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Summary

Dendritic cells (DCs) play an important role in linking innate and adap-

tive immunity. DCs can sense endogenous and exogenous antigens and

present those antigens to T cells to induce an immune response or

immune tolerance. During activation, alternative splicing (AS) in DCs is

dramatically changed to induce cytokine secretion and upregulation of

surface marker expression. PTBP1, an RNA-binding protein, is essential

in alternative splicing, but the function of PTBP1 in DCs is unknown.

Here, we found that a specific deficiency of Ptbp1 in DCs could increase

MHC II expression and perturb T-cell homeostasis without affecting DC

development. Functionally, Ptbp1 deletion in DCs could enhance antitu-

mour immunity and asthma exacerbation. Mechanistically, we found that

Pkm alternative splicing and a subset of Ifn response genes could be regu-

lated by PTBP1. These findings revealed the function of PTBP1 in DCs

and indicated that PTBP1 might be a novel therapeutic target for antitu-

mour treatment.

Keywords: alternative splicing; asthma; dendritic cells; RNA-binding

protein; tumour.

INTRODUCTION

Dendritic cells (DCs) are efficient antigen-presenting cells

that can initiate adaptive immune responses. Indeed, DCs

are the only kind of cells that can present antigens to

resting T cells.1–3 Thus, DCs are crucial for both adaptive

immunity and immune tolerance in body homeostasis.

Due to the essential role of DCs in linking innate and

adaptive immunity, inappropriate activation of DCs can

cause autoimmune diseases.4,5 DCs can sense environ-

mental antigens using pattern recognition receptors, such

as Toll-like receptors, which results in upregulation of the

expression of MHC II, CD80 and CD86, and then

migrate to lymphoid organs to activate T cells.6,7 In the

steady state, DCs can reduce the expression levels of sur-

face makers and increase the production of regulatory T

cells to maintain peripheral immune tolerance. The

detailed mechanisms involving DCs in mediating immune

tolerance have not been completely elucidated.8–10

Alternative splicing of pre-mRNA is of great impor-

tance for increasing gene expression diversity.11,12 Splicing

is precisely regulated by the binding of splicing factors to

variable RNA exons or introns.13 Thus, mutation of splic-

ing factors can induce developmental abnormalities and

Abbreviations: AS, alternative splicing; DCs, dendritic cells; DEGs, differentially expressed genes; LPS, lipopolysaccharide; RIP,
RNA immunoprecipitation
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diseases.14–16 The temporal and spatial regulation of splic-

ing is vital for the function and differentiation of immune

cells.17,18 DCs are important initiators of innate and

adaptive immunity, and the transcriptional level in DCs

changes dramatically to carry out an effective immune

response. During activation, T cells undergo selective gene

expression, which contributes to functional changes in

their receptors, cytokines and ligands.19 Moreover, the

spliced genes in activated T cells have variable functions,

especially those associated with cell cycle regulation.20

Alternative splicing of CD45 induces the formation of

homodimers on the cell surface, which leads to decreased

signal transduction through TCRs.21 By analysing the dif-

ferentiation and activation of primary macrophages and

THP-1 cells using RNA-Seq, Liu et al22 demonstrated

thousands of AS changes under stressful conditions. In

tumour cells, Hu et al23 found that A-kinase anchor pro-

tein 8 could work as an RNA-binding protein and regu-

late breast cancer metastasis. PTBP1, a member of a class

of RNA-binding proteins with pleiotropic functions, plays

an important role in pre-mRNA splicing. PTBP1 can

interact with RNA via four RNA-binding domains to reg-

ulate numerous alternative exons in mRNA transcripts.24

PTBP1 can act in concert with c-MYC to ensure the

selection of B-cell clones with the highest affinity for an

antigen by promoting the proliferation of germinal centre

B cells.25 PTBP1 can also modulate MCL1 expression to

regulate cellular apoptosis in response to antitubulin

chemotherapeutics.26,27 In drug-resistant pancreatic ductal

adenocarcinoma cells, PTBP1 expression is upregulated,

and PTBP1 promotes PKM2 splicing.28 PKM1 and PKM2

are two isoforms of the PKM pre-mRNA produced by

alternative splicing. PKM1 is inclusion of exon 9, and

PKM2 is inclusion of exon 10. The main function of

PKM2 is to promote glycolysis and tumorigenesis, while

that of PKM1 is to promote oxidative phosphoryla-

tion.29,30 More recent studies using conditional knockout

mice have found that PKM2 deficiency accelerates

tumour growth.31 A new mouse model expressing only a

specific pyruvate kinase isoform showed that the PKM

isoform PKM1 confers a metabolic advantage and pro-

motes KRASG12D-induced or carcinogen-initiated tumour

growth.32 Although the correlations between splicing fac-

tors and diseases have been reported, the mechanism of

alternative splicing remains to be clarified.

