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Summary

Adoptive transfer of T cells is a promising cancer therapy and expression

of chimeric antigen receptors can enhance tumour recognition and T-cell

effector functions. The programmed death protein 1 (PD1) receptor is a

prospective target for a chimeric antigen receptor because PD1 ligands are

expressed on many cancer types, including lymphoma. Therefore, we

developed a murine chimeric PD1 receptor (chPD1) consisting of the

PD1 extracellular domain fused to the cytoplasmic domain of CD3f.
Additionally, chimeric antigen receptor therapies use various co-stimula-

tory domains to enhance efficacy. Hence, the inclusion of a Dap10 or

CD28 co-stimulatory domain in the chPD1 receptor was compared to

determine which domain induced optimal anti-tumour immunity in a

mouse model of lymphoma. The chPD1 T cells secreted pro-inflammatory

cytokines and lysed RMA lymphoma cells. Adoptive transfer of chPD1 T

cells significantly reduced established tumours and led to tumour-free sur-

vival in lymphoma-bearing mice. When comparing chPD1 receptors con-

taining a Dap10 or CD28 domain, both receptors induced secretion of

pro-inflammatory cytokines; however, chPD1-CD28 T cells also secreted

anti-inflammatory cytokines whereas chPD1-Dap10 T cells did not. Addi-

tionally, chPD1-Dap10 induced a central memory T-cell phenotype com-

pared with chPD1-CD28, which induced an effector memory phenotype.

The chPD1-Dap10 T cells also had enhanced in vivo persistence and anti-

tumour efficacy compared with chPD1-CD28 T cells. Therefore, adoptive

transfer of chPD1 T cells could be a novel therapy for lymphoma and

inclusion of the Dap10 co-stimulatory domain in chimeric antigen recep-

tors may induce a preferential cytokine profile and T-cell differentiation

phenotype for anti-tumour therapies.

Keywords: CD8 T cell; chimeric antigen receptor; Dap10; immunotherapy;

lymphoma.

Introduction

Engineering T cells with chimeric antigen receptors

(CARs) is one approach to increase T-cell anti-tumour

efficacy. CARs are used to redirect T-cell specificity and

allow MHC-independent recognition of tumour-

associated antigens, so enhancing tumour targeting.1,2

Advantages to using CAR-modified T cells for cancer

therapy include the ability to recognize a broad range of

tumour types, overcome the mechanisms that tumours

use to escape immune detection, and enhance T-cell

function. Although currently there are some challenges to

Abbreviations: aa, amino acid; CAR, chimeric antigen receptor; chPD1, chimeric PD1 receptor; GM-CSF, granulocyte–macro-
phage colony-stimulating factor; IFN-c, interferon-c; IL-2, interleukin-2; mTOR, mammalian target of rapamycin; NKG2D, natu-
ral killer group 2 D; PD1, programmed death receptor 1; PDL, programmed death ligand; TNF-a, tumour necrosis factor-a;
wtPD1, wild-type PD1 receptor
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using CAR T cells for the treatment of solid tumours,

CAR T-cell therapy has shown initial success in clinical

trials for haematological malignancies.1,3,4

In cancer patients, negative regulation of immune

responses often occurs after sustained activation of T

cells.5,6 One such inhibitory receptor that plays an impor-

tant role in inhibiting anti-tumour T-cell responses is the

programmed death receptor 1 (PD1, CD279), which is

up-regulated shortly after T-cell activation and inhibits

multiple T-cell functions downstream of T-cell receptor

and CD28 signalling including proliferation, cytokine

production and cytotoxicity.7–12 The PD1 receptor binds

to two different ligands, programmed death ligand 1

(PDL1, B7-H1, CD274) and programmed death ligand 2

(PDL2, B7-DC, CD273), both of which are overexpressed

on many types of solid tumours and haematological

malignancies, including lymphoma.9,13,14 PD1 blockade is

currently being tested as a novel therapeutic approach in

various cancers and has shown durable responses in some

patients.11

Due to the overexpression of PDL1 and PDL2 on many

different types of tumour cells, we created a chimeric

antigen receptor that targets PD1 ligands. The murine

chimeric PD1 receptor (chPD1) consists of the extracellu-

lar domain of the PD1 receptor fused to the cytoplasmic

domain of CD3f. By removing the inhibitory domains of

PD1 and replacing these with the activating domains of

CD3f, we switched the negative PD1 signal to become an

activating signal for the T cells. This should reduce the

immune suppressive effects of PD1 and instead induce

anti-tumour immunity upon interaction with PD1

ligands.

