not exhibit any lymphoproliferative or
myeloproliferative disorders. We next examined FoxP3" T,
subsets in the thymus and peripheral lymphoid organs of Pcbp1”Cd4-
Cre and WT littermates. As observed in vitro, Pcbpl VACd4-Cre mice
contained significantly greater frequencies and absolute number of
FoxP3* Thregs in the thymus and peripheral organs (Fig. 2, A and B).
Moreover, Ty in Pcbplﬂ/ﬂCd4-Cre mice expressed elevated CD25,
GITR, and NRP1 (fig. S3A); however, CTLA-4 and KLRG-1 were
reduced, and Helios expression was unchanged (fig. S3B).

We sought to determine why FoxP3* Tregs are increased in
Pcbplﬂ/ﬂCd4—Cre mice. We reasoned that induction of PCBP1 by
T cell activation is critical to restrict the expression of Treg commit-
ment molecules, thus preventing activated T cells from differentiating
toward immunosuppressive Tregs While stabilizing the functions of
effector T cells. If so, then deleting PCBP1 from T cells would shift
the balance toward increased development of FoxP3* Tregs (Fig. 2,
A and B, and fig. S2D). We examined the proportion of FoxP3* Thregs
that express the tT;,; commitment molecules Helios, NRP1, and
CD25 (26-28). As expected, the frequencies of FoxP3"CD25"
matured Tieg, as well as Helios (Foxp3+Heliosh'gh)— and NRP1-
expressing (FoxP3"NRP1"8") cells, were increased in the spleen of
Pcbpl VACd4-Cre mice compared to littermate controls (Fig. 2C). The
proportion of FoxP3"CD25", FoxP3 Helios"®", and FoxP3 NRP1"¢"
cells within the CD4"FoxP3™ T cell population was notably increased
in Pcbp1M1Cd4-Cre mice (Fig. 2D), suggesting a poised state in
knockout (KO) T cells that potentially supports rapid shift to the
Treg lineage in response to TCR signaling. Further analysis revealed a
lower frequency of CD4'CD44"CD62LP (Fig. 2E) but unexpectedly
greater fraction of CD8*CD44"CD62L" (Fig. 2F) effector memory
T cells in the periphery of Pcbp1 1Cd4-Cre mice relative to WT.
Nonetheless, PCBP1-deficient mice had fewer interferon-y (IFN-y)
and tumor necrosis factor-o (TNF-a)-producing splenic T cells
(Fig. 2, Gand H). These data suggested that PCBP1 is crucial for main-
taining peripheral T cell homeostasis and CD4" T cells in Pcbplﬂ/ﬂCd4—Cre
mice are less activated with reduced functionality.

Despite the decreased T cell functionality and increased Tregs
there was no difference in the frequency of CD4"FoxP3™ T cells ex-
pressing the transcription factors Tbet, GATA3, and RORyt, which
are master transcription factors expressed in T helper 1 (Ty1), Tu2,
and Tyl7, respectively (fig. S3, C and D). Together, these findings
suggest an essential role for PCBP1 in stabilizing the function of ef-
fector T cells, as well as maintaining peripheral T cell homeostasis
by limiting conversion to Treg in response to TCR signaling.

PCBP1 expression is not essential for the maintenance of Tyegs
Next, we sought to address the role of PCBP1 specifically in Treg.
We deleted Pcbpl in differentiated Tcg, from the FoxP3* tTreq cell
stage onwards by generating Pcbplﬂ/ Foxp3-Cre" mice. These mice
did not show any major changes in T'.g signature molecules, which
indicates that PCBP1 is not required for the maintenance of Treg
(fig. S4A). We also generated chimeric female mice that were ho-
mozygous for the floxed Pcbp] allele and heterozygous for Foxp3'™" <"
[PCBP1 chimeric KO mice; yellow fluorescent protein (YFP) marks
cells with active Cre recombinase]. Following random inactivation
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Fig. 1. Activated T cells up-regulate PCBP1. (A) Expression of mRNA encoding PCBP1-4 in human CD3* T cells before (Unstimulated) and after (Stimulated) stimulation

for 24 hours with anti-CD3 and anti-CD28 (obtained from Gene Expression Omnibus

accession code GSE13887). n =4 biologically independent samples. (B and C) Immuno-

blotting for total PCBP1 and moesin expression in human CD4" (B) and CD8" (C) T cells left unstimulated (TO and Tc-0) or stimulated (Th0 and Tc-1) with antibodies against
CD3 and ICOS with IL-2 for 4 days. B-Actin was used as loading control. (D) Flow cytometry (left) and quantification (right) of PCBP1 expression in subsets of splenic lym-
phocytes from mice. FITC, fluorescein isothiocyanate. (E and F) Relative Pcbp? mRNA expression (E) and fluorescence-activated cell sorting (FACS) analysis and PCBP1
mean fluorescence intensity (MFI) in subsets of in vitro polarized T cells. (E) n=8; (F) n=4. PE, phycoerythrin. (G and H) Inmunoblotting of moesin, PCBP1, FoxP3, and
B-actin (G) and quantification for PCBP1 and moesin (H) using splenic mouse CD4* T cells activated with anti-CD3 and anti-CD28 for 3 days in the absence (ThO) or presence
(iTreg) Of TGF-B in vitro. n = 5. (1and J) Mouse splenic CD8" T cells from the same experiments as (G and H). n = 5. (Kand L) Immunoblotting for phosphorylated and total PCBP1
(K)in ThO and iT,egs and quantification (L). (D) Error bars represent means + SE and (E, F, H, J,and L) SD; *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test); ns, not significant.

of the X chromosome in these mice, the Ty cell compartment con-
tains a mix of PCBP1-sufficient Foxp3-YFP~ and PCBP1-deficient
Foxp3-YFP" cells. PCBP1 mixed chimeric WT mice are heterozygous
for Foxp3"™"“™ and contain WT Pcbp1 gene. PCBP1 chimeric KO
Tregs showed no major changes in multiple Theg signature molecules,
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except for CTLA-4 and PD-1, which were decreased and increased,
respectively, in the chimeric KO Tiegs (Fig. 2I and fig. S4B).