In this study, we found that the RNA-binding protein

PTBP1 could regulate Pkm alternative splicing in DCs.

Specific deletion of Ptbp1 in DCs could lead to enhanced

MHC II expression and an increased population of acti-

vated T cells without impairing DC development. Fur-

thermore, we found that PTBP1 deficiency in DCs could

enhance DC function, which strengthened antitumour

immunity. Additionally, in an OVA-induced asthma

model, PTBP1 deficiency increased the infiltration of

immune cells compared with WT mice. These results

show that PTBP1 functions as a regulator of DC function

and that PTBP1 deficiency can disturb immunologic

homeostasis.

MATERIALS AND METHODS

Mice

Ptbp1-floxed mice were generated using the LoxP target-

ing system. Ptbp1-floxed mice were crossed with CD11c-

Cre mice (The Jackson Laboratory) to produce DC-speci-

fic deletion of Ptbp1. Mice were maintained in a specific

pathogen-free environment. For tumour models, B16-F10

melanoma cells were cultured in DMEM supplemented

with 10% FBS. Tumour cells were injected subcutaneously

into eight-week-old WT and Ptbp1-cKO mice (5 9 105

cells per mouse). The challenged mice were monitored

for tumour size and the growth rate for 3 weeks. To

establish an OVA-induced asthma model, eight-week-old

WT and Ptbp1-cKO mice received intraperitoneal injec-

tions of OVA and Al(OH)3 three times over 3 weeks. In

the fourth week, the mice were treated with inhaled 1%

OVA (50 lL) three times.

Histology

Freshly acquired tissue samples from WT and Ptbp1-cKO

mice were fixed in 10% neutral buffered formalin. The

tissue samples were embedded in paraffin and sectioned.

The sections were stained with haematoxylin–eosin.

Intracellular cytokine staining

Mononuclear cells were acquired from the spleen and

tumours of the indicated mice. These cells were cultured

in PMA plus ionomycin in the presence of monensin.

Then, intracellular cytokine staining was performed to

identify T cells producing IFN-c by flow cytometric anal-

ysis.

ELISA

Cytokine levels in BALF were determined using ELISA

kits (Elabscience Biotechnology Co., Ltd), as previously

described.33

Flow cytometry

The primary antibodies used for flow cytometry were as

follows: anti-F4/80 (clone BM8, BioLegend), anti-CD11c

(clone N418, BioLegend), anti-MHC II (clone 10-3.6,

BioLegend), anti-PDCA1 (clone 927, BioLegend), anti-

Gr1 (clone RB6-8C5, BioLegend), anti-CD4 (clone GK1.5,

BioLegend), anti-CD8a (clone 53-6.7, BioLegend), anti-

IFN-c (clone XMG1.2, BioLegend), anti-CD44 (clone
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IM7, BioLegend), anti-CD80 (clone 16-10A1, BioLegend),

anti-CD62L (clone MEL-14, BioLegend), anti-CD11b

(clone M1/70, BioLegend), anti-CD86 (clone GL-1, Bio-

Legend), anti-I-A/I-E (clone M5/114.15.2, BioLegend),

DC Marker (clone 33D1, BioLegend), anti-Siglec-H

(clone 551, BioLegend), anti-CD3e (clone 145-2C11, Bio-

Legend), anti-CD19 (clone 6D5, BioLegend), anti-Ly-6G

(clone 1A8, BioLegend) and anti-CD335 (clone 29A1.4,

BioLegend). Mononuclear cells were isolated from the

spleen and draining lymph nodes. A total of 1 9 106 cells

were incubated with 1�5 mg mL�1 antibody for 30 min

at 4°C. For intracellular staining, cells were fixed and per-

meabilized using fixation/permeabilization buffer (eBio-

science) for 30 min at 4°C. The cells were then washed

and stained for 30 min at 4°C with antibodies diluted

with permeabilization buffer. The cell suspensions were

analysed on an LSRII flow cytometer (BD Biosciences),

and the data were analysed using FlowJo.