Inclusion of co-stimulatory domains in CAR T cells

can enhance T-cell functions, including cytokine secre-

tion, differentiation, cytotoxicity, proliferation and sur-

vival.15,16 Compared with first-generation receptors that

do not contain co-stimulatory domains, CARs containing

a CD28 co-stimulatory domain induce increased T-cell

expansion and cytokine secretion. However, CD28-con-

taining CAR T cells have shown limited efficacy in clinical

trials probably due to a relatively short survival in vivo

and an effector cell differentiation phenotype.3,15–19 An

alternative co-stimulatory receptor that has been shown

to enhance T-cell effector responses is Dap10. CD28 and

Dap10 activate many similar pathways including phos-

phatidylinositol-3 kinase, AKT/Protein Kinase B and

mitogen-activate protein kinases.20–23 However, CD28

and Dap10 stimulation seem to have unique effects on

effector T cells, including differential activation of signal

transduction pathways including b-catenin, nuclear fac-

tor-jB and mammalian target of rapamycin (mTOR),

leading to dissimilar cytokine secretion and T-cell differ-

entiation.24–29 Specifically, when compared with CD28,

co-stimulation through Dap10 induces CD8 T-cell mem-

ory differentiation and secretion of pro-inflammatory but

not anti-inflammatory cytokines, both of which seem to

be preferable characteristics for successful CAR T-cell

therapy.3,15,26–29 Hence, inclusion of the Dap10 co-stimu-

latory domain in CARs may be preferential to CD28.

This study determined the anti-tumour efficacy of

chPD1 T cells using a murine model of lymphoma.

Expression of the chPD1 receptor containing a Dap10 co-

stimulatory domain in murine T cells increased tumour

cell lysis and secretion of pro-inflammatory cytokines in a

PD1-dependent manner and also decreased tumour bur-

den and increased survival of tumour-bearing mice. In

addition, the anti-tumour functions of chPD1-Dap10 T

cells were superior when compared with chPD1-CD28 T

cells.

Materials and methods

Generation of wtPD1 and chPD1 constructs

Murine cDNA clones of CD3f, PD1, CD28 and Dap10

were purchased from OriGene (Rockville, MD). The

chPD1-Dap10 and chPD1-CD28 receptors were created

by overlapping PCR using Phusion high fidelity DNA

polymerase (New England BioLabs, Ipswich, MA). To

create the chPD1-Dap10 receptor, the extracellular

domain of the murine PD1 receptor [amino acids (aa) 1–
155] was fused in frame to the transmembrane region of

CD28 (aa 141–177) and the cytoplasmic domains of

Dap10 (aa 57–79) and CD3f (aa 52–164). To create the

chPD1-CD28 receptor, the extracellular domain of the

murine PD1 receptor (aa 1–155) was fused in frame to

the transmembrane (aa 141–177) and cytoplasmic (aa

178–218) domains of CD28 and CD3f (aa 52–164). To
create the wild-type PD1 (wtPD1) receptor, the extracel-

lular and transmembrane domain of the PD1 receptor (aa

1–190) was used. All constructs were cloned into the

pQCXIN retroviral expression vector using NotI and

EcoRI digestion of the plasmid and constructs and were

subsequently ligated into the vector. Ecotropic retroviral

supernatants were expressed using the EcoPack 2–293 cell

line according to the manufacturer’s instructions (Clon-

tech, Mountain View, CA). Xfect polymer was used to

co-transfect EcoPack 2–293 cells with the pEco envelope

vector and the pQCXIN retroviral expression vector from

the RetroX-Q vector set (Clontech). RetroX Concentrator

was used to concentrate the ecotropic retroviral super-

natants before transduction of primary murine T cells.

Expression of wtPD1 and chPD1 receptors in T cells

Male C57BL/6 (B6) and B6.SJL-Ptprca (Ly5.1 congenic)

mice were purchased from Taconic Biosciences (Hudson,

NY). Mice were between 8 and 12 weeks of age at the

start of each experiment. All animal work was performed

in accordance and with approval from Longwood
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University’s Institutional Animal Use and Care Commit-