These results indicate that PCBP1 has a fundamental role in sub-
verting Treg phenotype in undifferentiated T cells. That is, deletion
of PCBP1 in early thymocytes using the Cd4-Cre system shifts
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Fig. 2. Loss of PCBP1 causes optimal T4 cell development but is not required for the maintenance of Tregs. (A and B) Intracellular FoxP3in CD4*CD8” thymocytes
(Thy) and peripheral T cells from the spleen (Spl) and mesenteric lymph nodes (MLN) (A) and quantification (B). n=7. (C and D) Frequencies of CD25-, Helios-, and
NRP1-expressing T cells among CD4*FoxP3* Tegs (C) and CD4*FoxP3™ T cells (D) from the spleen of Pcbp1*'*Cd4-Cre and Pcbp1"1Cd4-Cre mice. n = 5. (E and F) Representative
flow cytometry plots of CD44 and CD62L (left) and quantification (right) in splenic CD4* (E) and CD8* (F) T cells from WT and Pcbp1™"Cd4-Cre mice (n=6). (G and H) Per-
centage IFN-y"TNF-o*—producing T cells (left) and quantification (right) of CD4" (G) and CD8" (H) T cells stimulated with phorbol 12-myristate-13-acetate (PMA)/ionomycin
in the presence of brefeldin A for 2 hours (WT, n=3; KO, n =4). (I) Histograms of CD25, CTLA-4, NRP1, ICOS, GITR, and PD-1 MFI (top) and quantification (bottom) in splenic
Tregs from PcbpIﬂ/ﬂFoxp3/YFP—Cre+/’ chimera female mice. n=3. (B to ) Error bars represent means + SE. *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test).
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conventional T cells (Tconys) to the Treg lineage and confer increased Treg
hallmark molecules (figs. S2, D and E, and S3A). However, loss of PCBP1
after FoxP3 expression in matured Tyegs using the Foxp3-YFP-Cre
system does not cause major changes (Fig. 2I and fig. S4, A and B).
This dichotomy underscores the importance of phosphorylated
PCBP1, which contributes to the RNA binding activity and function
of the protein. WT quiescent Tcopnys have reduced TGEF-B signaling
(29), so PCBP1 is unphosphorylated and retains its RNA binding
activity, thus preventing the expression of T commitment genes
by effector T cells upon activation. Deletion of PCBP1 using the
Cd4-Cre system abolishes this repressive function, enables the
expression of Treg commitment mRNAs, promotes TGF-3 signaling
via increased moesin expression (21), and shifts T onys toward a stable
Treg cell lineage (Fig. 2, A and B, and figs. S1G and S4C). In contrast,
PCBP1 WT Tieg is phosphorylated because of higher TGF-$ signaling
(18, 30, 31), and its target mRNAs are derepressed to facilitate
efficient T g cell differentiation (21). Thus, PCBP1 deletion in
Tregs caused no major changes since Treg commitment mRNAs
were already liberated from PCBP1 control (figs. S1, F and G,
and S4D). However, other mechanisms of PCBP1 function may also
be involved.

PCBP1 endows effector T cell functions

We examined the possibility that PCBP1-deficient T cells are more
poised to convert to Treg in the right milieu. To examine this possi-
bility, we used the aGVHD model to assess the effects of PCBP1
deletion on the generation of peripheral Theg, as well as examine the
ability of the developed T to attenuate effector T cell responses.
We hypothesized that PCBP1-WT naive T cells transferred into
mismatched recipient mice would be activated into effector T cells
and drive the pathogenesis of aGVHD (32). In contrast, transfer of
T cells lacking PCBP1, which appear poised to convert to Tregs,
would shift into this suppressive lineage and confer resistance against
aGVHD (33, 34). To this end, T cell-depleted (TCD) bone marrow
(BM) cells isolated from B6.CD45.1 mice were cotransferred intra-
venously with T;g-depleted naive CD4" and CD8" T cells (B6.CD45.2)
and isolated from the spleen of WT and Pcbp1™Cd4-Cre mice into
irradiated BALB/c mice (Fig. 3A). Changes in body weight, clinical
disease manifestation, and survival were monitored for up to 80 days
after BM transplant (BMT), as reported previously (35). Some BALB/c
recipient mice were transplanted with BM lacking only T cells. All
recipient mice dropped body weight 2 days after BMT because of
the irradiation but quickly recovered. As expected, mice that re-
ceived only BM cells did not lose body weight nor did they display
any clinical signs of aGVHD and remained healthy throughout the
experiment (Fig. 3, B to D).

In contrast, recipients of PCBP1-sufficient T cells showed severe
symptoms of aGVHD including rapid body weight loss and hair loss
and consequently succumbed to the disease within 50 days after
BMT (Fig. 3, B to D). However, the mice infused with PCBP1-deficient
T cells displayed less body weight loss with minor clinical signs of
aGVHD. Greater than 50% of the mice that received PCBP1-deficient
T cells did not develop severe aGVHD and survived beyond 80 days
after BMT (Fig. 3, B to D). These data suggest a critical requirement
for PCBPI in driving effector T cell function and pathogenicity.

To understand the relevant mechanisms for pathogenicity, we
examined T cell functions based on the production of IFN-y and
TNF-a as the key mediators of aGVHD (36, 37) in the spleen (lym-
phoid organ) and liver (GVHD target organ) on day 14 after
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BMT. There was significant reduction of IFN-y and TNF-a by
splenic PCBP1-deficient T cells compared to WT T cells but no
difference in Tbet expression (Fig. 3E and fig. S5A). Notably, the
proportion and number of FoxP3" Treg among splenic CD4" and
CD8" T cells in KO recipients was markedly increased (Fig. 3,
F and G). Similar reduction in IFN-y and TNF-0, and conversion to
Tregs by PCBP1-deficient CD4" and CD8" T cells were also observed
in the liver (Fig. 3, H to J, and fig. S5B).