Western blotting

CD11c+ dendritic cells were purified from spleens and

lysed in Laemmli sample buffer (cat 161-0737, Bio-Rad).

Then, the lysates were subjected to gel electrophoresis

(SDS-PAGE) and electrotransferred to a polyvinylidene

difluoride membrane (GE Healthcare). The transferred

membranes were blocked with 5% fat-free skim milk for

2 h at room temperature. The membranes were then incu-

bated with a primary antibody at 4°C overnight. After

washing three times with PBST (PBS with 0�001% Tween-

20), horseradish peroxidase-conjugated secondary antibod-

ies were added and incubated at room temperature for

1 h. After washing three times with PBST, the signals were

detected using an ECL kit (cat WP20005, Invitrogen).

PTBP1 RIP

RIP is an antibody-based technique used to

map in vivo RNA–protein interactions. The experiments

were conducted by using the Magna RIPTM RNA-Binding

Protein Immunoprecipitation Kit (Sigma). Briefly,

30 9 106 DC2.4 cells were lysed in RIP lysis buffer (cat

cs203176) with 0�5 lL protease inhibitor cocktail and

0�25 lL RNase inhibitor. Magnetic beads were prepared for

immunoprecipitation and purification of RNA for qPCR.

Isolation of Spleen cDCs

Spleens from WT or Ptbp1-cKO mice were digested with

0�5 mg/mL Liberase (cat 423610, Roche) and 100 U/mL

DNaseⅠ (cat D8071, Solarbio) in RPMI-1640 medium at

37°C for 45 min. The red blood cells were removed with red

blood cell lysis buffer. The mononuclear cells were counted

and incubated with anti-CD11c and anti-MHC II antibodies

at 4°C for 30 min. After the incubation, the cells were

washed with PBS. Then, CD11c and MHC II double-posi-

tive cells were sorted on a new FACSAria III (BD).

RNA extraction and quantitative real-time PCR (qRT-
PCR)

Total RNA was extracted from DCs with TRIzolTM (cat

15596026, Invitrogen) and reverse-transcribed using

TransScript II One-Step gDNA Removal and cDNA Syn-

thesis SuperMix (cat AH311-03, TransGen Biotech). qRT-

PCR was performed using a SYBR Green Master Mix Kit

(cat A25742, Thermo Fisher Scientific), and the assay was

conducted with the QuantStudio� 5 Real-Time PCR Sys-

tem (Life Technologies). The primers used for this study

are shown in Table 1.

Library construction and processing of RNA-Seq data

CD11c and MHC II double-positive DCs from the spleen of

CD11c Cre+/�Ptbp1fl/fl cKO and CD11c Cre�/�Ptbp1fl/fl

control mice were sorted by FACS. Total RNA was

extracted using TRIzol (cat 15596026, Invitrogen). Library

construction and data processing were performed by Novo-

gene (Beijing, China), and the libraries were then sequenced

with an Illumina HiSeq platform that generated 150-bp

paired-end reads. Quality control of raw sequence data was

performed with FastQC (v0.11.8; http://www.bioinformatic

s.babraham.ac.uk/projects/fastqc/), and trimming of raw

sequence data was carried out with Trim Galore (v0.3.6;

http://www.bioinformatics.babraham.ac.uk/projects/trim_

galore/) with default parameters. Then, the clean reads were

aligned to the mouse genome GRCm38 using HISAT2,34

and the annotation GTF file GENCODE.vM17.gtf was

downloaded from https://www.gencodegenes.org/. After

that, StringTie was used to quantify gene and transcript iso-

form expression based on the aligned reads.34

Identification of differentially expressed genes (DEGs)
and gene functional annotation analysis

A gene count matrix was used as the input data to iden-

tify DEGs between WT and cKO mice with the Biocon-

ductor package DESeq2 (v 1.24.0).35 The DESeq2 results

were considered for only genes expressed as a minimum

level of 1 FPKM in any of the samples. p-values were

adjusted using the Benjamini and Hochberg method, and

the threshold was set at padj < 0�05. Then, significant

DEGs were used to perform GO enrichment analysis with

the Bioconductor package clusterProfiler (v3.12.0) and

DAVID (https://david.ncifcrf.gov/).

Identification of differential alternative splicing

Alternative splicing events were performed by rMATS

(v4.0.2) with default parameters.36 The spliced events
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with an FDR < 0�05 and inclusion level difference greater

than 0�2 were identified as significant differentially alter-

natively spliced events.