tee. Splenocytes from B6 or Ly5.1 congenic mice were

activated with concanavalin A (1 lg/ml) for 18 hr. T

cells (0�5 9 106 cells/ml) were transduced by centrifuga-

tion at 1000 g for 1 hr in the presence of 8 lg/ml poly-

brene and 25 U/ml recombinant human interleukin-2

(IL-2) and were subsequently cultured for 6 hr before

retroviral supernatants were removed and replaced with

fresh complete RPMI-1640 medium supplemented with

10% heat-inactivated fetal bovine serum, 100 U/ml peni-

cillin, 100 lg/ml streptomycin, 1 mM pyruvate, 10 mM

HEPES, 0�1 mM non-essential amino acids and 50 lM 2-

mercaptoethanol. Two days after infection, T cells were

selected in complete RPMI-1640 medium containing

G418 (0�5 mg/ml) plus 25 U/ml recombinant human IL-

2 for an additional 3 days. Viable cells were isolated

using Histopaque-1083 (Sigma, St Louis, MO) and

expanded for an additional 2 days without G418 before

functional analysis.

RT-PCR

Total RNA was isolated from RMA cells or T cells using

the SV Total RNA isolation kit according to the manufac-

turer’s instructions (Promega, Madison, WI). cDNA was

created using RevertAid First Strand cDNA synthesis kit

using random hexamer primers (Fermentas, Waltham,

MA). As a template for RT-PCR, 100 ng of cDNA was

used to measure gene expression of PDL1, PDL2 and

b-actin. Maxima SYBRGreen qPCR Master Mix (Thermo

Scientific, Waltham, MA) and gene specific primers were

used: b-actin F 50-GTGTGATGGTGGGAATGGGTCAGA-
30, b-actin R 50-TACGACCAGAGGCATACAGGGACA,
PDL1 F 50-GCTCCAAAGGACTTGTACGTG-30, PDL1 R

50-TGATCTGAAGGGCAGCATTTC-30, PDL2 F 50-CTGC
CGATACTGAACCTGAGC-30, PDL2 R 50-GCGGTCAA
AATCGCACTC-30. Gene-specific primers for T-cell differ-

entiation genes T-bet, BLIMP1, Eomes and BCL6 were

previously described.29 Primers were purchased from

Integrated DNA Technologies (Coralville, IA).

Flow cytometry

The expression of PDL1 and PDL2 on RMA and T cells

and of PD1 on T cells was tested using flow cytometry.

Cells were stained with allophycocyanin-labelled anti-

PDL1 (clone 10F.9G2), phycoerythrin-labelled anti-PDL2

(clone TY25), or phycoerythrin-labelled anti-PD1 (clone

RMP1-30) antibodies or isotype controls. For T-cell dif-

ferentiation studies, wtPD1 or chPD1 T cells (2 9 105

cells/well) were stimulated with RMA cells (2 9 105 cells/

well) for 24 hr and were analysed for cell surface marker

expression by flow cytometry. Cells were stained with

phycoerythrin-conjugated anti-CD127 (clone A7R34) or

anti-KLRG1 (clone 2F1/KLRG1) and allophycocyanin-

conjugated anti-CD62L (clone MEL-14) or isotype con-

trols. To analyse T-cell surface expression, RMA cells

were labelled with CFSE before incubation and CFSE+

cells were gated out. All antibodies were purchased from

BioLegend (San Diego, CA). Cell fluorescence was mea-

sured using an Accuri C6 flow cytometer.

Cytokine production and cytotoxicity by chPD1 T cells

The chPD1, wtPD1 and non-transduced T cells (105)

were cultured with RMA cells (105) or medium in a

round-bottom 96-well plate. After 24 hr, cell-free super-

natants were tested for the presence of interferon-c
(IFN-c), tumour necrosis factor-a (TNF-a), granulocyte–
macrophage colony-stimulating factor (GM-CSF), IL-2

and IL-10 by ELISA according to the manufacturer’s

instructions (BioLegend). Cytokine and chemokine secre-

tion was also measured in cell-free supernatants using

mouse T helper cytokine and mouse pro-inflammatory

chemokine LEGENDPlex assays (BioLegend) according to

the manufacturer’s instructions.

To determine lysis of tumour cells, chPD1, wtPD1 and

non-transduced T cells (105) were cultured with RMA at

various effector to target ratios (E : T 25 : 1, 5 : 1, and

1 : 1). Specific lysis was measured after 5 hr using a lac-

tate dehydrogenase cytotoxicity assay kit (Pierce, Wal-

tham, MA) according to the manufacturer’s instructions.

To block PD1 receptors, T cells were pre-incubated at 37°
for 2 hr with anti-PD1 monoclonal antibodies (clone

RMP1-14, 20 lg/ml, Low Endotoxin, Azide-Free LEAF

purified, BioLegend) or isotype control monoclonal anti-

bodies before addition of target cells.