In another experiment, we determined the function of lentiviral
short hairpin RNA (shRNA) Pcbpl knockdown (KD) CD4*CD25~
T cells in a model of type 1 diabetes. Nonobese diabetic (NOD)
Ragl - recipient mice were infused with WT iTegs or with activated
T cells (ThO) transduced with scrambled virus or shRNA targeting
Pcbpl. Whereas mice infused with scrambled ThoO cells succumbed
to hyperglycemia by week 5, Pcbpl KD ThO cells significantly de-
layed the onset of type 1 diabetes in recipient mice, similar to mice
infused with WT iT g (Fig. 3, K:and L). These findings are consist-
ent with our observations that T cells lacking PCBP1 shift toward
FoxP3* Thregs in response to TCR signaling. The generated Tegs from
T cells lacking PCBP1 maintain immunosuppressive functions by
conferring protection against aGVHD and type 1 diabetes. Together,
our data indicate that PCBP1 distinctively regulates effector versus
T cell differentiation to shape tolerance and immunity.

PCBP1 prevents expression of T,4 signatures in effector T cells
To investigate the mechanism for enhanced generation of Treg in the
PCBP1-deficient mice, we performed RNA sequencing (RNA-seq).
Total RNA was extracted from splenic CD4" T cells of 6-to 8-week-
old Pcbp1"Cd4-Cre and WT littermates. Initial analyses con-
firmed the quality of the data output (fig. S6, A and B). We next
predicted the biological functions of the differentially expressed
genes (DEGs) using the ToppGene Suite. We observed extensive
alterations in gene expression due to loss of PCBP1 in T cells, and
the most significant enrichment of the DEGs was related to Ty cell
pathways (Fig. 4, A and B). We found that the enriched Gene
Ontology (GO) terms for DEGs were related to the cell cycle and
immune system including T cell activation and differentiation, as
well as antigen processing and presentation (Fig. 4C). Consistent
with the impaired proliferation of T cells and decreased cell
numbers observed in PCBP1-deficient mice (fig. S2), we found dys-
regulation of numerous cell cycle- and apoptosis-related pathways
and genes (Fig. 4C and fig. S6C).

In addition to the cell cycle-related genes, there was enrichment
of several DEGs [false discovery rate (FDR) < 0.05] that play im-
portant roles in Treg cell development, stability, and suppressive
function. Examples include Foxp3, Kirgl, Nrpl, Nrp2, Ahr, Myb,
I2ra (CD25), Entpdl (which encodes CD39), Gzmb, Tgfbl, and
Bmpl in CD4" T cells lacking PCBP1 (Fig. 4, B to D, and fig. S6C)
(38, 39). In contrast, but consistent with our observations, genes
essential for effector T cell activation and function such as Lck,
Cd28, Zap70, and Tcf7 were significantly decreased (FDR < 0.05) in
CD4" T cells lacking PCBP1 expression (Fig. 4D and fig. S6C). In
agreement with data from our GVHD experiments, we also found
cytokine genes such as Ifng, Tnf, 1121, and Csf2 (which encodes
GM-CSF) to be significantly less in CD4" T cells lacking PCBP1
compared to controls (Fig. 4, C and D). Thus, in the absence of
PCBP1, CD4" T cells expressed less of cytokine genes important for
effector T cell functions but enhanced expression of Ty, signature
genes such as Foxp3, I12ra, Klrgl, and Nrpl. These results indicate
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that PCBP1 plays a pivotal role in controlling the expression of ef-
fector T cell-intrinsic Tyeg transcriptional signatures to shape effec-
tor versus Trege. An intriguing concept is that PCBP1 functions as a
global intracellular immune checkpoint against Tycg cell programs;
thus, targeting it may modulate antitumor responses. It also sug-
gests that PCBP1 expression may be necessary to stabilize and sus-

tain the function of effector T cells in cancer.

Ansa-Addo et al., Sci. Adv. 2020; 6 : eaaz3865 29 May 2020

PCBP1 constrains optimal TGF-f signaling and iT g
differentiation in vitro

To further ascertain that PCBP1 inhibits the conversion of activated
T cells to Treg and, thus, T cells lacking PCBP1 are poised to differ-
entiate to Treg,, we first knocked down Pcbp1 in splenic CD4"CD25~
T cells using a lentiviral shRNA system and cultured under iT cq
differentiating conditions with anti-CD3/anti-CD28 antibodies and
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IL-2, in the presence or absence of TGF-p (5 ng/ml) for 3 to 5 days.
KD efficiency and liberation of the PCBP1 targets moesin and eiF5A2
(20, 40) were confirmed by immunoblotting (Fig. 5A and fig. S7A).
We next assessed the frequency of FoxP3* iTregs and found that more
Pcbpl KD T cells were converted to Tz compared to scrambled,
even without the addition of exogenous TGF-p (Fig. 5, B and C).

Next, we cocultured naive CD4"CD25™ T cells isolated from the
spleen of Pcbplﬂ/ iCd4-Cre mice or littermate controls in vitro with
IL-2 and allogenic dendritic cells (DCs) isolated from BALB/c mice in
the presence or absence of TGF-B1. We found that PCBP1-deficient
CD4"CD25™ T cells differentiated more robustly to mature Fox-
P3"CD25" Tyeg after 5 days compared to PCBP1-sufficient T cells
(Fig. 5, D and E). PCBP1-deficient CD4"CD25 T cells cocultured
with DCs in the absence of TGF-B1 also appeared more poised to
differentiate into Tregs than WT CD4CD25™ T cells on the basis of
the greater frequency of FoxP3"CD25" pre-Tregs (Fig. 5E). These
results further suggested that PCBP1 inhibits differentiation to
FoxP3* Thregs thus, its deletion confers increased conversion of acti-
vated T cells to the Treg cell lineage. Further examination also showed
increased phosphorylated Smad2/3 levels in Pcbpl KD T cells
(Fig. 5F and fig. S7B), which was corroborated by increased expres-
sion of the TGF-B-docking receptor GARP (Glycoprotein A repetitions
predominant) (Fig. 5G) (41). Together, these data suggested that
PCBP1 plays important roles in preventing activated T cells from
differentiating into Ty via inhibition of pertinent T.g signaling
pathways such as TGF-f signaling.