Statistical analysis

Statistical significance was calculated with a 2-tailed Stu-

dent’s t test. Differences with a p value < 0�05 were con-

sidered statistically significant.

RESULTS

Ptbp1 deletion enhances MHC II expression in DCs

To assess the functions of PTBP1 in DCs, we generated

Ptbp1-cKO mice by crossing Ptbp1 flox/flox mice with

CD11c-Cre mice (Figure S1A). The protein expression of

PTBP1 was lost in the cKO mice (Figure S1B). We then

examined the role of PTBP1 in the development of other

lineages. We found that the frequencies of DCs, neu-

trophils and macrophages in the bone marrow showed no

differences between WT and cKO mice (Figure 1A). The

frequencies of conventional DCs and plasmacytoid DCs

(pDCs) in the spleen were also comparable between WT

and cKO mice (Figure 1B,C). DCs have been recently

classified into cDC1 and myeloid DCs (cDC2),37 we

examined the spleen and found no obvious differences

between WT and cKO mice (Figure 1D and Figure S1C).

We then detected surface marker expression and found

that MHC II expression increased with Ptbp1 deletion in

DCs (Figure 1E). Other surface markers, such as CD80

and CD86, exhibited little change between WT and cKO

mice (Figure 1F,G). Thus, these data indicated that

PTBP1 was dispensable for DC development but did

change MHC II expression.

Ptbp1 deletion in DCs perturbs T-cell homeostasis

As important antigen-presenting cells, DCs play an

important role in regulating T-cell function. Thus, we

analysed T-cell homeostasis after Ptbp1 deletion in DCs.

Ptbp1 deletion did not impair the development of T cells

in the thymus, as WT and cKO mice showed no differ-

ences in CD8+ or CD4+ T cells or in the double-positive

or double-negative population (Figure 2A). However, we

found that the size and total cell number of the spleen

and lymph nodes were increased in cKO mice (Figure 2B,

C). Additionally, the populations of activated and mem-

ory-like CD4+ and CD8+ T cells were increased in cKO

mice, and the total numbers of CD4+ and CD8+ T cells

in the spleen were increased in cKO mice (Figure 2D,E

and Figure S2A). Consistent with T-cell homeostasis

results, we found minor inflammatory responses in the

liver and lungs (Figure S2B). In conclusion, these results

demonstrated that DC-specific Ptbp1 deletion could dis-

turb T-cell homeostasis.

