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ABSTRACT

Epigenetic modification plays a crucial role in establishing the transcriptional program that governs the differentiation of CD8"
effector T cells. However, the mechanisms by which this process is regulated at an early stage, prior to the expression of master
transcription factors, are not yet fully understood. In this study, we have identified PDCD5 as an activation-induced molecule that
is necessary for the proper differentiation and expansion of antigen-specific CD8" effector T cells in a mouse model of chronic viral
infection. The genetic deletion of Pdcd5 resulted in impaired differentiation and function of effector T cells, while T-cell activation,
metabolic reprogramming, and the differentiation of memory/exhausted T cells were largely unaffected. At the molecular level,
we observed reduced chromatin accessibility and transcriptional activity of Thx21 and its regulated genes in Pded5~/~ CD8* T cells.
We further identified that PRDM9 facilitates the H3K4me3 modification of genes associated with the effector phenotype in CD8*
T cells. The interaction between PDCD5 and PRDM9 promotes the nuclear translocation and lysine methyltransferase activity of
PRDMDO. Collectively, these findings highlight the crucial role of the PDCD5/PRDM9 axis in epigenetic reprogramming during the

early stages of fate determination for effector CD8" T cell fate.

1 | Introduction

T-cell recognition of specific peptide-MHC complexes triggers a
cascade of biochemical, metabolic, and genetic events, leading to
proliferation approximately 24 h later [1]. CD8" T cells, particu-
larly those undergoing cell division, function as bipotent inter-
mediates that dynamically modulate the epigenetic regulation of

either effector or memory programs. This process determines the
transcriptional state of lineage-specifying genes [2]. For example,
histone methyltransferases EZH2 and Suv39hl, as well as the
histone demethylase Utx, repress the accessibility of promemory
genes during relatively late phases to facilitate the development of
terminally differentiated CD8* effector T cells [3-5]. Conversely,
the histone deacetylase HDAC3 suppresses the expression of pro-
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effector genes early during CD8* effector T cell commitment
[6]. Moreover, many lineage-specifying transcription factors,
including Thx2I—which is crucial for the differentiation of
CD8" effector and CD4* T helper 1 cells—exhibit a “bivalent”
gene state. These genes possess both activating H3K4me3 and
repressing H3K27me3 marks at their regulatory regions [7, 8],
enabling dynamic regulation of these master transcription fac-
tors. However, the mechanisms governing the precise regulation
of chromatin accessibility patterns in relation to effector and
memory differentiation are still not fully understood.

Programmed cell death 5 (PDCD5) is a small protein expressed
in various tissues and involved in a range of physiological and
pathological processes [9]. Its functions include inducing apopto-
sis by enhancing the stability and activation of p53 in tumor cells
[9, 10], influencing vascular remodeling by reducing nitric oxide
production in endothelial cells [11], and promoting lung fibrosis
by facilitating the expression of matricellular genes induced by
TGF-£ in club cells [12]. Although the roles of PDCD5 in T cells
are not well understood, some data suggest that PDCD5 may
influence the fate of T cell subsets by regulating the expression or
activity of transcription factors that specify lineage identity. For
instance, the overexpression of PDCD5 enhances the acetylation
and activity of Foxp3, promoting the differentiation of regulatory
T (Treg) cells and providing protection against experimentally
induced autoimmune encephalomyelitis in mice [13]. PDCD5 also
upregulates the expression of T-bet in invariant natural killer T
(INKT) cells, facilitating the differentiation of NKT1 cells that
produce IFN-y [14]. However, it remains unclear whether PDCD5
regulates the differentiation of other T cell subsets, particularly
CD8" T cells.

In this study, we employed mice with T-cell-specific deletion of
Pdcd5 to explore its role in the differentiation of CD8* T cells
during viral infection. Our findings demonstrate that following
T-cell activation, upregulation of PDCD5 and its translocation
to the nucleus contribute to the epigenetic programming of T
cells, ultimately influencing their terminal differentiation into
functional effector cells.

2 | Results

2.1 | Pdcd5-Deficient Mice Have an Impaired
Antiviral Response Upon LCMV Cl-13 Infection

To investigate the functions of PDCD5 in CD8* T cell differentia-
tion, we first examined whether PDCD5 expression is upregulated
during T-cell activation. We observed a significant increase in
both mRNA and protein levels of PDCD5 in CD8" T cells
48 h after stimulation with anti-CD3 and anti-CD28 antibodies
(Figure 1A,B). Nuclear translocation of PDCD5 was also detected
at this time point (Figure 1B). To further support our findings, we
analyzed publicly available single-cell RNA sequencing (scRNA-
seq) data from healthy donors and patients with cancers or
COVID-19 infection (GSE164522, GSE156728, GSE155223) [15-17].
The analysis revealed a high level of PDCD5 transcription in
proliferating CD8" and CD4* T cells (Figure S1A-C).

Next, we examined T cells in mice with T-cell-specific dele-
tion of Pdcd5 (Pdcd5""Cd4-Cre or cKO mice) (Figure SID-E)

under steady-state conditions. T-cell development in the thy-
mus appeared normal in cKO mice (Figure S1F). However, the
numbers of T cells in the spleen, as well as the frequencies
and numbers of CD44" antigen-experienced T cells in the
lymph nodes and spleen, were reduced in cKO mice com-
pared with Pdcd5""Cd4-Cre~ (WT) littermate controls (Figure
1C,D; Figure SI1E). Notably, the reduction of CD44" cells in
the lymph nodes was more pronounced in CD8" T cells
(Figure S1G). Under steady-state conditions, the proliferation
and apoptosis rates of CD44" T cells were similar between
WT and cKO mice (Figure 1E). When purified naive CD8" T
cells (CD44"°CD62LMCD25~) were adoptively transferred into
lymphopenic RAG1™/~ mice, a defect in T cell proliferation and
CD44 upregulation was observed in Pdcd5~/~ T cells 6 days later
(Figure 1F,G). Together, these results suggest that PDCD5 may be
involved in regulating T-cell activation and/or differentiation at
an early stage.

We then investigated the impact of PDCD5 on CD8* T cell
activation/differentiation using a lymphocytic choriomeningitis
virus (LCMV) infection mouse model. As shown in Figure 2A,
the expression levels of Pdcd5 were higher in the public available
transcriptome of P14 TCR transgenic T cells following chronic
infection with the Clone-13 (Cl-13) strain compared with acute
infection with the Armstrong strain at 7 days postinfection
(dpi) (GSE119943) (Figure 2A) [18]. Based on these findings, we
infected WT and Pdcd5 cKO mice with LCMV CI-13 [19]. At
10 dpi, cKO mice had higher viral titers in plasma compared
with WT mice (Figure 2B). The frequencies and numbers of
CD44MCD62L°CD8* cells and gp33-tetramer (Tet)*CD8* T cells
were decreased in the spleen and liver of cKO mice at 10
dpi (Figure 2C,D). Following in vitro stimulation with LCMV
GP, 4, peptide, splenic and liver CD8" T cells from cKO mice
exhibited significantly lower percentages of IFN-y*TNF-a* cells
and CD107a* cells, as well as reduced levels of granzyme B
compared with WT mice (Figure 2E,F). As T cells producing both
IFN-y and TNF-« are proved to have higher levels of cytotoxicity
and mediate more efficient pathogen killing compared with those
that produce either cytokine alone [20], these results suggest that
the antiviral response of Pdcd5~~ CD8* T cells is impaired at the
early stages of infection.