Treatment of mice with genetically modified T cells

RMA and RMA-GFP cells were kindly provided by Dr

Charles Sentman at Dartmouth Medical School (Lebanon,

NH), and were grown in complete RPMI-1640. RMA-

GFP cells (2 9 106) were injected intravenously into B6

mice. For tumour burden experiments, mice were admin-

istered one dose of wtPD1 or chPD1-modified T cells

(5 9 106) intravenously 2 days or 5 days after tumour

injection, or two doses of T cells 5 and 8 days after

tumour injection. For determination of tumour burden,

spleens and lymph nodes (axillary, brachial and inguinal)

were collected 13 days after tumour injection. The lym-

phoid tissues were mechanically teased and red blood

cells were lysed with ACK lysis buffer (0�15 mol/l NH4Cl,

1 mmol/l KHCO3, 0�1 mmol/l). Cells were counted and

the percentage of GFP+ cells was determined via flow

cytometry. The total number of tumour cells was deter-

mined by multiplying the percentage of GFP+ cells by the

total number of cells. For survival studies, mice were trea-

ted with wtPD1 or chPD1 T cells (5 9 106) on day 5 and

8 after tumour cell injection. The health of the mice was
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monitored closely and mice were killed when signs of

stress (laboured breathing, dragging legs, hunched back,

or ruffled fur) were observed. For analysis of T-cell sur-

vival, RMA-bearing mice were treated 5 days after

tumour cell injection with congenic Ly5.1+ chPD1-Dap10

or chPD1-CD28 T cells (5 9 106) intravenously and mice

were killed 1, 3, 7, 10, 14 or 18 days after T-cell injection.

Spleen and lymph node cells were incubated with FcR

block and mouse c-globulin (Jackson ImmunoResearch,

West Grove, PA) to prevent non-specific binding, and

stained with phycoerythrin-conjugated anti-CD3 and allo-

phycocyanin-conjugated anti-CD45.1 (clone A20) and

analysed by flow cytometry.

Statistical analysis

Statistical analysis was conducted using an unpaired, two-

tailed Student’s t-test or analysis of variance with a post-

hoc Tukey test when comparing multiple groups. The

data were determined to be normally distributed using

the Shapiro–Wilk test. The program R was used for sta-

tistical analysis of the data. All experiments were run in

triplicate on at least two independent sets of T cells and

P values < 0�05 were considered significant. For survival

studies, Kaplan–Meier survival curves were plotted and

analysed using the Log rank test and PRISM software

(GRAPHPAD Software, San Diego, CA).

Results

chPD1 T cells secrete pro-inflammatory cytokines and
lyse PDL-expressing RMA cells in a PD1-dependent
manner

To target PD1 ligands expressed on tumour cells, a

chPD1 receptor was created by fusing the extracellular

region of the PD1 receptor with the intracellular regions

of the Dap10 co-stimulatory receptor and CD3f (Fig. 1a).

A wtPD1 receptor consisting of the extracellular and

transmembrane domains of the PD1 receptor was also

created as a control. The chPD1 and wtPD1 receptors

were successfully expressed in activated murine T cells as

shown by an increased cell surface expression of the PD1

receptor compared with non-transduced, activated T cells

(Fig. 1b). Both wtPD1 and chPD1 T cells consisted of a

mix of activated CD4+ (~10%) and CD8+ (~90%) T cells

(data not shown).

Sometimes activated T cells express PDL1, which could

potentially cause chPD1 T cells to kill each other.9 There-

fore, the expression of PDL1 and PDL2 was assessed on

chPD1 T cells. The number of chPD1 T cells obtained

was similar to the number of wtPD1 T cells for all T-cell

batches tested. In addition, significant PDL1 or PDL2

expression on chPD1 and wtPD1 T cells was not observed

(Fig. 1c and data not shown). Finally, a significant level

of cell death was not observed when wtPD1 or chPD1 T

cells were cultured in media only (data not shown). These

data suggest that chPD1 T cells do not express significant

levels of PDL.

To determine if the murine lymphoma cell line RMA

was a potential target of chPD1 T cells, the expression of

PDL1 and PDL2 was measured. RMA cells expressed cell

surface PDL1 and PDL2, as determined by flow cytometry

(Fig. 1d). RT-PCR for PD1 ligands was also performed,

and RMA cells expressed mRNA for PDL1 and PDL2

(data not shown). The chPD1 T cells lysed RMA cells sig-

nificantly more than T cells expressing a wtPD1 receptor

or non-transduced, effector T cells (Fig. 1e). This lysis

was dependent on the PD1 receptor because incubating

the T cells with blocking anti-PD1 antibodies before the

assay abolished the killing of tumour cells by chPD1 T

cells (Fig. 1f).