Loss of PCBP1in T cells blunts antitumor responses

To test the role of PCBP1 during antitumor responses, we com-
pared the growth of MC38 colon cancer cells in WT mice versus
mice lacking PCBP1 in T cells. We observed exponential MC38 tumor
growth in both WT and Pcbp1"Cd4-Cre mice (Fig. 6A); however,
tumor size and weight were significantly greater in Pchplﬂ/ Cd4-Cre
mice (Fig. 6, A and B). In further agreement with the increased
TGEF-p signaling under reduced PCBP1 conditions (Fig. 5, F and G)
and previous reports that demonstrated that PCBP1 loss promotes
tumor metastasis (18), we also observed an enlarged spleen in
tumor-bearing PCBP1 KO mice compared to WT littermates (Fig. 6C).
Flow cytometry analysis showed increased percentage of CD45~
tumor cells in the spleen of Pcbplﬂ/ﬂCdél—Cre mice (Fig. 6D). Con-
sistently, WT CD8" and CD4" tumor-infiltrating lymphocytes (TILs)
expressed higher PCBP1 compared to splenic T cells (Fig. 6E).
Absolute numbers of CD4" and CD8" T cell populations were
decreased in the tumor-draining lymph nodes (TDLNs) between
WT and Pcbplﬂ/ﬂCd4—Cre mice. Moreover, the frequency and numbers
of CD4" and CD8" T cells were significantly less in the tumors of
Pcbp1"1Cd4-Cre mice compared to WT (Fig. 6, F and G), suggest-
ing that PCBP1 is crucial for antitumor T cells to proliferate effec-
tively and infiltrate tumors.

We then analyzed FoxP3 expression in CD4" T cells and found
that it increased in the spleen of Pcbplﬂ/ 1Cd4-Cre mice but was sim-
ilar in the tumors and unchanged in CD8" T cells (fig. S8, A and B).
Furthermore, IFN-y- and TNF-o-producing T cells were signifi-
cantly impaired in Pcbp1VCd4-Cre mice (Fig. 6, H and I). These
data suggested that PCBP1 is up-regulated in tumor-infiltrating
T cells to support ongoing antitumor immune responses. However,
T cell-specific loss of PCBP1 in the tumor microenvironment due,
in part, to increased TGF-p signaling blunts antitumor immunity
and promotes tumor progression and metastasis.

Ansa-Addo et al., Sci. Adv. 2020; 6 : eaaz3865 29 May 2020

Loss of PCBP1 promotes immune suppression and is

a potential predictor of response to ICB

The breakdown in the function of PCBP1-deficient T cells, compared
to WT, prompted us to investigate whether PCBP1 loss creates an
immune-suppressive tumor microenvironment that supports tumor
progression. ICB has revolutionized cancer treatment, but further im-
provements are still required to better predict patients more likely to
benefit from this treatment. We analyzed tumor CD8" and CD4"
non-Tregs from WT and Pcbpl Cd4-Cre mice for expression of inhib-
itory immune checkpoint receptors and the Tz suppressive molecule
CD73. We found a clear increase in PD-1, TIGIT (T Cell Immuno-
receptor with Ig and ITIM Domains), VISTA (V-domain Ig suppressor
of T cell activation), and CD73, but not CTLA-4, on CD8" T cells from
Pcbp1"Cd4-Cre mice compared to WT littermates (Fig. 7A). In addi-
tion, TIGIT and VISTA on CD8" T cells in the TDLN were unchanged
or decreased, respectively, in Pcbplﬂ/ Cd4-Cre mice. Unlike tumor-
infiltrating CD8" T cells, CD8" T cells from the TDLN of Pcbp1”Cd4-
Cre mice displayed higher CD73 expression compared to WT cells
(fig. S8C). PD-1 and CTLA-4 were higher on CD4"FoxP3" Tregs
from the spleen and tumor of PCBP1 KO mice (fig. S8, D and E).

In another experiment, WT and Pcbp1""Cd4-Cre mice were
challenged with MB49 bladder cancer cells. Again, tumor growth
was more rapid in PCBP1-deficient mice compared to WT animals
(fig. S8F). Consistently, the spleen of KO mice was enlarged with a
greater frequency of CD45" cells compared to WT mice (fig. S8, G
to I). We detected increased proportions of FoxP3"CD25" cells
among CD4" T cells in the tumors of PCBP1 KO mice (fig. S8,] and K),
suggesting that loss of PCBP1 helps expand or maintain this imma-
ture Treg subset (42). Similar to the MC38 model and in line with
PCBP1 loss promoting immunosuppression, we detected increased
PD-1 expression on TILs from Pcbp17Cd4-Cre mice relative to
WT littermates (fig. S8, L and M). Together with our RN A-seq data,
the increase of inhibitory checkpoint receptors PD-1, TIGIT, and
VISTA, as well as the reduced functionality (Figs. 6, Hand I, and 7,
A and B) in PCBP1-deficient T cells, is indicative of immune ex-
haustion under reduced PCBP1 conditions. We hypothesized that
in such an immune-suppressive setting, ICB would be more effec-
tive; thus, PCBP1 could potentially serve as a predictor of response
to immunotherapy.