We also assessed the antiviral responses of CD8" T cells 30
days post intraperitoneal injection of LCMV Cl-13 virus. Higher
viral titers were observed in the liver, lung, brain, and kidney
of cKO mice compared with WT ones (Figure S2A). At this
time point, Pdcd5/~ CD8* T cells exhibited reduced num-
bers of CD44"CD62L"° cells in the spleen and higher expres-
sion of inhibitory molecules PD-1 and TIM-3 in CD44" cells
(Figure S2B,C). Similar results were found when the mice were
infected with LCMV Cl-13 by intravenous injection (Figure S2D-
F). Collectively, these data suggest that PDCD5 plays a crucial role
in promoting antiviral responses.

2.2 | Pdcd5-Deficient Mice Have Reduced Effector
CDS8* T Cells Early After LCMV Cl-13 Infection

We next examined the effects of Pdcd5 deficiency on virus-specific
T cell proliferation and effector T (Teff) cell differentiation during
LCMV Cl-13 infection. Compared with WT mice, cKO mice
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FIGURE 1 | Tcellsupregulate PDCD5 upon activation, and deletion of Pdcd5 in T cells results in reduced CD44" peripheral T cells. (A) Quantitative
RT-PCR analysis of Pdcd5 in purified CD44!°CD62LM murine naive CD8* T cells upon stimulation with anti-CD3 and anti-CD28 antibodies. f-actin was
used as the housekeeping gene control. (B) Western blotting of total PDCD5 (upper panel) or cytoplasmic/nucleic PDCD5 (lower panel) in purified naive
CD8™ T cells upon stimulation with anti-CD3 and anti-CD28 antibodies. (C, D) Flow cytometry analysis of total (C) and CD44M" (D) CD4+ and CD8* T
cells in the spleen of Pded5"f (WT) and Pdcd51/f Cd4-Cre (cKO) mice. The percentages and numbers of total and indicated T cell subsets were calculated.
(E) Comparison of the mean fluorescence intensity (MFI) of Annexin V staining (left panel) and percentage of Ki67* (right panel) cells in CD4*CD44M
and CD8*CD44" splenic T cells between WT and cKO mice. (F, G) Flow cytometry analysis of T cell proliferation (F) and CD44 upregulation (G) in
RAG™/~ mice. Purified CD8*CD441°CD62LMCD25™ T cells obtained from Pded5%® (WT) and Pded5?1Cd4-Cre (cKO) mice were labeled with CFSE and
were adoptively transferred into RAG1~/~ mice. The cell proliferation was examined by CFSE dilution (left) and Ki67 staining (right). Representative
flow cytometry plots were shown, and the percentage of Ki67* or CD44M cells in CD8* T cells were calculated. The experiments were repeated 2-3
times. The student’s ¢-test was used for statistical analysis. Mean + standard deviation (SD), * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns, not
significant.
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FIGURE 2 | Pdcd5-deficient CD8™ T cells have impaired antiviral responses. WT and cKO mice were infected with LCMV CI-13 at 4 x 10° plaque-
forming units (PFU) via intraperitoneal (i.p.) injection. (A) Transcriptome comparison of Pdcd5 expression in P14 T cells at 7 days post LCMV infection.
The bulk RNA sequencing data of P14 transgenic T cells at 7 days post LCMV Armstrong or Cl-13 infection with the accession number GSE119943
were analyzed. (B) Quantitative RT-PCR of LCMV-glycoprotein (GP) mRNA in peripheral blood at 10 days postinfection (dpi). The mRNA of a series
of dilutions of stock LCMV with known viral titers was used as a standard curve for calculating the viral titer in peripheral blood samples. (C) Flow
cytometry analysis of the percentages and cell numbers of CD44MCD62L"°, CD44MCD62LM, CD441°CD62LM cells in CD8* T cells in the spleen and liver
of WT and cKO mice at 10 dpi. (D) Flow cytometry analysis of the percentages and cell numbers of CD8% gp33-tetramer (Tet)™ cells in the spleen and
liver of WT and cKO mice at 10 dpi. The CD44 expression in CD8* Tet" cells was also shown. (E) Intracellular staining of IFN-y and TNF-« in splenic and
liver CD8*CD44M cells collected at 10 dpi following 4 h of GP33.4; peptide stimulation and BFA (3 ug/mL) blockade. The percentages of IFN-y* TNF-a*,
IFN-y"TNF-a~, IFN-y~ TNF-a* cells are shown. (F) Comparison of the percentage of CD107a* (top panel) and MFI of Granzyme B (GzmB, lower panel)
in splenic CD8*CD44" cells collected at 10 dpi following 4 h of GP33.4; peptide stimulation. The experiments were repeated more than three times, and
representative data are shown. The student’s t-test was used for statistical analysis. Mean + SD, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns,
not significant.

exhibited a significantly lower percentage of Ki67* CD8" T cells
at 10 dpi (Figure 3A), indicating impaired T cell expansion. We

were observed except for an increase in mitochondrial membrane
potential in Pded5~'~ T cells (Figure 3F). These data suggest that

also assessed the expression of IL-2 and IL-15 receptors (CD25
and CD122, respectively) on Pdcd5~/~ T cells and found that CD25
levels were enhanced, while CD122 levels were unchanged com-
pared with WT T cells (Figure 3B). To evaluate T cell activation,
we measured the activation of NF-xB, MAPK, and PI3K/AKT
signaling pathways. At 10 dpi, Pdcd5~/~ CD8" T cells exhibited
higher levels of phosphorylated p65 (a subunit of NF-xB), while
the phosphorylation of ERK, AKT, and p70S6K was comparable
between the two groups (Figure 3C,D). Additionally, we observed
a significant increase in the expression of Glutl and c-Myc [21] in
Pdcd5~'~ T cells (Figure 3E). We further examined reactive oxygen
species (ROS) levels, mitochondrial content, mitochondrial ROS,
and mitochondrial membrane potential in the CD44" subpop-
ulation of both WT and cKO mice. No significant differences

the impaired expansion of Pded5~/~ CD8* T cells after LCMV
infection cannot be attributed to altered T cell activation or
mitochondrial function.

We then investigated the effect of Pdcd5 deficiency on Teff
cell differentiation. At 10 dpi, cKO mice exhibited signif-
icant reductions in the percentages of CX3CRIMSLAMF6"
and CD127°KLRGIM cells, which are hallmarks of Teff cells
(Figure 4A-C). However, the percentages of T cells with pre-
exhausted progenitor (CX3CR1°SLAMF6M) or memory precursor
phenotype (CD127"KLRG1") were not consistently decreased in
cKO mice (Figure 4A-C). We also assessed T cell exhaustion by
measuring PD-1 expression and found increased PD-1 expression
in Pded5~/" T cells in the liver but not the spleen (Figure 4D).
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FIGURE 3 | Reduced proliferation but not activation in Pdcd5-deficient CD8* T cells upon LCMV Cl-13 infection. WT and cKO mice were infected
with LCMV Cl-13 at 4 x 10° PFU via intraperitoneal injection. The splenic cells were harvested at 10 dpi for either flow cytometry analysis or magnetic
bead-based CD8 T cell sorting. (A) Flow cytometry analysis of the percentages of Ki67* cells in WT and Pdcd5~/~ CD8* T cells. (B) Comparison of the
MFI of CD25 and CD122 expression in WT and Pded5~/~ CD8* T cells. (C, D) Immunoblot analysis of phosphorylated p65, p70S6K, ERK1/2, and AKT in
purified WT and Pded5~/~ CD8* T cells. Gray values of the indicated proteins were determined for statistical analysis on the right. (E) Western blotting
of Glutl, c-Myc, and IRF4 in purified WT and Pded5~/~ CD8" T cells. Gray values of the indicated proteins were determined for statistical analysis on
the right. (F) Flow cytometry analysis of cellular reactive oxygen species (ROS, carboxy-H, DCFDA staining), mitochondrial content (MitoTracker Green
staining), mitochondrial ROS (MitoSOX Red staining), and mitochondrial membrane potential (TMRE staining) in WT and Pded5~/~ CD8" T cells. Data
are representative of 2-3 independent experiments. The student’s t-test was used for statistical analysis. Mean + SD, * p < 0.05, ** p < 0.01, *** p < 0.005,
ns, not significant.
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FIGURE 4 | Impaired CD8" effector T cell differentiation in Pdcd5-deficient mice upon LCMV Cl-13 infection. WT and cKO mice were infected with