In addition to tumour cell lysis, T cells secrete pro-

inflammatory cytokines to enhance antitumour immu-

nity.15,30 Compared with non-transduced or wtPD1 T

cells, chPD1 T cells secreted significant amounts of pro-

inflammatory cytokines IFN-c, TNF-a, GM-CSF and IL-2

but did not secrete anti-inflammatory cytokine IL-10

when cultured with RMA cells. (Fig. 2). Together, these

data show that RMA cells expressed PD1 ligands and that

expression of the chPD1 receptor induced pro-inflamma-

tory cytokine secretion and lysis of the RMA murine lym-

phoma cell line.

Treatment with chPD1 T cells leads to a reduction in
tumour burden and an increase in survival of RMA-
GFP-bearing mice

When injected intravenously into mice, RMA tumour

cells traffic to the spleen and lymph nodes; hence, this

model recapitulates features of human lymphoma in syn-

geneic, immunocompetent mice.31 Therefore, the poten-

tial of using chPD1 T cells in vivo as a therapy for

lymphoma was investigated. Because ligands for PD1 may

also be expressed on healthy tissues, the safety of chPD1

T cells was first tested. The chPD1 T cells did not lyse or

secrete IFN-c when cultured with splenocytes, liver cells

or lung cells isolated from a naive mouse. In addition,

after injection of chPD1 T cells, naive mice did not show

any adverse symptoms or increased levels of serum IFN-c,
suggesting that chPD1 T cells did not target healthy tis-

sues (data not shown). Next, to test the anti-tumour effi-

cacy of chPD1 T cells, lymphoma-bearing mice were

treated with a single dose of chPD1 T cells 2 days after

tumour cell injection and tumour burden was measured

in the spleen and lymph nodes (Fig. 3a). Compared with

mice treated with PBS or wtPD1 T cells, RMA tumour

burden was significantly decreased in mice treated with

chPD1 T cells. The tumour burden in mice treated with

PBS or wtPD1 T cells was not significantly different,
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indicating that wtPD1 T cells did not decrease tumour

burden.

To test the in vivo therapeutic efficacy of chPD1 T cells

against a more established tumour burden, mice were

treated with wtPD1 or chPD1 T cells 5 days after tumour

cell injection. Treatment with chPD1 T cells significantly

reduced these established tumours, although there was a

low yet detectable level of tumour cells in the spleens and

lymph nodes of the chPD1 T-cell-treated mice (Fig. 3b).

As previous studies have shown that multiple treatments

with CAR T cells enhance anti-tumour efficacy, tumour-

bearing mice were injected with two treatments of wtPD1

or chPD1 T cells 5 and 8 days after tumour cell injec-

tion.3,30–32 Mice treated with two doses of chPD1 T cells

had undetectable tumour levels of tumour cells (Fig. 3c).

In addition, compared with mice treated with wtPD1 T

cells that succumbed to tumours by day 20 after tumour

cell injection, mice treated with two doses of chPD1 T

cells had a significant increase in survival and there was

long-term, tumour-free survival in 70% of lymphoma-

bearing mice (Fig. 3d). These data show that chPD1

T-cell treatment of established lymphoma increased

survival, and multiple doses of chPD1 T cells led to long-

term survival in tumour-bearing mice.

chPD1-Dap10 T cells secrete increased levels of pro-
inflammatory cytokines and decreased levels of anti-
inflammatory cytokines compared with chPD1-CD28
T cells

The inclusion of co-stimulatory domains in CARs

enhances T-cell anti-tumour effector functions and each

co-stimulatory receptor has a unique effect on T cells.15,16

Therefore to compare the inclusion of the Dap10 domain

with another commonly studied co-stimulatory receptor,

a chPD1 receptor was made that contained the cytoplas-

mic domain of CD28 instead of the Dap10 cytoplasmic

domain (Fig. 1a). One effector function that often differs

between co-stimulatory receptors is their ability to induce

cytokine secretion.26–28 Therefore, the secretion of pro-

and anti-inflammatory cytokines by chPD1-Dap10 and

chPD1-CD28 T cells was compared. Although secretion

of IFN-c was similar, chPD1-Dap10 T cells secreted

higher amounts of pro-inflammatory cytokines TNF-a,
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Figure 1. Chimeric programmed death 1 (chPD1) T cells lyse programmed death ligand (PDL) -expressing RMA cells in a PD1-dependent man-

ner. (a) Representative vector map of the chPD1-Dap10, chPD1-CD28, and wild-type (wt) PD1 receptors. (b) Effector murine non-transduced

(medium grey), wtPD1 (dark grey), or chPD1 (black) T cells were stained with anti-PD1 or isotype control (light grey) antibodies or (c) murine

chPD1 T cells were stained with anti-PDL1 or anti-PDL2 (black) or isotype control (light grey) antibodies and were analysed using flow cytome-

try. (d) RMA cells were stained with anti-PDL1 or -PDL2 (black) or isotype control (grey) antibodies and were analysed using flow cytometry.