PTBP1 deficiency can enhance antitumour immunity

DCs have the ability to present antigens to T cells and are

necessary in antitumour immunity. In the tumour

microenvironment, DCs increase the expression of cos-

timulatory molecules and secretion of soluble factors.38–40

Simultaneously, DCs can sense and present tumour

Table 1. Gene-specific primers used for quantitative PCR

Gene Primer

Ifna-F 50-TGACCTCAAAGCCTGTGTGATG-30

Ifna-R 50-AAGTATTTCCTCACAGCCAGCAG-30

Ifnb-F 50-AGCTCCAAGAAAGGACGAACAT-30

Ifnb-R 50-GCCCTGTAGGTGAGGTTGATCT-30

Irf7-F 50-CAGCGAGTGCTGTTTGGAGAC-30

Irf7-R 50-AAGTTCGTACACCTTATGCGG-30

Irf1-F 50-CCCACAGAAGAGCATAGCAC-30

Irf1-R 50-AGCAGTTCTTTGGGAATAGG-30

Actin-F 50-CGTGAAAAGATGACCCAGATCA-30

Actin-R 50-CACAGCCTGGATGGCTACGT-30

Ifi202b-F 50-CCGGGAAACACCATTGCTTT-30

Ifi202b-R 50-GGCTCTTCACCTCAGACACG-30

Slfn8-F 50CCCAGATTTCTCACGCCAGT-30

Slfn8-R 50-GGATGCTGCATGGAGGGTTA-30

Oas2-F 50-TTTACCCCCAAAGTACGCCC-30

Oas2-R 50-ATGCAGAGCTGCCGGTATTT-30

Oas3-F 50-GAACAGCAAGGTGGCCTTTG-30

Oas3-R 50-CCTCAGGAGTCCTTGTGCAG-30

Il10-F 50-CCAGAGCCACATGCTCCTAGA-30

Il10-R 50-GGTCCTTTGTTTGAAAGAAAGTCTTC-30

Il6-F 50-TGAACAACGATGATGCACTTGC-30

Il6-R 50-GCTATGGTACTCCAGAAGACC-30

Tnf-F 50-CATCTTCTCAAAATTCGAGTGACAA-30

Tnf-R 50-CCAGCTGCTCCTCCACTTG-30

Il23a-F 50-CGTATCCAGTGTGAAGATGGTT-30

Il23a-R 50-CTATCAGGGAGTAGAGCAGGCT-30

Il12a-F 50-ACTAGAGAGACTTCTTCCACAACAA-30

Il12a-R 50-CACAGGGTCATCATCAAAGAC-30

Il12b-F 50-GGAGACACCAGCAAAACGAT-30

Il12b-R 50-TCCAGATTCAGACTCCAGGG-30

Il1b-F 50-AAGCCTCGTGCTGTCGGACC-30

Il1b-R 50-TGAGGCCCAAGGCCACAGGT-30

MusD-F 50-GATTGGTGGAAGTTTAGCTAGCAT-30

MusD-R 50-TAGCATTCTCATAAGCCAATTGCAT-30

IAP Pol-F 50-CTTGCCCTTAAAGGTCTAAAAGCA-30

IAP Pol-R 50-GCGGTATAAGGTACAATTAAAAGATATGG-30

Line1-F 50-TTTGGGACACAATGAAAGCA-30

Line1-R 50-CTGCCGTCTACTCCTCTTGG-30

MuERV-L-F 50-TTTCTCAAGGCCCACCAATAGT-30

MuERV-L-R 50-GACACCTTTTTTAACTATGCGAGCT-30

Mda5-F 50-CTACGCACTTTCCCAGTGGAT-30

Mda5-R 50-TGTTCAGTCTGAGTCATGGGC-30

ª 2021 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology, 163, 74–85 77



antigens on MHC molecules to activate T cells. However,

DCs are often found to be tolerogenic or dysfunctional in

the tumour microenvironment, which is mainly due to

immune suppression.41

Although the expression of PTBP1 is increased in

some tumours,42–44 its function in DCs remains

unknown. Here, we used a model of mice challenged

with B16F10 melanoma cells. PTBP1 deficiency in DCs

suppressed tumour growth and increased the survival

rate compared with WT mice (Figure 3A–C). Consis-

tently, the frequencies of IFN-c-producing tumour-infil-

trating CD4+ and CD8+ T cells were also increased in

cKO mice (Figure 3D,E and Figure S3A). Collectively,

these results demonstrated that targeting PTBP1 in DCs

could be an efficient approach to enhance antitumour

immunity.

PTBP1 deficiency enhances the asthma-induced
immune response

Alternative RNA splicing plays important roles during the

activation and maturation of immune cells, and abnormal

alternative splicing can induce autoimmune disorders.45,46

PTBP1, an important RNA-binding protein, can regulate

RNA splicing and stability.43,47,48 The functions of PTBP1

in DCs in asthma remain unknown. Here, we challenged

mice with OVA and Al(OH)3 by intraperitoneal injection

for 3 weeks, followed by aerosol inhalation for another
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week (Figure 4A). After establishing OVA-induced

asthma, eosinophils, lymphocytes and neutrophils were

recruited into the lungs and could induce lung injury.

Ptbp1 deletion enhanced the recruitment of immune cells,

especially that of eosinophils (Figure 4B,C). Furthermore,

increased protein levels of IL-4 and IL-13 in OVA-treated

cKO mice were observed compared with WT mice (Fig-

ure 4D). Thus, Ptbp1 deficiency could enhance the

recruitment of immune cells, indicating that Ptbp1 dele-

tion could enhance the immune response.