LCMV Cl-13 at 4x10° PFU via intraperitoneal injection. The splenic cells were harvested at 10 dpi for either flow cytometry analysis or magnetic bead-
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(C) Flow cytometry comparison of CX3CR1 and SLAMF6 expression in WT and Pdcd5~/~ CD8+CD44M T cells. The percentages of indicated T cell subsets
were calculated for statistical analysis and are shown on the right. (D) Flow cytometry analysis of PD-1 expression in splenic and liver CD8*CD44" T
cells. The mean fluorescence intensities (MFI) of PD-1 were calculated for statistical analysis. (E) Comparison of T-bet protein expression measured by
immunoblot (left) and flow cytometry (middle) and Tbx2I mRNA level measured by quantitative RT-PCR (right). (F) Comparison of the percentages
of T-bettKi67t and T-bet~Ki67+ CD8* T cells between WT and cKO mice at 10 dpi. (G) Comparison of Zeb2 and Hopx transcription (quantitative RT-
PCR), Bcl-6 (immunoblotting), Blimp-1, Eomes, and Tcfl (flow cytometry) protein levels in splenic CD8* T cells between WT and cKO mice. (H) Western
blotting analysis of total and phosphorylated STAT4, STAT1, and STAT3 in CD8" T cells at 10 dpi. Gray values of the indicated proteins were determined
for statistical analysis on the right. The experiments were repeated for 2-3 times, and representative data are shown. The student’s ¢-test was used for
statistical analysis. Mean + SD, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns, not significant.

To further explore the molecular mechanisms underlying
impaired Teff cell differentiation in Pded5~/~ CD8* T cells, we
examined the expression of critical transcription factors involved
in Teff cell differentiation, including T-bet (encoded by Tbx21),
Blimpl, Zeb2, and Hopx [22-27]. Compared with WT CD8" T
cells, Pdcd5~'~ cells exhibited significant decreases in the protein
level of T-bet and mRNA levels of Thx2I, Zeb2, and Hopx at
10 dpi (Figure 4E-G). The prevalence of T-bet*Ki67* CD8*
T cells was also decreased in cKO mice, while the prevalence

of T-bet Ki67* remained unchanged (Figure 4F). In contrast,
the expression of transcription factors associated with memory
differentiation, such as Eomes, Tcfl, and Bcl6 [28-30], was either
increased or comparable in Pded5~~ CD8* T cells compared with
WT cells (Figure 4G). We also examined the activation patterns
of STAT4, STAT1, and STAT3, which are involved in cytokine
signaling pathways. These pathways are known to influence
Teff cell differentiation through cytokines such as IL-12 and
type I interferon (IFN), which promote Tcfl downregulation
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FIGURE 5 | Cell autonomous regulation of CD8* Teff cell differentiation by PDCD5. (A-D) Analysis of Pdcd5~/~ CD8* Teff cell differentiation in
CD4-depleted mouse model. CD4-specific antibody (200 pg/mouse) was intraperitoneally injected into WT and cKO mice 1 day prior and 1 day after
LCMV Cl-13 infection. The spleen and liver were harvested at 10 dpi for flow cytometry analysis. The percentages of indicated T cell subsets in CD8* Tet*
cells are shown in (A), and those in CD8*CD44" cells are shown in (B). The T cells were restimulated in vitro by GP55_4; peptide, and the percentages of
IFN-y*TNF-a*, IFN-y*TNF-a~, IFN-y"TNF-a* in CD8" T cells were measured by flow cytometry (C). The MFI of T-bet expression between WT and
Pdcd5~'~ CD8* T cells were compared in (D). (E, F) Analysis of Pdcd5~/~ CD8* Teff cell differentiation in mixed bone marrow (BM) chimeric mouse
model. Mixed BM chimeric mice were generated by coinjecting cKO CD45.2* and WT CD45.17 BM cells (1:1 ratio) into lethally irradiated CD45.1% WT
mice. The chimeric mice were infected with LCMV Cl-13 at 7 weeks after reconstitution. Ten days later, the percentages of indicated T cell subsets (E)
and the expression of T-bet (F) in CD8" Tet" T cells were analyzed by flow cytometry. Data are representative of two independent experiments. The
student’s ¢-test was used for statistical analysis. Mean + SD, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns, not significant.

and Teff cell differentiation, while IL-21 and IL-10 facilitate
memory cell formation [31-33]. However, the activation patterns
of these STAT proteins did not explain the defective Teff cell
formation in Pdcd5~~ CD8* T cells (Figure 4H). Collectively,
these results indicate that Pdcd5 deficiency impairs the effector
differentiation program in CD8" T cells during LCMV Cl-
13 infection, while their cytokine responsiveness remains
unaffected.

2.3 | PDCD5 is Required in a Cell-Autonomous
Manner for CD8" Teff Cell Differentiation

CD4* T cell help is crucial for the differentiation of CD8" Teff
cells during chronic infection [34]. To exclude the potential
impact of defective CD4* T cell help in cKO mice, we depleted
CD4* T cells using a CD4-specific antibody prior to LCMV
Cl-13 infection (Figure S3A). Despite this depletion, cKO mice
exhibited similarly less weight loss around 7 dpi (Figure S3B).
At 10 dpi, we observed similarly reduced total CD8* T cell
numbers, decreased frequencies of CD127°KLRG1M in CD8* Tet*
cells, decreased proportion of CD44MCD62L°, CX3CR1*, IFN-
y*TNF-a* CD8"Teff cells, as well as reduced T-bet expression
in the spleen and liver of cKO mice compared with WT mice
(Figure 5A-D; Figure S3C,D).

To further investigate whether these defects were intrinsic to
CD8" T cells, we generated 50:50 mixed bone marrow (BM)
chimeras using cKO CD45.2* and WT CD45.1* progenitor cells.
After reconstitution, these chimeric mice were infected with
LCMV Cl-13. Consistent with our findings in cKO mice, we
observed reduced percentages of total CD8" and CD8*Tet" cells,
decreased frequencies of CD127°KLRG1" CD8*Tet* cells, as well
as the decreased ratio of CD44"CD62L" and Ki67+ CD8* cells.
Additionally, T-bet expression was also decreased in the CD45.2*
Pdcd5~/~ CD8" T cell compartment (Figure 5E,F; Figure S3E-G).
However, the percentages of KLRG1°CD127" memory precursor
cells were not consistently altered in either model (Figure 5A,E).
These results collectively indicate that the defects in Teff differen-
tiation in cKO mice are intrinsic to CD8* T cells and independent
of CD4* T cell help.