(e) Non-transduced (squares), wtPD1 (triangles) or chPD1 (circles) T cells were used as effector cells with RMA cells at the indicated effector to

target (E : T) ratios (1 : 1, 5 : 1, 25 : 1) and cell lysis was measured using a lactate dehydrogenase assay. chPD1 T cells had significantly higher

specific lysis at all E : T ratios compared with non-transduced or wtPD1 T cells (*P < 0�0001). (f) To show PD1 receptor dependence, wtPD1 or

chPD1 T cells were incubated with anti-PD1 antibodies (open symbols), or with control IgG antibodies (closed symbols) before incubation with

tumour cells. Blocking the PD1 receptor significantly reduced the cytotoxicity of chPD1 T cells against tumour cells at all ratios compared with

control (*P < 0�001). Data are presented as mean + SD and are representative of at least three experiments.
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GM-CSF, IL-17 and IL-21. Comparatively, chPD1-CD28

T cells secreted more IL-2 and T helper type 2/anti-

inflammatory cytokines IL-5 and IL-10 (Fig. 4a). The

chPD1-Dap10 and chPD1-CD28 T cells also secreted sim-

ilar amounts of inflammatory chemokines regulated on

activation, normal T cell expressed and secreted

(RANTES) macrophage inflammatory proteins 1a and 1b.
Although the cytokine secretion profile of the two CARs

was different, there was no significant difference in T-cell

proliferation, survival or tumour cell lysis by chPD1-

Dap10 and chPD1-CD28 T cells (Fig. 4c and data not

shown). Hence, there were some significant differences in

the effector functions induced by these receptors, particu-

larly with the induction of differential cytokine secretion.

Inclusion of Dap10 co-stimulatory domain induces a
central memory phenotype in chPD1 T cells

Another characteristic that is important for CAR T-cell

efficacy is the differentiation phenotype of the T cells.

CD28-containing CARs often induce an effector memory

or effector cell phenotype and do not live as long in vivo

whereas CARs that induce a central memory phenotype

usually persist longer in vivo and often have stronger

anti-tumour efficacy.3 Stimulation of natural killer group

2D (NKG2D)/Dap10 has recently been shown to induce a

central memory phenotype in murine effector CD8 cells,

so the differentiation phenotype of chPD1-Dap10 and

chPD1-CD28 T cells was compared.29 When cultured

with RMA cells, chPD1-CD28 T cells increased the gene

expression of transcription factors involved in effector cell

differentiation, T-bet and BLIMP-1, whereas chPD1-

Dap10 T cells increased the expression of transcription

factors that support central memory differentiation,

Eomes and BCL-6 (Fig. 5a). Additionally, chPD1-Dap10

T cells expressed cell surface markers associated with a

central memory phenotype (CD127hi, CD62Lhi, KLRG1lo)

and chPD1-CD28 T cells expressed effector memory phe-

notype markers (CD127lo, CD62Llo, KLRG1hi) (Fig. 5b).

These data indicate that the chPD1-Dap10 and chPD1-

CD28 receptors induce different T-cell phenotypes, which

could potentially contribute to altered in vivo anti-

tumour efficacy.

Treatment with chPD1-Dap10 T cells leads to a
greater reduction in tumour burden and increased
survival of RMA-GFP-bearing mice compared with
treatment with chPD1-CD28 T cells

To compare the in vivo therapeutic efficacy of chPD1-

Dap10 and chPD1-CD28 T cells, lymphoma-bearing mice

were treated with two doses of wtPD1, chPD1-Dap10 or

chPD1-CD28 T cells. Treatment with chPD1-Dap10 or

chPD1-CD28 T cells significantly reduced tumour
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tative of at least three experiments.
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burden, but chPD1-Dap10 T cells reduced tumour bur-

den significantly more than chPD1-CD28 T cells

(Fig. 6a). In addition, treatment with two doses of

chPD1-Dap10 T cells led to long-term, tumour-free sur-

vival in a higher percentage of mice (66% of mice) com-

pared with mice treated with chPD1-CD28 T cells (14%

of mice) (Fig. 6b). One potential factor that contributed

to the enhanced anti-tumour efficacy of chPD1-Dap10 T

cells was their increased in vivo persistence in the spleens

and lymph nodes of lymphoma-bearing mice (Fig. 6c).