PTBP1 regulates Ifn response genes in DCs

To further clarify the function of PTBP1 in DCs, we

examined gene induction by LPS. PTBP1 deficiency

impaired Ifna expression while promoting the induction

of several immunostimulatory cytokines after treatment

with the TLR4 ligand LPS (Figure 5A). The expression of

the surface markers CD80 and CD86 was increased in

PTBP1-deficient DCs compared with WT DCs after LPS

treatment (Figure 5B). To clarify the genes regulated by

PTBP1 in vivo, we sorted CD11c and MHC II double-

positive DCs from the spleen for RNA sequencing. Before

further analysis, t-distributed stochastic neighbour

embedding analysis was performed on expressed genes in

DCs (FPKM > 1). Samples from WT or cKO mice clus-

tered closely together (Figure 5C), indicating that the

samples from each strain were very closely related. This

analysis also showed that the transcriptomes of WT and

cKO mice were distinct (Figure 5C). To further analyse

the differences in the transcriptome profiles of WT and

cKO DCs, we analysed RNA-Seq data using DESeq2, a

Bioconductor package for detecting differentially

expressed genes in replicated count data. Comparison of

WT and cKO DCs revealed 288 genes with significantly

increased mRNA expression (FDR < 0�05, fold

change > 2; Figure 5D). Then, gene ontology (GO) analy-

sis was performed based on these differentially expressed

genes, and we identified several associated enriched GO

terms, which provided insight into the biological pro-

cesses changed after Ptbp1 deletion. Among these signifi-

cantly enriched GO terms, ’Response to interferon-beta’

and ’Cellular response to interferon-beta’ were upregu-

lated in cKO DCs (Figure 5E). Gene set enrichment anal-

ysis (GSEA) results also showed that ’Interferon_alpha_

response’ and ’Interferon_gamma_response’ were
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significantly enriched in cKO DCs (Figure 5F). To verify

these results, we performed real-time PCR analysis of

DCs from WT and cKO mice, and the interferon

response-related genes Ifi202b, Oas2, Oas3 and Irf1 exhib-

ited significantly upregulated expression in the cKO DCs

(Figure 5G).

PTBP1 regulates Pkm alternative splicing in DCs

The differentially expressed genes between WT and cKO

mice could help us clarify the molecular mechanisms of

PTBP1 in DCs (Figure 6A). However, considering that

PTBP1 is an RNA-binding protein, we also analysed the

differences in inclusion levels between WT and cKO mice

by rMATS,36 a computational tool used to detect differ-

ential alternative splicing events from RNA-Seq data.

Ultimately, we found 240 significant AS events that were

skipped more and 360 significant AS events that were

more included with an inclusion level difference greater

than 20% in cKO compared with WT DCs, indicating

enhanced AS changes due to Ptbp1 deletion (Figure 6B).

Next, we compared the genes involved in these signifi-

cantly different alternative splicing events with the signifi-

cantly differentially expressed genes and found that 33

genes had both different AS events and different mRNA

expression levels (Figure 6C). GO enrichment analysis of

these 33 overlapping genes revealed immune regulation-

associated terms (Figure 6D). Additionally, we also found

59 genes involved in the interferon alpha response and

105 genes involved in the interferon gamma response that

were not only differentially expressed between WT and

cKO DCs (fold change > 1�2, FDR < 0�05) (Figure 6E,

4

(A)

(C)

(F) (G)

(D) (E)

(B)

WT

R
el

at
iv

e 
fo

ld
 c

ha
ng

e
in

 m
R

N
A

 e
xp

re
ss

io
n

R
el

at
iv

e 
fo

ld
 c

ha
ng

e 
in

m
R

N
A

 e
xp

re
ss

io
n

C
D

IIc
 M

F
I

C
D

IIc
 M

F
I

0

100

50

t–
S

N
E

2
E

nr
ic

hm
en

t S
co

re
 (

E
S

)

t–SNE1

0·7

NES = 3·03

INTERFERON_ALPHA_
RESPONSE

INTERFERON_GAMMA_
RESPONSE

FDR = 0

NES = 3·05

* *
***WT

2·5

Ifn
α

Ifn
β

Ifi2
02

b
Sifn

8
Oas

2
Oas

3
Irf

1
Irf

7

2·0

1·5

1·0

0·5

0·0

cKO

FDR = 0

cKO WT cKO WT

0·6
0·4
0·2
0·0

0·6
0·4
0·2
0·0

0

–50

–100
100500–50–100

LPS (h) LPS (h)24 0 24 0 24 0 24 0

0 5

response to interferon-beta
immune response

cellular response to interferon-beta

response to interferon-gamma
cellular response to cytokine stimulus

reg· of mitotic sister chromatid segregation
defence response to other organism

chromosome separation
defence response

immune effector process
regulation of nuclear division

mittic cell cycle phase transition

10 15

24 0 24

WT
cKOcKO

WT
cKO

WT

2
1
0
–1
–2

cKO
Enriched GOTerms (DAVID)

-log10 (P value)