2.4 | Transcriptome of Pdcd5-Deficient CD8* T
Cells Exhibit Defects in Effector T Cell
Differentiation

To better understand the defective Teff cell differentiation in
Pdcd5-deficient T cells, we performed bulk RNA-seq and scRNA-
seq. CD8" splenic T cells purified from LCMV Cl-13-infected WT
and cKO mice at 10 dpi were compared. Consistent with the
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FIGURE 6 | Reduced transcription and chromatin accessibility of effector signature genes in Pdcd5~/~ CD8* T cells 10 days after LCMV Cl-13
infection. WT and cKO mice were infected with LCMV CI-13 at 4 x 10° PFU via intraperitoneal injection. Ten days later, the splenic CD8" T cells were
purified by magnetic bead-based sorting and were subjected to bulk RNA sequencing (two mice in each group, A, B), scRNA-seq (2 mice in each group,
C, D), and ATAC sequencing (three mice in each group, E-G). (A) Volcano plot showing differentially expressed genes (DEGs) in WT and Pdcd5~/~ CD8*
T cells (bulk RNA-seq). The dotted lines show a two-fold cutoff. (B) GSEA analysis of DEGs between WT and Pded5~/~ CD8* T cells (bulk RNA-seq).
NES represents the normalized enrichment score. (C) UMAP (left) visualization of CD8" T cell clusters and UMAP plots (right) with red dots displaying
indicated TCR clones (gray for all other T cells, scRNA-seq). The cell numbers of each clone within WT or Pded5~/~ CD8* T cells are indicated in the
parentheses. (D) Volcano plot comparing differentially expressed genes between cKO and WT CD8™ T cells obtained from the most expanded TCR clone
(scRNA-seq). The dotted lines show a 1.5-fold cutoff. (E) Volcano plot analysis of pairwise comparison of ATAC-seq density between WT and Pded5~/~
CD8* T cells. The dotted lines show a two-fold cutoff. (F) Integrative genomics viewer (IGV) analysis of ATAC-seq coverage of Tbx21. (G) GSEA of the
differentially accessible gene regions in WT and Pdcd5~/~ CD8* T cells (ATAC-seq).

observation of fewer Teff cells in cKO mice, the bulk RNA-seq of
Pdcd5~'~ T cells exhibited decreased expression levels of Teff or
short-lived effector cell signature genes [23], with a particularly
notable down-regulation of Thx21 and its target genes (Figure 6A;
Figure S4A). Conversely, the transcription of several inhibitory
molecules, such as Pdedl and Ctla4, was increased in Pdcd5/~
T cells (Figure S4A). No significant differences were observed in
the transcription of memory T cell-related transcription factors
such as Bcl6, Tcfl, and Eomes between the two groups (data not
shown). KEGG pathway analysis revealed that down-regulated
genes were enriched for natural killer cell-mediated cytotoxic-
ity (p = 0.0001107), while GSEA analysis showed enrichment

for the CD8_TCR_pathway, Lee_differentiating T lymphocytes,
HDMS_demethylate_histones (Figure 6B; Figure S4B)

We also analyzed the scRNA-seq results of WT and Pdcd5~/~
CD8* T cells and identified 11 distinct cell clusters. These included
one Teff cell cluster (CO), characterized by Thx21" Zeb2" Cxcré™;
two exhausted T cell (Tex) clusters (C1 and C9), marked by
PdcdI* Tigit" Tox*; two resting and/or pre-exhausted progenitor
(Tpro) clusters (C2 and C5) identified by Id3*Slamf6*; one
cycling cluster (C3) with a Tex signature; and one cycling cluster
(C5) with a progenitor-like signature (Figure 6C; Figure S4C-
E). Notably, Pdcd5 expression was high in approximately half
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of the Teff (CO) and the majority of Tex_1 (Cl) cluster cells
(Figure S4F).

Compared with WT T cells, Pded5~~ T cells exhibited a signif-
icant reduction in the number of cells within the Teff cluster
(CO) (Figure S4G). To further explore this, we performed single-
cell TCR sequencing (scTCR-seq) analysis (Figure S4H). Pdcd5~/~
CD8" T cells showed increased TCR diversity and different
abundance of TRAV and TRBV usage compared with WT cells
(Figure S4H and data not shown). It suggests that Pded5~/~ T cells
have defects in antigen-induced cell expansion. We identified two
common clones between WT and Pdcd5~/~ T cells (Figure 6C;
Figure S4H). In WT cells, both clones were highly expanded
and primarily located in the Teff cluster (CO) (Figure 6C). In
contrast, in Pdcd5~/~ cells, these clones had only one and two
cells each and were distributed across the Teff (C0) and Tex
(C1) clusters (Figure 6C). The most expanded TCR clone in
the Pdcd5~~ group had the same TCRfB usage as the most
expanded clone in the WT group (TRBV20-TRBJ1-4) (Figure 6C).
However, we found four different amino acids in the center of
the complementarity-determining region (CDR)3 of the § chain:
polar amino acids (QDNS) in WT T cells and three out of four
nonpolar amino acids (PGTG) in Pdcd5~'~ T cells (Figure S41).
Notably, both CDR3g and CDR3a (CAAQGTGSKLSF) of the TCR
in Pded5~/~ cells contained two glycines, suggesting more flexible
CDR3 loops that may confer cross-reactivity and the ability to
recognize different antigens [35]. As shown in Figure S41, these
two most expanded TCR clones exhibited different cell cluster
distributions. Pdcd5~'~ cells were predominantly found in the
exhausted T cell clusters (C1 and C3), whereas WT cells were
primarily located in the Teff cluster (CO). We further compared
the transcriptomes of these two expanded clones and found that
the Pdcd5~'~ clone had a significantly higher score of exhaustion
and higher expression of Tox and other inhibitory molecules
(Figure 6D; Figure S41). The expression of Tbx21, Zeb2, Hopx, and
Cx3crl, however, was significantly lower compared with the WT
clone (Figure 6D; Figure S41). Collectively, both bulk and scRNA-
seq analyses suggest that T cells lacking Pdcd5 exhibit defective
effector cell differentiation and are biased toward an exhausted
phenotype.

2.5 | Pdcd5-Deficient CD8* T Cells Have Altered
Chromatin Accessibility in Effector Signature Genes

The enrichment of “Reactome_HDMs_demethylate_histones”
among the down-regulated genes by GSEA analysis (Figure 6B;
Figure S4B) suggests altered epigenetic regulation in Pdcd5~/~
T cells. To investigate this further, we performed ATAC-seq on
CD8* Teff cells at 10 dpi, focusing on chromatin accessibility,
particularly at the loci of Thx21 and other effector signature
genes. Compared with WT Teff cells, Pdcd5~/~ cells exhibited
more regions/genes (386) with decreased chromatin accessibility
peaks (386) than increased peaks (112) (Figure 6E). Among
the genes with unique accessibility peaks in WT but not cKO
CD8" T cells, 61 were concordant with reduced transcription
in Pdcd5~/~ cells. These included Hopx, Tbx21I, and T-bet regu-
lated genes such as Ifng, Gzmb, Cx3crl, Klrgl, Lpinl, and SIpr5
(Figure 6F; Figure S5A). Consistent with these findings, the
decreased accessibility regions in Pdcd5~/~ T cells were enriched
for GSE9650_effector_vs_memory_CD8_Tcell_up, as shown by

GSEA analysis (Figure 6G). These data suggest that PDCD5
is essential for facilitating chromatin architecture readiness in
CD8* Teff cells.

2.6 | PDCD5 Interacts with PRDM9 and Promotes
Its Activity in H3K4me3 Modification During CD8*
Teff Cell Differentiation

We previously found that PDCDS5 can prevent TOX2 degradation
and promote its indirect role in regulating H3K4me3 modifi-
cation at the Thx21I loci in thymic iNKT cells [14]. However,
in Pded5~/~ conventional CD8* T cells, we did not observe a
similar decrease in TOX2 levels (Figure S5B), suggesting that
the regulation of TOX2 by PDCDS5 is cell type-dependent. Addi-
tionally, PDCD5 has been shown to facilitate the degradation
of histone deacetylase HDAC3 in tumor cells and endothelial
cells [10, 11]. Since HDAC3 suppresses gene programs associated
with CD8* Teff cell differentiation early during activation [6],
we examined whether HDAC3 levels in T cells are altered in
the absence of PDCD5. As shown in Figure S5C, total and
phosphorylated HDAC3 levels, as well as the cytoplasmic/nuclear
distribution of HDAC3, were comparable between WT and
Pdcd5~/~ CD8* T cells at 10 dpi. Furthermore, the acetylation
level of H3K27 (H3K27ac) was also unchanged in Pdcd5~'~ T cells
(Figure S5D).