Ly5.1+ chPD1-Dap10 T cells were still detectable by flow

cytometry in the spleen and lymph nodes 14 days after

T-cell injection, whereas the chPD1-CD28 T cells were

not detected after day 10. Taken together, these data indi-

cate that chPD1 T cells can reduce tumour burden and

increase survival in this mouse model of lymphoma and

that inclusion of a Dap10 co-stimulatory domain has

enhanced in vivo therapeutic efficacy compared with a

CD28-containing chPD1 receptor.

Discussion

The introduction of CARs has dramatically increased the

potential efficacy of T-cell therapy for cancer.1,3,33 How-

ever, the up-regulation of inhibitory receptor expression

on T cells, including expression of the PD1 receptor, and

expression of inhibitory ligands in the tumour microenvi-

ronment limit CAR T-cell responses and efficacy.9,34–36

This study demonstrates that expression of the novel

chPD1 receptor enhances T-cell anti-tumour efficacy in a
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ted i.v. with two doses of wtPD1- or chPD1 T
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cells significantly reduced RMA tumour bur-
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mouse model of lymphoma. Our results suggest that

chPD1 receptor-transduced T cells target PDL expression

on tumours and that interaction with PDL induces acti-

vation instead of inhibition of the T cells. The chPD1-

expressing T cells secreted pro-inflammatory cytokines

and lysed PDL-expressing tumour cells and also reduced

tumour burden and increased tumour-free survival in

lymphoma-bearing mice. In addition, the chPD1 receptor

containing a Dap10 co-stimulatory domain appeared to

be functionally superior compared with the chPD1 recep-

tor containing a CD28 co-stimulatory domain.

Many new mechanisms to shield T cells from PD1

inhibition are being developed. In addition to PD1 block-

ade, expression of a PD1-CD28 switch receptor, which

replaces the cytoplasmic domain of PD1 with the

cytoplasmic domain of CD28, has been shown to prevent

T-cell inhibition.37–40 When co-expressed with a tumour-

specific T-cell receptor or CAR, the PD1-CD28 switch

receptor induces T-cell activation as shown by

extracellular signal regulated kinase phosphorylation,

cytokine secretion, proliferation, granzyme B expression

and enhanced anti-tumour function.37–40 A primary goal

of our study was to test the efficacy of T cells expressing

a CAR that directly connects the PD1-extracellular

domain to the intracellular domains of Dap10 or CD28

and CD3f, so providing both the activation and co-sti-

mulatory signal all within the same receptor and elimi-

nating the need for co-expressing two receptors in the T

cells. Furthermore, many of the previous PD1 switch

receptor studies tested the anti-tumour efficacy of human

T cells in immunodeficient mouse models.37,38 However,

CAR T cells often require the induction of host immune

responses for full anti-tumour efficacy.15,30–32 In addition,

testing human CAR T-cell efficacy in immunodeficient

mice does not investigate the role of other immune cells,

including myeloid-derived suppressor cells and regulatory

T cells, in the anti-tumour immune response. Therefore,

the creation of a murine chPD1 receptor allows the study
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Data are presented as mean + SD and are rep-
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of chPD1 T-cell efficacy in an immunocompetent host

and represents the tumour microenvironment the T cells

would be likely to encounter in patients.

The inclusion of a co-stimulatory domain in CARs

increases antitumour efficacy and the majority of CAR T-

cell clinical trials are using second-generation CARs con-

sisting of CD3f and CD28 or 4-1BB co-stimulatory

domains.1,3,4,15,16,33,41 One difference that is observed

between CAR T cells with CD28 or 4-1BB signalling

domains is that inclusion of 4-1BB induces a central

memory phenotype, and these T cells persist longer

in vivo, and have stronger anti-tumour efficacy whereas T

cells with a CD28-CAR induce an effector memory or

effector cell phenotype and do not live as long in vivo.3,42

The induction of a central memory phenotype in T cells

expressing a 4-1BB-containing CAR was partially caused

by a distinct metabolic signature that included enhanced

respiratory capacity, increased fatty acid oxidation and

enhanced mitochondrial biogenesis, whereas CAR T cells

with CD28 domains induced effector memory cells and

had an enhanced glycolysis signature.42 In this current

study, the inclusion of the Dap10 co-stimulatory domain

induced superior anti-tumour immunity in vivo. This

could potentially be caused by the induction of a central

memory phenotype and enhanced in vivo survival of the

chPD1-Dap10 T cells. Stimulation of NKG2D/Dap10 has
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recently been shown to induce a central memory pheno-