We took advantage of the published RNA-seq database currently
available from studies on patients with melanoma before and after
anti-PD-1 antibody treatment and examined PCBPI gene expres-
sion. Data from Hugo et al. (43) provide a comprehensive analysis
of combined RNA-seq results obtained from melanoma patients. We
found that complete responders to PD-1 blockade also had the lowest
PCBP1I expression compared to partial or progressive responders
(Fig. 7C). Patients with the lowest PCBPI expression before treat-
ment (Q1 and Q2) responded better to ICB and survived longer
compared to melanoma patients with higher PCBP1 (Q3 and Q4)
(Fig. 7D). These findings suggest a dichotomy between PCBP1
expression and responsiveness to ICB in cancer. In a nontumor setting,
higher PCBP1 stabilizes effector T cell functions to generate immune
responses that obstruct tumorigenesis. In cancer, higher PCBP1 levels
counteract immune exhaustion by preventing the expression of fac-
tors such as moesin, PD-1, and TGF- signaling that promote
immunosuppression. ICB would be less effective under such condi-
tions. In contrast, lower PCBP1 or phosphorylation of PCBP1 elicited
by TGEF-B liberates expression of multiple factors that drive an
immune-suppressive tumor microenvironment. This setting is more
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Fig. 5. Increased frequency of FOXP3" T,eqs and enhanced TGF-B signaling in

T cells expressing lower PCBP1. Splenic CD4*CD25~ T cells were transduced with

scrambled (Scram) or lentiviral shRNA targeting Pcbp1 for 48 hours and cultured in the absence or presence of exogenous TGF- under iT,eq conditions. (A) Immunoblotting
of PCBP1 and targets moesin and elF5A2. B-Actin is shown as loading control. (B and C) FACS analysis (B) and quantification (C) of FoxP3" T cells 5 days after lentiviral

transduction. (D and E) Flow cytometry analyzing CD25-expressing cells among

FoxP3* and FoxP3™ T cells (D) and quantification (E) after in vitro culture of splenic

CD47CD25™ T cells from Pcbplf/f and Pcbp?f/de4—Cre littermates with allo-DCs in the presence of IL-2 and with or without exogenous TGF-B1 (5 ng/ml). n=3. (F) Flow
cytometry of phospho-Smad2/3 and quantification. (G) Analysis of GARP expression and quantification in scrambled versus Pcbp? KD T cells. (C and E to G) Error bars

represent means + SD; *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test).

conducive to ICB. These data further suggest that assessment of
PCBP1 expression before checkpoint blockade therapy could be a
potential predictor of response to ICB in patients.

DISCUSSION

The balance between Trgs and effector T cells, or tolerance and im-
mune responses, respectively, is paramount to maintaining homeo-
stasis and preventing the development of autoimmune and/or

Ansa-Addo et al., Sci. Adv. 2020; 6 : eaaz3865 29 May 2020

inflammatory diseases. While Teg restrict immune function (44, 45),
effector T cells promote immune responses against infection and
cancer (46, 47). The fundamental roles of RBPs in the immune
system have gained considerable attention in recent years because
of their involvement in multiple immune processes and emerged as
potential therapies (48, 49). Of these RBPs, PCBP1 has mainly been
studied in transformed epithelial cells for its role in cancer metastasis
and progression (50, 51). In addition, PCBP1 also exhibits iron
chaperone activity toward ferritin (11). However, knowledge on
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TNF-a-producing cells (left) and quantification (right) among CD8* and CD4*FoxP3™ T cells in tumors from Pcbp171Cd4-Cre and WT littermates determined by flow
cytometry. n=28. (B to |) Error bars represent means + SE. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (Student’s t test); (A) two-way ANOVA.

PCBP1 function in T cell biology, particularly during differentiation  specification remains unclear. PCBP1 repressed the translation of
of T cell subsets and T cell-mediated immune responses, is limited. ~ moesin mRNA and is rescued by TGF-B-mediated phosphorylation

We recently reported that translational repression by PCBP1 is  of PCBP1, which inhibits its RNA binding function (21). We demon-
operational in CD4" T cells, but how this contributes to T cell fate ~ strated that moesin, in turn, promotes optimal TGF- signaling,
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Fig. 7. Deletion of PCBP1in T cells increases expression of checkpoint molecules and promotes immunosuppression. (A and B) Flow cytometric analysis (left) and
quantification (right) of PD-1, CTLA-4, TIGIT, VISTA, and CD73 expression in tumor CD8" (A) and CD4*FoxP3 (B) T cells from Pcbp1*/*Cd4-Cre and Pcbp17icd4-Cre.
(C) Analysis of the clinical relevance of PCBP1T mRNA according to response rate (separating complete responders, partial responders, and progressive responders).
FPKM, fragments per kilobase of exon model per million reads mapped. (D) Significance of PCBPT mRNA expression (Q1, lowest; Q4, highest) and relationship to overall
survival. (A and B) Error bars represent means + SE. *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test); (C and D) Mann-Whitney test.

which augments T'g cell differentiation. Deletion of moesin poten-
tiated adoptive T cell therapy and conferred protection against B16
melanoma in mice. In the present study, we have made several new
discoveries that enhance our understanding about the roles of
PCBP1in T cell biology. We discovered that PCBP1 is up-regulated
in both CD4" and CD8" T cells in response to activation. PCBP1
then restricts expression of Ty signature molecules such as moesin
in activated T cells to stabilize effector T cell functions.

We show that PCBP1 is an immune checkpoint required for
effector T cell functions. PCBP1 is a global regulatory node that
subverts immunosuppression in cancer. Because of the recent link
between ICB and hyperprogression of cancer in some patients, it is
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paramount to accurately predict responders to immunotherapy (7).
PCBP1 also contributes to efficient thymocyte development and
peripheral T cell homeostasis. Mice with PCBP1-deficient T cells
exhibited decreased matured thymocytes and peripheral T cells but
increased pre-T,ey. We also found that the absence of PCBP1
resulted in increased Ty cell conversion in the thymus and peripheral
tissues. These data suggested that PCBP1 suppresses the expression
of effector T cell-intrinsic Tyeg-related molecules to maintain the
identity of effector T cells. It also suggests that PCBP1 plays an
active role as a negative immune checkpoint for excessive differen-
tiation of FoxP3" T cells. We demonstrated using the aGVHD model
that recipient mice transplanted with PCBP1-sufficient T cells
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developed severe inflammation and succumbed to the disease.
However, mice that received PCBP1-deficient T cells were remark-
ably protected. The GVHD model has been widely used to examine
the functions of effector T cells and Tcg in either promoting or
alleviating the pathogenesis of aGVHD, respectively (52).