We then utilized the MEME Suite [36] to analyze ATAC-seq data
and determine whether other transcription factors are associated
with differential chromatin accessibility. We found an enrich-
ment of PRDM9 binding motifs (p = 3.71x107*) in WT relative to
KO T cells (Figure 7A,B). PRDMY is a histone methyltransferase
critical for defining DNA double-strand breaks during meiosis
[37, 38]. Knocking down Prdm9 in CD8" T cells using ShRNA
led to an increased frequency of KLRG1~CD127*/CD62L*CD127+
cells and a decreased frequency of CD62L~CD127~ cells 7-21 days
after LCMV Armstrong infection [39]. However, the mechanism
by which PRDM9 regulates Teff cell differentiation remains
unclear. PRDM9 is known to generate trimethylation on lysine
4 (H3K4me3) and lysine 36 (H3K36me3) of histone H3 [37,
38]. Since we identified PRDM9 binding motifs in the promoter
regions of Tbhx2I and Hopx genes (Figure S5E), we performed
ChIP-gPCR analysis. Compared with WT cells, Pded5~/~ CD8*
Teff cells had significantly reduced H3K4me3 modification in the
promoter regions of Thx21 and Hopx (Figure 7C). In contrast,
H3K27me3 deposition within these gene loci was comparable
between the two groups (Figure 7C). We further explored whether
PRDM?9 could bind to these genes and direct histone modifica-
tion. Compared with WT cells, Pdcd5~- CD8* T cells showed
a slightly reduced level of PRDM9 binding at the Hopx locus
but not at the Tbx2I locus (Figure S5F and data not shown).
Collectively, these results suggest that the lysine methyltrans-
ferase activity of PRDM9 is diminished in Pdcd5/~ CD8* T
cells.

We next examined whether PDCD5 interacts with PRDM9 and
affects its mRNA/protein levels and subcellular distribution of
PRDMO9. Both AlphaFold prediction and co-immunoprecipitation
experiments revealed an interaction between PDCD5 and PRDM9
(Figure 7D,E). Specifically, AlphaFold predicted eleven inter-
molecular hydrogen bonds, including Cys301 (PRDM9)-to-Arg79
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(PDCD5), Arg40 (PDCD5)-to-Tyr304 (PRDM9), Ser42/Gln46 3 | Discussion

(PDCD5)-to-GIn363 (PRDMY), and Lys68 (PDCD5)-to-Glu285

(PRDMO9). These interactions are located in the PRDM9 PR/SET  Epigenetic regulation at the DNA and histone levels is crucial
domain, which mediates the trimethylation of surrounding  for determining the fate of activated CD8" T cells [41-43]. In
nucleosomes on lysine of H3 [40] (Figure 7D). Compared with WT  the present study using the LCMV chronic infection mouse
cells, Pded5~/~ CD8* T cells exhibited elevated Prdm9 mRNA but model, we found that PDCDS5 is upregulated and translocated
reduced nuclear PRDM9 protein (Figure 7F,G). The cytoplasmic to the nucleus in activated and proliferating T cells. These
levels of PRDM9 were comparable between the two groups  changes in PDCD5 are required for the proper differentiation,
(Figure 7G). Collectively, these data indicate that PDCD5 interacts expansion, and function of antigen-specific CD8* Teff cells at 10
with PRDM9 and promotes its nuclear distribution and activityat ~ days post-LCMV infection. Loss of PDCD5 reduced chromatin
critical effector gene loci in CD8* T cells. accessibility and subsequent expression of the master transcrip-
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tion factor Thx2I and its regulated genes. This led to decreased
multicytokine production and granzyme B expression, ultimately
impairing antiviral responsiveness. The impact of PDCD5 on
memory/exhausted CD8* T cell formation at 10 dpi is less clear.
Analysis of antigen-specific gp33 Tet* T cells revealed a decreased
frequency of KLRG1°CD127" cells in cKO mice. The scTCR-seq
further showed that common T cell clones highly expanded in WT
cells after infection were rarely found in the Pdcd5~/~ group. In
contrast, the few expanded T cell clones (with higher numbers of
glycine in their CDR3 loops) in the Pdcd5~/~ group were unique
and predominantly distributed in Tex and Tex_cycling clusters.
Upregulated transcription of multiple inhibitory molecules and
expansion of Tex cell clusters were also observed in the bulk RNA-
seq analysis of Pdcd5~~ T cells. Interestingly, we did not detect
significantly increased cell proliferation or PD-1 protein upregu-
lation by flow cytometry in these cells, suggesting that additional
mechanisms directly or indirectly influenced by PDCD5 may
affect the viability and/or migration of exhausted T cells in Pdcd5
cKO mice.

Graded expression of T-bet facilitates T cell proliferation and
directs the transcriptional program required for effector cell
differentiation and function, with the help of other transcription
factors such as Zeb2, which is induced by T-bet [23, 42, 44-50].
Increasing H3K4me3 marks and decreasing H3k27me3 marks
have been reported at the promoter region of Thx21 during the
process of naive T-cell activation and differentiation [43, 51, 52].
BATF and Ezh?2 are essential for promoting the loss of H3K27me3
at Thx21I loci [52, 53]. However, the molecules that promote
H3K4me3 modification of Thx21 are less clear. We found that
Pdcd5-deficient CD8" T cells had reduced H3K4me3 modification
at the enhancer and promoter regions of Tbx21. The H3K27me3
modification was not affected by the loss of PDCD5. We further
showed that PDCD5 interacts with PRDM9 and promotes its
H3K4 methyltransferase activity at Thx21 loci.

In addition to Thx21, Pdcd5~/~ CD8" T cells at 10 days post-LCMV
Cl-13 infection also exhibited reduced transcription of Hopx
(Homeodomain only protein). Hopx is a transcription co-factor
highly expressed in effector CD8", CD4" T cells, and peripheral
regulatory T cells [54-57]. Early induction of Hopx identifies
an effector precursor subset in CD4* T cells with imprinted
epigenetic instructions for subsequent terminal differentiation
[27]. It is reasonable to speculate that Hopx" cells also mark a
“pre-effector” stage in CD8" T cells. EZH2 may be involved in
the negative regulation of Hopx in mesenchymal stem cells [54].
However, the regulation of Hopx expression in T cells remains
unclear. We found that the promoter region of Hopx contains a
PRDMO9 binding motif. Pded5~~ CD8* T cells exhibited reduced
H3K4me3 modification and transcription of Hopx. Together with
the changes at Thx2I loci, these data indicate that PDCD5
facilitates the formation of the epigenetic landscape via PRDM9
at the early stage of Teff differentiation.

PRDMY is a member of the PR domain-containing family
of lysine methyltransferase, featuring an array of C2H2 zinc
fingers for sequence-specific DNA binding [58, 59]. PRDM9
overexpression in HEK293T cells increases global levels of both
H3K4me3 and H3K36me3 modification [60]. The methyltrans-
ferase activity of PRDM9 is essential for double-strand break
formation at meiotic recombination hotspots [58]. PRDM9 is

also upregulated in various cancer types and can mediate lysine
methylation in histone and nonhistone proteins [61, 62]. In T
cells, PRDMD is expressed in CD8" but not CD4* cells (https://
www.genecards.org/cgi-bin/carddisp.pl?gene = PRDMY9). How-
ever, the roles of PRDM9 in CD8* T cells remain unclear.
Recently, it was reported that the knockdown of Prdm9 in
CD8* T cells by shRNA led to an increased frequency of
KLRG1~CDI127*/CD62L*CD127" memory-like CD8* cells and
decreased frequency of CD62L~CD127- effector-like cells at 7-
21 days post-LCMV Armstrong infection [39]. Our findings using
the LCMV CI-13 infection model suggest that PRDM9 promotes
H3K4me3 modification at the loci of critical transcription factors
such as Hopx and Thx21, thus facilitating Teff cell differentiation.