S
ig. D

E
G

s highly expressed in cK
O

 (288)

WT
cKO

WT
cKO

WT
cKO cKO

WT **
*

*******
*

*
*

3

2

1

0

3

2

1

0

3

2

1

0

2500

2000

1500

1000

0

500

1500
CD86CD80IfnaII-I2aTnfII-Ib

1000

0

500

15

10

5

0

Figure 5. PTBP1 regulates Ifn response genes in DCs. (A) qRT-PCR analysis of the genes of LPS (500 ng/mL)-treated DCs (24 h) from the

spleen of WT or cKO mice. (B) Flow cytometric analysis of CD80 and CD86 expression in LPS (500 ng/mL)-treated DCs (24 h) from the spleen

of WT or cKO mice. (C) T-distributed stochastic neighbour embedding analysis of the genes expressed in DCs with comparison between WT

and cKO mice (FPKM > 1). (D) Analysis of increased expression in transcriptome profiles among cKO cells (FDR < 0�05, fold change > 2). (E)

Gene ontology (GO) analysis of upregulated genes enriched in cKO mice. (F) Significant enrichment of ’Interferon_gamma_response’ and ’Inter-

feron_alpha_response’ in KO cells determined by gene set enrichment analysis (GSEA). (G) qRT-PCR analysis of the interferon response-related

genes Ifi202b, Oas2, Oas3 and Irf1 in DCs from WT and cKO mice. Data are representative of at least three independent experiments. All data

are shown as the mean � SEM; * indicates p < 0�05, ** indicates p < 0�01, n.s., not significant. Statistical significance was evaluated by Student’s

t tests.

ª 2021 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology, 163, 74–85 81



left) but also belonged to different AS events (inclusion

level difference > 10%, FDR < 0�05) (Figure 6E, middle).

Taken together, our data suggested that the DC-specific

deficiency in PTBP1 could alter the immune response

functions of DCs by regulating mRNA expression and AS

events in these cells.

Next, we focused on exploring the possible regulators

of the immune response functions described above. Previ-

ous studies have shown that Pkm2 deletion in mice can

increase systemic inflammation and promote metabolic

distress.49 In endothelial cells, loss of pyruvate kinase M2

leads to endogenous retrovirus expression and induction

of interferon-stimulated gene (ISG) expression.50,51 These

findings led us to hypothesize that the loss of PTBP1 in

DCs may induce the downregulation of PKM2 expression

and eventually alter immune response functions. To test

this hypothesis, we first analysed the expression level and

AS of Pkm and found that Pkm showed different mRNA

expression levels and different AS events between WT

and cKO mice (Figure 6E, right). The quantitative data

also revealed that Pkm expression was significantly

increased in PTBP1-deficient DCs (Figure 6F). As PKM2

deficiency could reduce DNA methylation and increase

the expression of endogenous retroviral elements,50 we

found Ptbp1 deletion increased the expression of endoge-

nous retroviral elements in DCs (Figure 6G). Then, we

performed RIP-PCR with the DC2.4 cell line and found

that PTBP1 could bind to the pre-mRNA of Pkm (Fig-

ure 6H). Furthermore, we found that the protein level of

PKM2 was downregulated by Ptbp1 deletion in DCs (Fig-

ure 6I), which is consistent with prior studies.49–51 Taken

together, these data indicated that PTBP1 deficiency in

DCs enhanced their Ifn response ability via Pkm alterna-

tive splicing.

DISCUSSION

The mechanism by which PTBP1 regulates the develop-

ment and function of DCs is unknown. In this study, we

reported the function of PTBP1 in DCs. PTBP1 deficiency

in DCs upregulated MHC II expression without influenc-

ing DC development. However, the frequencies of acti-

vated CD4+ and CD8+ T cells were increased. In B16F10

melanoma cell-challenged mice, Ptbp1-specific deletion in

DCs resulted in a remarkable reduction in tumour

growth, and the populations of T cells expressing IFN-c
were increased in tumours. With the asthma model, we

found that Ptbp1-deleted mice exhibited increased

immune cell recruitment to the lungs. These data indi-

cated that PTBP1 deficiency in DCs could promote DC

immune function. By sorting DCs from spleens and per-

forming RNA-Seq, we found that Ifn response genes

showed an increase in expression in cKO mice. The alter-

native splicing of Pkm changed with Ptbp1 deletion. The

decreased of PKM2 resulted in expression of endogenous

retroviral elements and enhanced immune response. Fur-

thermore, these data suggested that PTBP1 might be a

novel therapeutic target for tumour treatment.