type in murine effector CD8 cells in part due to differen-

tial activation of mTOR.29 Interestingly, mTOR activates

specific metabolic pathways in T cells such as aerobic gly-

colysis and compared with CD28 co-stimulation, activa-

tion through NKG2D/Dap10 shows weaker activation of

mTOR.29,43 Hence, the induction of mTOR activation,

metabolism and cell differentiation are likely key charac-

teristics in CAR T-cell success. In future studies, it would

be interesting to further study the mechanisms that con-

trol the differentiation of chPD1-Dap10 and chPD1-

CD28 T cells to determine if chPD1-Dap10 T cells are

more efficacious due to the induction of a central mem-

ory phenotype, enhanced in vivo survival, and altered

metabolic state. In addition, chPD1-Dap10 T cells and

chPD1 receptors including other co-stimulatory domains

such as 4-1BB should be compared in the future to fur-

ther determine which co-stimulatory receptor is ideal for

anti-tumour responses.

In the clinic, one of the adverse effects following infusion

of CAR T cells is the onset of immune activation, known as

cytokine release syndrome.44,45 This may include elevation

of cytokines including IFN-c, GM-CSF, IL-10 and IL-6 fol-

lowing CAR T-cell infusion and the dramatic increase in

cytokines generally correlates with expansion and activa-

tion of adoptively transferred cells.45 In this study, one dif-

ference observed between chPD1-Dap10 and chPD1-CD28

T cells was the differential expression of cytokines, with

chPD1-Dap10 T cells secreting higher amounts of pro-

inflammatory cytokines TNF-a, GM-CSF, IL-17 and IL-21

and chPD1-CD28 T cells secreting more IL-2 and T helper

type 2/anti-inflammatory cytokines IL-5 and IL-10 (Fig. 4).

Although the secretion of pro-inflammatory cytokines is

beneficial for anti-tumour immunity and the concurrent

secretion of anti-inflammatory cytokines can inhibit the

immune response, the challenge may lie in selecting the

appropriate CAR design to mitigate or prevent uncon-

trolled inflammation without hindering the antitumour

efficacy of T cells. Tumour-bearing mice receiving chPD1 T

cells did not show any adverse effects following treatment

and survived long-term; however, the degree of cytokine

release syndrome severity is probably dictated by disease

burden at the time of infusion.44–47 Although the high

secretion of inflammatory cytokines from chPD1-Dap10 T

cells probably contributes to their stronger anti-tumour

efficacy, in future studies, it will be essential to monitor

cytokine release syndrome symptoms in mice with even

higher tumour burdens to determine if the secretion of

pro-inflammatory cytokines may induce damaging

amounts of inflammation. In addition, combination of

chPD1-Dap10 T cells with agents that prevent cytokine

release syndrome, such as IL-6R blockade, should be tested.

In this study, inclusion of the Dap10 co-stimulatory

domain in the chPD1 receptor did not induce secretion

of IL-10 whereas inclusion of the CD28 domain did.

CD28-induced secretion of IL-10 has been shown to alter

T-cell anti-tumour responses through down-regulation of

MHC molecules, CD28 ligands and intercellular adhesion

molecule-1 on antigen-presenting cells.48 As a consequence,

host T-cell responses are inhibited and the secretion of

pro-inflammatory cytokines is repressed. In addition,

secretion of anti-inflammatory cytokines has been shown

to not only inhibit CAR T-cell efficacy but also to induce

chronic toxicity in some studies.49 Therefore, it will be

interesting to determine if the decrease in IL-10 secretion

from chPD1-Dap10 T cells contributes to their enhanced

in vivo anti-tumour efficacy in future studies.

In summary, we developed a new chPD1 receptor that

induces strong antitumour T-cell responses and induction

of long-term, tumour-free survival in an immunocompe-

tent mouse model of lymphoma. The strong induction of

pro-inflammatory cytokines induced by inclusion of a

Dap10 co-stimulatory receptor may be beneficial for anti-

tumour therapy and it will be interesting to investigate

the efficacy of these T cells against solid tumours in

future studies.
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