PDCD5 has been found to be phosphorylated at Serl19 and
quickly translocated into the nucleus in tumor cells in response
to genotoxic stress [10, 63]. Nuclear PDCDS5 then interacts with
p53, preventing its degradation and nuclear export [64]. We also
observed increased nuclear distribution of PDCD5 in CD8* T cells
upon stimulation with CD3- and CD28-specific antibodies, likely
via activation-induced phosphorylation of PDCD5. As Pdcd5-
deficient T cells exhibited reduced nuclear but not cytoplasmic
fractions of PRDM9Y, and PDCD5 can interact with PRDMO, these
results indicate that PDCD5 promotes the nuclear distribution
of PRDMY, thereby facilitating its methyltransferase activity at
histone proteins. Whether PDCD5 prevents the nuclear export
of PRDMO in a manner similar to that of p53 remains to be
investigated.

Taken together, our findings reveal a pivotal role of the
PDCD5/PRDM?Y axis in epigenetic reprogramming at the early
stage of effector CD8" T cell fate determination in the LCMV
chronic infection model. Whether the overexpression of PDCD5
can enhance effector T cell differentiation in the context of
antitumor immunotherapies remains to be tested. In addition,
upregulated PDCDS5 expression has been observed in peripheral
mononuclear cells from patients with multiple sclerosis and
Hashimoto’s Thyroiditis [65]. Thus, further understanding the
roles in effector T cell differentiation in these autoimmune
disorders is of significant importance.

4 | Materials and Methods

4.1 | Mice

To specifically knock out Pded5 in T cells, we bred Pdcd5"/"
mice with Cd4-Cre transgenic mice (Pdcd5"? Cd4-Cre, cKO).
Pdcd5"" mice and Cd4-Cre transgenic mice were kindly provided
by Professors Yingyu Chen (Peking University Health Science
Center, China) and Lilin Ye (Army Medical University, China),
respectively. Ragl~/~ mice were kindly provided by Prof. Hong
Tang (University of Chinese Academy of Sciences). C57BL/6
congenic mice (CD45.1") were purchased from Peking University
Health Science Center (Beijing, China). All the mice were on
the C57BL/6 background and were used at 8-12 weeks of age.
The animals were kept in a specific pathogen-free facility at
Peking University (Beijing, China). The experimental procedures
on the use and care of animals had been approved by the Ethics
Committee of Peking University (LA2022106).

11 of 14


https://www.genecards.org/cgi-bin/carddisp.pl?gene

4.2 | LCMV Infection Model and Viral Titer
Quantification

Mice were infected with LCMV clone 13 strain (LCMV Cl-13)
(4 x 10° plaque-forming units (PFU), intraperitoneally (i.p.) or
2.5x10° PFU, intravenously (i.v.)) for chronic infections. For the in
vivo CD4" T cell clearance model, the mice were intraperitoneally
injected with 200 pg anti-mouse CD4 (GK1.5, Bio X Cell, Lebanon,
NH, USA) on days —1 and +1.

The LCMV viral loads in blood samples were quantified by gPCR
as previously described [66]. Briefly, the stock LCMV was titrated
with the Vero cell plaque assay. Total RNA from the stock virus
and blood was extracted by TTANamp Virus RNA Kit (Tiangen,
Beijing, China). The amount of LCMV glycoprotein (GP) mRNA
present in the blood was measured by qPCR, and a series of
dilutions of stock LCMV mRNA was used as a standard curve.

Author Contributions

Qing Ge, Dan Lu, Lixue Jin, Xin Zhang, and Jingyi Wang designed the
research, performed the research, analyzed data, and wrote the paper.
Lixue Jin, Xin Zhang, and Jingyi Wang contributed equally. Yujia Wang,
Ke Wang, and Zhuolin Wang performed the research and helped with
flow cytometry. Pingzhang Wang, Xiuyuan Sun, and Jie Hao contributed
animals, critical reagents, and technical support. Rong Jin provided
critical suggestions. All the authors reviewed the manuscript.

Acknowledgments

The authors thank Professors Yingyu Chen, Wenling Han, and Jun
Zhang (Peking University) for providing critical comments and helpful
discussions. This work was supported by grants from the National
Natural Science Foundation of China (32270935, Q.G.; U24A20372,
82221003, 81991505, 82171826, D.L.), National Key R&D Program of China
(2023YFB3507002, R.J.), Beijing Natural Science Foundation (7242087,
Q.G., 1222017, D.L.), the Non-Profit Central Research Institute Fund
of Chinese Academy of Medical Sciences (2018PT31039), and the Key
Support Project of Guo Zhong Health Care of China General Technology
Group (GZKJ-KIXX-QTHT-20230626).

Open access funding enabled and organized by Projekt DEAL.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

All sequencing data generated in this study have been deposited at NCBI’s
Gene Expression Omnibus (GEO) repository with the RNA-seq data
being accessible through GEO Series accession number GSE231510. The
public scRNA-seq data were obtained from GSE164522, GSE156728, and
GSE155223. The public bulk RNA-seq data were obtained from GSE119943.
Other materials and methods are listed and described in supplemental
materials.

Peer Review

The peer review history for this article is available at https://publons.com/
publon/10.1002/eji.202451388.

References

1. R. Obst, “The Timing of T Cell Priming and Cycling,” Frontiers in
Immunology 6 (2015): 563.

2. K. C. Verbist, C. S. Guy, S. Milasta, et al., “Metabolic Maintenance of
Cell Asymmetry Following Division in Activated T Lymphocytes,” Nature
532 (2016): 389-393.

3.S. M. Gray, R. A. Amezquita, T. Guan, S. H. Kleinstein, and S. M.
Kaech, “Polycomb Repressive Complex 2-Mediated Chromatin Repres-
sion Guides Effector CD8(+) T Cell Terminal Differentiation and Loss of
Multipotency,” Immunity 46 (2017): 596-608.

4. L. Pace, C. Goudot, E. Zueva, et al., “The Epigenetic Control of
Stemness in CD8(+) T Cell Fate Commitment,” Science 359 (2018):
177-186.

5. H. Noda, J. Suzuki, Y. Matsuoka, et al., “The Histone Demethylase Utx
Controls CD8(+) T-Cell-Dependent Antitumor Immunity via Epigenetic
Regulation of the Effector Function,” Cancer Science (2023).

6. R. E. Tay, O. Olawoyin, P. Cejas, et al., “Hdac3 is an Epigenetic Inhibitor
of the Cytotoxicity Program in CD8 T Cells,” Journal of Experimental
Medicine (2020): 217.

7. G. Wei, L. Wei, J. Zhu, et al., “Global Mapping of H3K4me3 and
H3K27me3 Reveals Specificity and Plasticity in Lineage Fate Determina-
tion of Differentiating CD4+ T Cells,” Immunity 30 (2009): 155-167.

8. B. E. Bernstein, T. S. Mikkelsen, X. Xie, et al., “A Bivalent Chromatin
Structure Marks Key Developmental Genes in Embryonic Stem Cells,”
Cell 125 (2006): 315-326.

9. G. Li, D. Ma, and Y. Chen, “Cellular Functions of Programmed Cell
Death 5,” Biochimica Et Biophysica Acta 1863 (2016): 572-580.