DCs are specialized cells that present endogenous and

exogenous antigens to T cells. The ability of DCs to pre-

sent exogenous antigens on MHC I is critical for the abil-

ity of the immune system to defend against intracellular

viruses. While presentation of endogenous antigens on

MHC II is related to autophagy, ATG5 deficiency can

impair this pathway.52,53 In the steady state, DCs also

maintain immune tolerance. It has been proposed that

DCs may directly present or cross-present self-Ags for

negative selection of thymocytes.54 In addition, peripheral

DCs may recirculate into the thymus and induce clonal

deletion of T cells and Treg proliferation.55 Nevertheless,

complete deletion of DCs does not influence the periph-

eral T-cell repertoire, indicating that DCs do not play a

dominant role in peripheral immune tolerance.8 In our

experiments, we found that Ptbp1 deletion could perturb

T-cell homeostasis without affecting T-cell development.

The deletion of Ptbp1 enhanced the function of DCs,

which was consistent with the antitumour activity of

DCs. We also found that in the OVA-induced asthma

model, Ptbp1 deletion in DCs exacerbated damage to the

lungs. Therefore, PTBP1 could be a novel target for

autoimmune disease therapy.

We observed a significant phenotype in cKO mice,

which was perturbed T-cell homeostasis. PTBP1 defi-

ciency in DCs did not impair T-cell development in the

thymus, but the populations of activated and memory T

cells were increased. PTBP1-mediated alternative splicing

can regulate the pro-tumorigenic effects of senescent cells,

and inhibiting PTBP1 can reduce the risk of tumorigene-

sis.56 In colon cancer patients, PTBP1 is highly expressed

and can accelerate cancer cell growth. Inhibition of

PTBP1 can activate caspase-3 and PARP1 to induce apop-

tosis.57 Pancreatic ductal adenocarcinoma (PDAC) is an

aggressive disease, and some drug-resistant subpopula-

tions can develop after chronic exposure to gemcitabine.

The mechanism underlying this development of resistance

is that highly expressed PTBP1 can regulate the splicing

of PKM to increase the level of the PKM2 variant.

Knockdown of PTBP1 expression abolishes drug resis-

tance and promotes splicing of the PKM1 variant.28

PTBP1 is also highly expressed in blood outgrowth

endothelial cells (BOECs) from patients. PTBP1-mediated

alternative splicing of the PKM gene can increase PKM2

expression, which leads to abnormal growth and

enhanced glycolysis in pulmonary artery endothelial

cells.58 PTBP1 also plays an essential role during CD4+ T-

cell activation by regulating the expression of CD40L.59

During B-cell selection in germinal centres, the expression

of PTBP1 is upregulated, which is necessary for B-cell
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receptor (BCR)-mediated antibody production.25,60

Nonetheless, other than Pkm, it is likely that PTBP1 may

regulate other genes via splicing to enhance DC function,

which merit further investigations in the near future. The

last but not the least, given that CD11c is also expressed

in cell types other than DCs, we cannot rule out the pos-

sibility that these other cells also contribute to the pheno-

types observed in Ptbp1fl/fl: CD11c-Cre mice.61

In conclusion, we demonstrated the function of PTBP1

in DCs involved in regulating T-cell homeostasis. We also

found that targeting PTBP1 in DCs promoted antitumour

immunity. These findings provide additional evidence for

the role of PTBP1 in regulating the immune response.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Genotyping of CD11c Cre/Ptbp1f/f mice. (A)

PCR analysis of PTBP1 and CD11c-Cre to test the geno-

types of WT and cKO mice. (B) Immunoblotting for

PTBP1 in DCs from WT and cKO mice. (C) Gating strat-

egy for pDCs, cDC1 and cDC2 in the spleen.

Figure S2. Total cell numbers of CD4+ and CD8+ T

cells in the spleen. (A) Total cell numbers of CD4+ and

CD8+ T cells in the spleen of WT and cKO mice. (B)

Haematoxylin–eosin staining of tissue samples from the

liver and lungs of WT and cKO mice. Data are represen-

tative of at least three independent experiments.

Figure S3. Gating strategy for immune cells in

tumours. (A) Gating strategy for IFN-c-producing CD4+

T and CD8+ T cells in tumours.
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