Notably, PCBP1-deficient T cells robustly converted into pe-
ripheral Tregs, which produced less proinflammatory cytokines
(IFN-y and TNF-a) by day 14. However, PCBP1-sufficient T cells
produced more cytokines and did not convert to peripheral Treg. In
another study, Pcbpl KD-activated T cells (ThO) delayed disease
onset in a type 1 diabetes model. Further analysis confirmed our
finding that absence of PCBP1 results in increased FoxP3" Tregs due,
in part, to derepression of genes essential for commitment to the
Treg cell lineage. Previous studies have described mechanisms that
constrain effector T cell functions to stabilize the development of Tegs.
For example, the transcriptional repressors BACH2 and MiR-125a
repress effector T cell programs to stabilize T .,-mediated immune
homeostasis (53, 54). By contrast, the nuclear factor kB regulator
A20 limits tT g development to promote effector functions (55).
Thus, it is paramount to better characterize the molecular mecha-
nisms that distinctively regulate the fate of effector cells versus Tregs
in response to immune activation and against cancer.

By RNA-seq, we found that multiple T\ signature or commit-
ment genes were up-regulated in the absence of PCBP1. We also
noted significant up-regulation of molecular pathways that impair
T cell activation and proliferation such as Tgfbl, Msn (moesin),
Nrpl, etc. Thus, mechanistically, our data suggest that PCBP1 is a global
negative regulator of genes that promote the generation and stabili-
zation of Tregs> as well as genes that support an immune-suppressive
tumor microenvironment. Effector T cells intrinsically contain Ty,
signature genes that, if expressed, would destabilize the effector lineage
and cause them to switch into Treg. PCBP1-deficient naive T cells
converted more efficiently to iTregs in vitro compared to WT T cells
from littermate mice. Our study also suggests that PCBP1 plays a
nonredundant role in ensuring that T;.; commitment genes remain
inhibited during acquisition of the effector T cell lineage. Such a
global function in lymphocyte biology has been described for other
RBPs (56, 57).

Notably, PCBP1 is regulated by moesin via TGF-p signaling
since moesin controls optimal TGF-p responses to maintain naive
T cell quiescence (21, 29). Loss of PCBP1 in T cells exacerbated
tumor growth in the MC38 colon cancer and MB49 bladder cancer
models. Moreover, TILs lacking PCBP1 displayed signs of immune
exhaustion by up-regulating several inhibitory immune checkpoint
receptors and reduced antitumor cytokine production. By analyzing
an RNA-seq dataset from a study by Hugo et al. (43), we found that
patients with melanoma displaying lower PCBP1 responded better
to anti-PD-1 therapy. Notably, this data also includes contributions
from T cells and non-T cells. This dichotomy between PCBPI mRNA
expression and response to ICB suggests PCBP1 as a potential pre-
dictor of response to immunotherapy and supports our conclusion
that under reduced PCBP1 levels, factors that promote immune
suppression such moesin, TGF- signaling, and PD-1 are no longer
restrained and therefore inhibit antitumor responses. Although there
may be additional mechanisms involved, the results of our study
implicate PCBP1 as a critical node for safeguarding effector T cell
functions. It also suggests that PCBP1 limits excess differentiation
of T'egs and constrains expression of inhibitory immune checkpoint
molecules to impair immune exhaustion and immunosuppression.
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The potential role of RBPs as predictors of response to immuno-
therapy would offer great advancement to cancer treatment.

MATERIALS AND METHODS

Human peripheral blood mononuclear cells

Peripheral blood cells from healthy, deidentified individuals were
purchased as a buffy coat (Plasma Consultants) or a leukophoresis
(Research Blood Components). Lymphocyte enrichment was per-
formed by centrifugation with Lymphocyte Separation Medium
(Mediatech). Untouched CD4" and CD8" T cells were isolated by
magnetic bead separation (Dynabeads, Thermo Fisher Scientific)
and activated at a 1:5 bead-to-T cell ratio using magnetic beads
(Dynabeads, Thermo Fisher Scientific) in complete T cell medium
supplemented with recombinant human IL-2 (100 IU/ml; National
Institutes of Health repository). T cells were harvested after 3 to
4 days, and lysates were prepared for immunoblotting. All proce-
dures were performed under Institutional Review Board-approved
protocols from the Medical University of South Carolina.

Mice

Pcbp17'Cd4-Cre, Pcbp1"Foxp3"F7Cr*, and Pcbp 17 Foxp3"F-Cret/=
mice were generated in-house. Pcbp1™M, Foxp3Yf7"C, Cd4-Cre
[Tg (Cd4-cre)1Cwi/BfluJ], and NODRaglf/f, C57BL/6] have been
described (12, 21, 58). Mice used for all experiments were on the
C57BL/6 background, except for GVHD and diabetes model experi-
ments. GVHD experiments were performed using BALB/c mice as
donors for BM and were also used as recipients, and type 1 diabetes
studies used NOD Ragl ™", In all studies comparing WT to PCBP1
KO mice, healthy, sex-matched, and age-matched littermates were
used (male and female, 6 to 10 weeks of age unless stated otherwise).
Notably, spleen and lymph nodes were kept separately throughout
the study. Mice were housed in a specific pathogen-free barrier
facility in ventilated cages with at most five animals per cage and
provided with ad libitum food and water. With the exception of
type 1 diabetes studies, which used NOD Ragl ™~ immunodeficient
mice, all studies used immune-competent mice that were treatment
naive until the start of study. No differences in phenotype were noted
between WT and PCBP1 KO in T cells or Tieg-specific cells, and
animals were genotyped for floxed alleles and CRE allele. All mouse
procedures were performed under Institutional Animal Care and
Utilization Committee—approved protocols from The Ohio State
University and the Medical University of South Carolina (tumor,
type 1 diabetes, and GVHD models) and conformed to all relevant
regulatory standards.