10. H. K. Choi, Y. Choi, E. S. Park, et al., “Programmed Cell Death 5
Mediates HDAC3 Decay to Promote Genotoxic Stress Response,” Nature
Communications 6 (2015): 7390.

11. S. H. Lee, J. Seo, S. Y. Park, et al., “Programmed Cell Death 5 Suppresses
AKT-mediated Cytoprotection of Endothelium,” The Proceedings of the
National Academy of Sciences 115 (2018): 4672-4677.

12. S. Y. Park, J. Y. Hong, S. Y. Lee, et al., “Club Cell-specific Role of Pro-
grammed Cell Death 5 in Pulmonary Fibrosis,” Nature Communications
12 (2021): 2923.

13.J. Xiao, C. Liu, G. Li, et al., “PDCD5 negatively Regulates Autoim-
munity by Upregulating FOXP3(+) Regulatory T Cells and Suppressing
Th17 and Thl Responses,” Journal of Autoimmunity 47 (2013): 34—
44.

14. K. Wang, X. Zhang, Y. Wang, et al., “PDCD5 regulates iNKT Cell
Terminal Maturation and iNKT1 Fate Decision,” Cellular & Molecular
Immunology 16 (2019): 746-756.

15.Y. Liu, Q. Zhang, B. Xing, et al., “Immune Phenotypic Linkage
between Colorectal Cancer and Liver Metastasis,” Cancer Cell 40 (2022):
424-437e425.

16. L. Zheng, S. Qin, W. Si, et al., “Pan-cancer Single-cell Landscape of
Tumor-infiltrating T Cells,” Science 374 (2021): abe6474.

17. A. Unterman, T. S. Sumida, and N. Nouri, “Single-cell Multi-Omics
Reveals Dyssynchrony of the Innate and Adaptive Immune System in
Progressive COVID-19,” Nature Communications 13 (2022): 440.

18. C.Yao, H. W. Sun, N. E. Lacey, et al., “Single-cell RNA-seq Reveals TOX
as a Key Regulator of CD8(+) T Cell Persistence in Chronic Infection,”
Nature Immunology 20 (2019): 890-901.

19.Y. Sun, D. Lu, Y. Yin, et al., “PTENalpha Functions as an Immune
Suppressor and Promotes Immune Resistance in PTEN-mutant Cancer,”
Nature Communications 12 (2021): 5147.

20. R. A. Seder, P. A. Darrah, and M. Roederer, “T-cell Quality in Mem-
ory and Protection: Implications for Vaccine Design,” Nature Reviews
Immunology 8 (2008): 247-258.

21. L. Kretschmer, M. Flossdorf, J. Mir, et al., “Differential Expansion of T
central Memory Precursor and Effector Subsets Is Regulated by Division
Speed,” Nature Communications 11 (2020): 113.

22. C. Kao, K. J. Oestreich, M. A. Paley, et al., “Transcription Factor T-
bet Represses Expression of the Inhibitory Receptor PD-1 and Sustains

12 of 14

European Journal of Immunology, 2025


https://publons.com/publon/10.1002/eji.202451388

Virus-specific CD8+ T Cell Responses during Chronic Infection,” Nature
Immunology 12 (2011): 663-671.

23. C. X. Dominguez, R. A. Amezquita, T. Guan, et al., “The Transcription
Factors ZEB2 and T-bet Cooperate to Program Cytotoxic T Cell Termi-
nal Differentiation in Response to LCMV Viral Infection,” Journal of
Experimental Medicine 212 (2015): 2041-2056.

24. A. Kallies, and K. L. Good-Jacobson, “Transcription Factor T-
bet Orchestrates Lineage Development and Function in the Immune
System,” Trends in Immunology 38 (2017): 287-297.

25. A. Xin, F. Masson, Y. Liao, et al., “A Molecular Threshold for Effector
CD8(+) T Cell Differentiation Controlled by Transcription Factors Blimp-
1 and T-bet,” Nature Immunology 17 (2016): 422-432.

26. G. H. Pritchard, A. T. Phan, D. A. Christian, et al., “Early T-bet
Promotes LFA1 Upregulation Required for CD8+ Effector and Memory
T Cell Development,” Journal of Experimental Medicine (2023): 220.

27. A. Opejin, A. Surnov, Z. Misulovin, et al., “A Two-Step Process
of Effector Programming Governs CD4(+) T Cell Fate Determination
Induced by Antigenic Activation in the Steady State,” Cell Reports 33
(2020): 108424.

28. G. Jeannet, C. Boudousquie, N. Gardiol, J. Kang, J. Huelsken, and
W. Held, “Essential Role of the Wnt Pathway Effector Tcf-1 for the
Establishment of Functional CD8 T Cell Memory,” The Proceedings of the
National Academy of Sciences 107 (2010): 9777-9782.

29. X. Zhou, S. Yu, D. M. Zhao, J. T. Harty, V. P. Badovinac, and H. H. Xue,
“Differentiation and Persistence of Memory CD8(+) T Cells Depend on T
Cell Factor 1,” Immunity 33 (2010): 229-240.

30. J. T. Chang, E. J. Wherry, and A. W. Goldrath, “Molecular Regulation
of Effector and Memory T Cell Differentiation,” Nature Immunology 15
(2014): 1104-1115.

31. M. T. Kim, and J. T. Harty, “Impact of Inflammatory Cytokines on
Effector and Memory CD8+ T Cells,” Frontiers in Immunology 5 (2014):
295.

32. M. Danilo, V. Chennupati, J. G. Silva, S. Siegert, and W. Held,
“Suppression of Tcfl by Inflammatory Cytokines Facilitates Effector CD8
T Cell Differentiation,” Cell Reports 22 (2018): 2107-2117.

33.'W. Cui, Y. Liu, J. S. Weinstein, J. Craft, and S. M. Kaech, “An
Interleukin-21-interleukin-10-STAT3 Pathway Is Critical for Functional
Maturation of Memory CD8+ T Cells,” Immunity 35 (2011): 792-805.

34. R. Zander, D. Schauder, G. Xin, et al., “CD4(+) T Cell Help Is Required
for the Formation of a Cytolytic CD8(+) T Cell Subset That Protects
Against Chronic Infection and Cancer,” Immunity 51 (2019): 1028-1042
€1024.

35. B. M. Baker, D. R. Scott, S. J. Blevins, and W. F. Hawse, “Structural
and Dynamic Control of T-cell Receptor Specificity, Cross-reactivity, and
Binding Mechanism,” Immunological Reviews 250 (2012): 10-31.

36. T. L. Bailey, J. Johnson, C. E. Grant, and W. S. Noble, “The MEME
Suite,” Nucleic Acids Research 43 (2015): W39-49.

37. T. Giannattasio, E. Testa, R. Palombo, et al., “The RNA-binding Protein
FUS/TLS Interacts With SPO11 and PRDM9 and Localize at Meiotic
Recombination Hotspots,” Cellular and Molecular Life Sciences 80 (2023):
107.

38.Y. Chen, R. Lyu, B. Rong, et al., “Refined Spatial Temporal Epige-
nomic Profiling Reveals Intrinsic Connection Between PRDM9-mediated
H3K4me3 and the Fate of Double-stranded Breaks,” Cell Research 30
(2020): 256-268.

39. C. Liu, K. Omilusik, C. Toma, et al., “Systems-level Identifica-
tion of Key Transcription Factors in Immune Cell Specification,” Plos
Computational Biology 18 (2022): €1010116.

40. H. Wu, N. Mathioudakis, B. Diagouraga, et al., “Molecular Basis for
the Regulation of the H3K4 Methyltransferase Activity of PRDM9,” Cell
Reports 5 (2013): 13-20.

41. C. B. Wilson, K. W. Makar, and M. Perez-Melgosa, “Epigenetic
Regulation of T Cell Fate and Function,” Journal of Infectious Diseases 185
Suppl 1 (2002): S37-45.

42. A. N. Henning, R. Roychoudhuri, and N. P. Restifo, “Epigenetic
Control of CD8(+) T Cell Differentiation,” Nature Reviews Immunology
18 (2018): 340-356.

43.J. G. Crompton, M. Narayanan, S. Cuddapah, et al., “Lineage Rela-
tionship of CD8(+) T Cell Subsets Is Revealed by Progressive Changes in
the Epigenetic Landscape,” Cellular & Molecular Immunology 13 (2016):
502-513.

44. A. M. Intlekofer, N. Takemoto, C. Kao, et al., “Requirement for T-
bet in the Aberrant Differentiation of Unhelped Memory CD8+ T Cells,”
Journal of Experimental Medicine 204 (2007): 2015-2021.

45. N. S. Joshi, W. Cui, A. Chandele, et al., “Inflammation Directs Memory
Precursor and Short-lived Effector CD8(+) T Cell Fates via the Graded
Expression of T-bet Transcription Factor,” Immunity 27 (2007): 281-
295.

46. A. M. Intlekofer, N. Takemoto, E. J. Wherry, et al., “Effector and
Memory CD8+ T Cell Fate Coupled by T-bet and Eomesodermin,” Nature
Immunology 6 (2005): 1236-1244.

47. R. R. Rao, Q. Li, K. Odunsi, and P. A. Shrikant, “The mTOR Kinase
Determines Effector versus Memory CD8+ T Cell Fate by Regulating the
Expression of Transcription Factors T-bet and Eomesodermin,” Immunity
32 (2010): 67-78.

48. J. F. Hummel, P. Zeis, K. Ebert, et al., “Single-cell RNA-sequencing
Identifies the Developmental Trajectory of C-Myc-dependent NK1.1(-)
T-bet(+) Intraepithelial Lymphocyte Precursors,” Mucosal Immunol 13
(2020): 257-270.

49.D. Cobb, S. Guo, A. M. Lara, P. Manque, G. Buck, and R. B.
Smeltz, “T-bet-dependent Regulation of CD8+ T-cell Expansion During
Experimental Trypanosoma Cruzi Infection,” Immunology 128 (2009):
589-599.

50. C. S. N. Klose, J. F. Hummel, L. Faller, Y. d’Hargues, K. Ebert,
and Y. Tanriver, “A Committed Postselection Precursor to Natural
TCRalphabeta(+) Intraepithelial Lymphocytes,” Mucosal Immunol 11
(2018): 333-344.

51. B. E. Russ, M. Olshanksy, H. S. Smallwood, et al., “Distinct Epigenetic
Signatures Delineate Transcriptional Programs During Virus-specific
CD8(+) T Cell Differentiation,” Immunity 41 (2014): 853-865.

52. Y. Chen, R. A. Zander, X. Wu, et al., “BATF Regulates Progenitor
to Cytolytic Effector CD8(+) T Cell Transition During Chronic Viral
Infection,” Nature Immunology 22 (2021): 996-1007.

53. E. Zhao, T. Maj, I. Kryczek, et al., “Cancer Mediates Effector T
Cell Dysfunction by Targeting microRNAs and EZH2 via Glycolysis
Restriction,” Nature Immunology 17 (2016): 95-103.

54.]. Bourque, R. Kousnetsov, and D. Hawiger, “Roles of Hopx in the
Differentiation and Functions of Immune Cells,” European Journal of Cell
Biology 101 (2022): 151242.

55. C. Zheng, J. N. Fass, Y. P. Shih, et al., “Transcriptomic Profiles of
Neoantigen-reactive T Cells in human Gastrointestinal Cancers,” Cancer
Cell 40 (2022): 410-423e417.

56. A. Jones, A. Opejin, J. G. Henderson, et al., “Peripherally Induced
Tolerance Depends on Peripheral Regulatory T Cells That Require Hopx
To Inhibit Intrinsic IL-2 Expression,” Journal of Immunology 195 (2015):
1489-1497.

57. 1. Albrecht, U. Niesner, M. Janke, et al., “Persistence of Effector Mem-
ory Thl Cells Is Regulated by Hopx,” European Journal of Immunology 40
(2010): 2993-3006.

58.J. N. Hanquier, K. Sanders, C. A. Berryhill, et al., “Identification
of Non-Histone Substrates of the Lysine Methyltransferase PRDM9,”
Journal of Biological Chemistry (2023): 104651.

13 of 14



59. T. Hohenauer and A. W. Moore, “The Prdm family: Expanding Roles
in Stem Cells and Development,” Development (Cambridge, England) 139
(2012): 2267-2282.

60. M. S. Eram, S. P. Bustos, E. Lima-Fernandes, et al., “Trimethylation
of Histone H3 Lysine 36 by Human Methyltransferase PRDM9 Protein,”
Journal of Biological Chemistry 289 (2014): 12177-12188.

61. J. N. Hanquier, K. Sanders, C. A. Berryhill, et al., “Identification of
Nonbhistone Substrates of the Lysine Methyltransferase PRDM9,” Journal
of Biological Chemistry 299 (2023): 104651.

62. A.A.Houle, H. Gibling, F. C. Lamaze, et al., “Aberrant PRDM9 Expres-
sion Impacts the Pan-cancer Genomic Landscape,” Genome Research 28
(2018): 1611-1620.

63. M. Salvi, D. Xu, Y. Chen, A. Cabrelle, S. Sarno, and L. A. Pinna,
“Programmed Cell Death Protein 5 (PDCDS5) Is Phosphorylated by
CK2 in Vitro and in 293T Cells,” Biochemical and Biophysical Research
Communications 387 (2009): 606-610.

64. L. Xu, J. Hu, Y. Zhao, et al., “PDCD5 interacts With p53 and Functions
as a Positive Regulator in the p53 Pathway,” Apoptosis 17 (2012): 1235-1245.

65. S. Perga, S. Martire, F. Montarolo, et al., “The Footprints of Poly-
Autoimmunity: Evidence for Common Biological Factors Involved in
Multiple Sclerosis and Hashimoto’s Thyroiditis,” Frontiers in Immunology
9 (2018): 311.

66. M. M. McCausland and S. Crotty, “Quantitative PCR Technique
for Detecting Lymphocytic Choriomeningitis Virus in Vivo,” Journal of
Virological Methods 147 (2008): 167-176.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

14 of 14

European Journal of Immunology, 2025



	Epigenetic Regulation of CD8+ Effector T Cell Differentiation by PDCD5
	1 | Introduction
	2 | Results
	2.1 | Pdcd5-Deficient Mice Have an Impaired Antiviral Response Upon LCMV Cl-13 Infection
	2.2 | Pdcd5-Deficient Mice Have Reduced Effector CD8+ T Cells Early After LCMV Cl-13 Infection
	2.3 | PDCD5 is Required in a Cell-Autonomous Manner for CD8+ Teff Cell Differentiation
	2.4 | Transcriptome of Pdcd5-Deficient CD8+ T Cells Exhibit Defects in Effector T Cell Differentiation
	2.5 | Pdcd5-Deficient CD8+ T Cells Have Altered Chromatin Accessibility in Effector Signature Genes
	2.6 | PDCD5 Interacts with PRDM9 and Promotes Its Activity in H3K4me3 Modification During CD8+ Teff Cell Differentiation

	3 | Discussion
	4 | Materials and Methods
	4.1 | Mice
	4.2 | LCMV Infection Model and Viral Titer Quantification

	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	Peer Review

	References
	Supporting Information