Cell lines and in vitro cultures

Primary mouse T cell cultures from the spleen of male and female
mice were used to set up T cell in vitro experiments in T cell media
at 37°C with 5% CO, humidified conditions. T cell media contained
RPMI 1640 media (catalog no. 10-40-CV) supplemented with
10% fetal bovine serum (FBS), 1% penicillin-streptomycin, Hepes,
B-mercaptoethanol, sodium pyruvate, and nonessential amino
acids. shRNA lentiviral particles were generated using human
embryonic kidney (HEK) 293FT cell lines [American Type Culture
Collection (ATCC)] cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (HyClone, USA). Tumor experiments were performed
using MC38 colon cancer (ATCC) and MB49 bladder cancer cell
lines (gift from S. Li, Harvard University, USA) all maintained in
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DMEM, supplemented with 10% FBS heat-inactivated with penicillin-
streptomycin.

T cell culture and differentiation in vitro

Briefly, CD4" T cells were isolated (catalog no. 130-104-454) from
WT animal and Pcbp1”/Cd4-Cre mice and activated for 3 to 4 days
via anti-CD3/anti-CD28 antibodies (5 ug/ml) plate bound (CD3,
catalog no. 16-0031-85; CD28, catalog no. 16-0281-85). For differ-
entiation experiments, naive CD4" T cells from WT or KO animals
were plated with 0-CD3/CD28 antibodies (as above) and IL-2 in the
presence of subset-specific cytokines and antibodies (iTyeg: TGF-BI,
0-IFN-y, and a-IL-4). In other experiments, allo-DCs were used
instead of anti-CD28 antibody for polarization to iTreg. ThO experi-
ments were performed under differentiation conditions (a-CD3/
CD28 antibodies and IL-2) without additional cytokines. After
3 days, cells were harvested and analyzed by flow cytometry or
Western blotting.

Lymphocyte staining and flow cytometry

Thymi, spleens, and mesenteric lymph nodes were minced into
single-cell suspensions in phosphate-buffered saline (PBS), and
splenocytes were depleted of red blood cells using ACK lysis buffer
(homemade). For cell surface staining, cells were washed with stain-
ing buffer (2% FBS heat-inactivated in PBS with 1 mM EDTA and
0.1% sodium azide) and incubated with the indicated antibodies on
ice for 30 min. Cells were washed two more times before being
analyzed on a flow cytometer. For intracellular cytokine staining, cells
were stimulated for 4 hours with PMA (phorbol 12-myristate-13-
acetate; 50 ng/ml) and ionomycin (1 pg/ml; Sigma-Aldrich) in the
presence of brefeldin A (5 ug/ml; BD Biosciences). Intracellular
staining, including FoxP3 (FJK-16) was performed with the eBioscience
Foxp3 staining buffer set (00-5523-00, eBioscience). For detection
of phosphorylated signaling molecules, cells were serum-starved for
1 hour in serum-free RPMI 1640. Cells were stimulated with TGF-j3
(5 ng/ml; PeproTech), fixed with Phosflow Lyse/Fix buffer, followed
by permeabilization with Phosflow Perm Buffer III (both from BD
Biosciences), and stained with antibodies against P-SMAD2/3-APC
(1:40 dilution; BD Biosciences). To determine expression of PCBP1,
cell surface antigens were first stained before fix/perm with the
FoxP3 staining buffer set (eBioscience, Thermo Fisher Scientific)
and stained with Pcbp1 primary antibodies [followed by a fluorescein
isothiocyanate-conjugated anti-rabbit immunoglobulin G (IgG)
(BD Biosciences, USA)]. Expression of surface and intracellular
markers was analyzed with a flow cytometer (BD FACSVerse) and
Flow]Jo software (Tree Star Inc.).

Immunoblotting

T cells were stimulated under ThO or iT,.g conditions as described
previously (21). ThO cells are defined as naive CD4" T cells activated
in the presence of anti-CD3/anti-CD28 antibodies and IL-2, but
without TGF-B1, and maintained in complete T cell medium. Cells
were harvested on day 3 or 4 and then counted and washed with
cold serum-free RPMI 1640 medium. Cells were lysed with radio-
immunoprecipitation assay buffer containing protease and phosphatase
inhibitors and prepared for SDS—polyacrylamide gel electrophoresis.
For immunoblotting, polyvinylidene difluoride membranes were
blocked at room temperature for 1 hour with 6% nonfat milk blocking
buffer and then probed with rabbit anti-PCBP1 and rabbit anti—
phospho-PCBP1 (homemade), rabbit anti-moesin (Q480) and rab-
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bit anti-eIF5A2 (D8L8Q) (Cell Signaling Technology), rat anti-FOXP3
(FJK-16s, eBioscience), rabbit anti-phospho-Smad3 (EP823Y) and
rabbit anti-Smad3 (EP568Y) (both from Abcam), and mouse anti-
B-actin (Sigma-Aldrich). Secondary anti-mouse (A8924), anti-rat
(A5795), and anti-rabbit (A0545) IgG-horseradish peroxidase
antibodies were obtained from Sigma-Aldrich.

RNA isolation, cDNA synthesis, and quantitative real-time
polymerase chain reaction

Total RNA was isolated with RNeasy Plus kit (QIAGEN, CA), and
cDNA was synthesized using the QuantiTect Reverse Transcription
Kit (QIAGEN) according to the manufacturer’s instructions or
SuperScript reverse transcriptase reagent kit (Invitrogen). Quanti-
tative polymerase chain reaction (PCR) was performed using SYBR
Premix Ex Taq (Bio-Rad, USA) on a system (Life Technologies,
USA). mRNA levels of Pcbpl and Actb were determined by the
primers listed below. Gene expression was normalized to B-actin
using the AACt. method (Pcbpl: forward, 5'-GGAAGAAAGGG-
GAGTCGGTG-3' and reverse, 5-AAGATGGCATTGGTAGGCCC-3';
Actb: forward, 5'-TTGCTGACAGGATGCAGAAG-3’ and reverse,
5'-ACATCTGCTGGAAGGTGGAC-3).

RNA-seq and analysis

Total naive CD4" T cells were isolated from the spleen of WT and
Pcbplf/f Cd4-Cre mice using the naive T cell isolation kit (Miltenyi,
USA). Total RNA was extracted from the cells and sent to Novogene
for RNA-seq analysis. Libraries were prepared using 50 ng of total
RNA using the NEBNext Ultra RNA Library Kit for Illumina (catalog
no. E7530) and sequenced on HiSeq 3000 at 75 base pair paired-end.
Each sample was analyzed in quadruplet. Sequencing reads were
first evaluated for quality control using the FastQC software and
then aligned against the mouse mm10 reference genome using the
TopHat2 software. Mapped reads were assigned to gene features
and quantified using the HTSeq software and further evaluated for
quality control using correlation and multidimensional scaling
plots. Normalization and differential expression were performed
using the edgeR software. The significantly DEGs (FDR < 0.05)
were visualized using heat maps and volcano plot representations
and considered for subsequent functional enrichment analysis
using ToppGene Suite.

Lentiviral production and transfection

Lentiviral particles were produced in HEK293FT cells according to
standard protocols. Spleen-isolated primary CD4"CD25™ T cells
(2 x 10° cells per well) were transduced with lentiviral supernatants.
Murine lentiviral DNA plasmid against Pcbp1 (hnRNP E1) (sequence:
CCGGCCATGATCCAA CTGTGT AAT TCT CGA GAATTA CAC
AGT TGG ATC ATG GTT TTT G) (Sigma-Aldrich, TRC1-pLKO.1-
puromycin) were transduced into CD4" T cells activated for
48 hours with anti-CD3 and anti-CD28 with polybrene (8 pg/ml;
Sigma-Aldrich).

Diabetes model

Splenocytes from NOD mice were depleted of CD25" cells by incu-
bating with anti-CD25 MACS beads (Miltenyi) and passing through
the MACS LD column (Miltenyi). CD25-depleted splenocytes were
adoptively transferred in recipient mice at 6 x 10° CD25™ T cells per
mouse, together with 2 x 10> scrambled, Pcbpl KD CD4"CD25~
T cells, or WT in vitro—induced Teg, intravenously into NOD Ragl E
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mice. Blood glucose concentrations were then monitored kinetically.
A glucose value of 200 mg/dl or more was defined as diabetic.
Autoimmune destructions of pancreatic islet cells were verified by
histology and insulin staining.

Histology

Mouse organs were fixed in 4% formalin, embedded in paraffin,
sectioned, and stained following standard hematoxylin and eosin (H&E)
staining protocol. For histology and multiplex cytokine assay, organs
from KO and heterozygous mice were fixed with 3.7% formalin. After
dehydration with 30% sucrose, tissues were then embedded in
optimal cutting temperature compound, sectioned, and processed for
H&E staining or insulin staining according to standard protocols.

Tumor models

WT or Pcbp”/Cd4-Cre mice, aged 6 to 10 weeks, littermates were
challenged subcutaneously with MC38 cells (1 x 10°) or MB49
tumor cells (5 x 10°). For all tumor models, tumors were measured
regularly with a caliper by personnel blinded to the genotype of the
mice. Tumor area was calculated using the equation (L x W), where
L denotes length and W denotes width. The maximal tumor burden was
400 mm?, and this limit was not exceeded in any of the experiments.
Tumor-bearing mice were euthanized at 20 days after inoculation
and harvested for TIL analysis. In all flow cytometry experiments,
tumors of similar sizes were used for comparison. All animals were
housed under specific pathogen—free conditions in accordance with
institutional and federal guidelines.

Study design

The aim of this study was to characterize the roles of PCBP1 in ef-
fector T cell functions. The studies were performed using groups of
age- and gender-matched mice, 6 to 10 weeks old. We generated a
Pcbp1 conditional KO mouse model (Pcbp1VCd4-Cre) and tested
their responses against Pcbp1*/*Cd4-Cre littermate controls. The
number of replicates for each experiment is indicated in the figure
legends. No animals were excluded in the studies. Histological analy-
ses were performed double-blinded where appropriate.

GVHD model in vivo

Major histocompatibility complex-mismatched (B6 — BALB/c) BMT
model was used as previously established. Briefly, recipient BALB/c
mice (7 to 8 weeks old) were conditioned with total body ir-
radiation at 700 centigray (single dose) using X-RAD 320 irradia-
tors (Precision X-ray Inc., North Branford, CT). Within 24 hours
after irradiation, recipients were intravenously injected with 5 x 10°
TCD BM alone or with 7 x 10° T cells (CD25" depleted) from WT
or KO, which were purified from the spleen and lymph node by
negative depletion using magnetic beads as previously described
(35). Recipient mice were monitored for survival, body weight loss,
and GVHD clinical score for 80 days. The GVHD clinical scores
were tabulated as five parameters: weight loss, posture, activity, fur
texture, and skin integrity.

Statistical analyses

Statistical parameters are all reported in the figure legends. Statistical
analyses were performed with Prism software version 5.0 or 8.0
(GraphPad Software, La Jolla, CA, USA; https://graphpad.com), and
significances were determined using Student’s ¢ test, one-way analy-
sis of variance (ANOVA), log-rank test, and Mann-Whitney non-
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parametric test where specified. All data are presented as means + SE
or SD unless otherwise stated. All experiments were carried out in
triplicate technical and biological replicates unless otherwise stated.
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were consid-
ered to be statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/22/eaaz3865/DC1

View/request a protocol for this paper from Bio-protocol.
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