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Validation of a PD-1/CD28 chimeric switch
receptor to augment CAR-T function
in dogs with spontaneous B cell lymphoma

Sho Yoshimoto,1 Ayano Kudo,1 Antonia Rotolo,2,4 Kay Foos,3,4 Lauren Olenick,3 Satoshi Takagi,1

and Nicola J. Mason2,4,5,*

SUMMARY

Chimeric antigen receptor (CAR) T cell therapy has achieved unprecedented clinical outcomes in
patients with relapsed/refractory B cell leukemias; however, response rates in patients with large B cell
lymphoma (LBCL) are less impressive. Expression of PD-1 on activated T cells and PD-L1 on malignant,
stromal, and immune cells within the tumor microenvironment (TME) contribute to CAR-T exhaustion, hy-
pofunction, and treatment failures. Here, a comparative approach is taken to develop a chimeric switch
receptor (CSR) with potential to augment CAR-T persistence, function, and clinical efficacy in immune
competent, pet dogswith spontaneous B cell lymphoma (BCL).We show that similar to human CAR-T cells,
expression of a PD-1/CD28 CSR in canine CAR-T cells results in enhanced function against PD-L1+ targets
and preserves central memory phenotype. We also demonstrate that these effects depend upon active
CSR signaling. This work paves the way for in vivo studies in canine BCL patients to inform human trial
design.

INTRODUCTION

Chimeric antigen receptor (CAR) T cells have shown remarkable therapeutic activity in patients with relapsed, refractory hematological

malignancies including B cell leukemias and multiple myeloma.1–4 However, outcomes for patients with large B cell lymphomas (LBCLs)

have been less impressive with over 50% of patients either failing to respond or experiencing disease relapse.3,5 Factors that contribute to

this failure include characteristics of the CAR-T product itself and the immune suppressive tumor microenvironment (TME) which promotes

T cell dysfunction and drives exhaustion.6–8 In particular, expression of the inhibitory checkpoint programmed cell death protein-1 (PD-1) on

CAR-T cells correlates with poor response in patients with hematological and solid tumors,9,10 and amplification of its ligand PD-L1 has been

associatedwith resistance toCART-19 therapy in large B cell lymphomas.11 PD-1 is up-regulated on the surface of activated T cells, B cells, and

natural killer (NK) cells,12 and its interaction with PD-L1 suppresses T cell activation and promotes hypofunction and exhaustion principally

through recruitment of SHP-1/2 phosphatases that de-phosphorylate ZAP70, PI3K, and CD28 and inhibit T cell receptor (TCR) and CD28

signaling.13,14 Engagement of PD-1 on CAR-T cells in the TME contributes to CAR-T hypofunction,10 and strategies aimed at disrupting

the PD-1:PD-L1 axis to improve the clinical efficacy of CAR-T cells are being explored across tumor histologies. Concurrent administration

of anti-PD-1 antibodies with CAR-T cells improvedCAR-T function in pre-clinical mousemodels and showed early promise in a phase I clinical

trial in patients with malignant pleural disease.15–17 Furthermore, anti-PD-1 antibodies are being evaluated in patients with diffuse large B cell

lymphoma (DLBCL) that is refractory to CD19 CAR-T therapy, with early reports suggesting PD-1 blockade might revitalize previously

administeredCART-19 cells.18,19 Other strategies to address PD-1mediated T cell hypofunction include advanced engineering of CAR-T cells

to constitutively secrete an anti-PD-1minibody,20,21 editing of CAR-T cells to disrupt PD-1 expression (abstract: Rupp LJ., CRISPR-Cas9-medi-

ated PD-1 disruption enhances anti-tumor efficacy of human chimeric antigen receptor T cells. Sci Rep. 2017; 7:737. https://doi.org/10.1038/

s41598-017-00462-8),22 and expression of chimeric switch receptors (CSRs) consisting of the extracellular PD-1 domain linked to a transmem-

brane and intracellular, co-stimulatory CD28 domain.23,24 Unlike other strategies which block and inhibit PD-1mediated suppression, the CSR

approach aims to augment effector function following PD-L1 and PD-L2 engagement by delivering an activating co-stimulatory signal to the

CAR-T cell. Human CAR-T cells expressing a PD-1/CD28 CSR showed superior tumor infiltration and tumor regression, decreased functional

impairment, and reduced expression of other inhibitory receptors compared to CAR-T cells without a CSR in murine xenograft models.23,25

Furthermore, administration of CD19 CAR-T cells expressing a PD-1/CD28 CSR in a pilot study of relapsed/refractory DLBCL patients with
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disease progression after CD19 CAR-T therapy led to complete tumor regression in 3/6 patients.24 Together, these data suggest that CAR-T

cells expressing a PD-1/CD28 CSR will provide superior clinical responses to CAR-T cells alone in human cancer patients. However, it remains

unknown whether PD-1/CD28 CSR CAR-T cells will be safe, show enhanced persistence and function, and lead to improved clinical outcomes

in patients poorly responsive to conventional CAR-T cell therapy. Additionally, the value of PD-L1 expression on tumor cells and tumor-infil-

trating immune cells in patient stratification and prediction of clinical response to PD-1/CD28 CSR CAR-T requires further exploration. Inves-

tigations in an immune competent, large animal model of spontaneous B cell lymphoma (BCL) will enable these critical questions to be ad-

dressed over a compressed time frame and aims to provide valuable insights for the effective implementation of PD-1/CD28 CSR-based

strategies in the human clinic.

Immune competent pet dogs develop spontaneous tumors that share similar features to human tumors including chromosome aberra-

tions, molecular subtypes, tumor heterogeneity, immune signatures, immune suppressive microenvironments, metastatic behavior, and

chemotherapeutic response. These similarities have identified pet dogs as a relevant parallel patient population to advance next generation

adoptive cell therapies (ACTs) that may rapidly address current barriers to clinical response and durable remissions in human patients.26–29

We have previously developed robust protocols to generate canine CAR-T cells targeting CD2030 and have demonstrated similar barriers to

CAR-T efficacy following CAR-T administration to pet dogs with BCL as in human LBCL patients, including primary tumor resistance, target

antigen down-regulation and loss associated with epitope splicing, and lack of CAR-T cell persistence.31,32 We have also observed mild

CAR-T associated toxicity similar to cytokine release syndrome in human patients with comparable clinical signs and cytokine profiles.33

Here, we demonstrate that canine CAR-T cells up-regulate canine (c)PD-1 after engagement of the CAR with its target antigen and are

inhibited by cPD-L1+ target cells. We show that canine CAR-T cells engineered to express a PD-1/CD28 CSR exhibit superior effector func-

tions against cPD-L1+ targets compared to CAR-T without CSR and that this functional enhancement requires active CD28 signaling. These

findings parallel those of human CAR-T cells expressing a PD-1/CD28 CSR and now enable pilot studies in canine cancer patients to address

the hypothesis that CAR-T cells expressing a functional CSR can improve outcomes in patients with LBCL. Due to the compressed time course

of LBCL progression in dogs with spontaneous disease, this hypothesis can now be addressed and outcomes determined in canines in an

expedited manner.

RESULTS
Canine CAR-T cells express PD-1 following activation

Negatively selected canine T cells were transduced with a second-generation canine CAR comprised of a murine anti-canine CD20 scFv and

canine CD8a hinge, transmembrane, 4-1BB and CD3z domains (Figure 1A). Cell surface expression was confirmed on healthy canine CD4+

and CD8+ T cells by flow cytometry 4 days post-transduction (Figure 1B). Target K562 cells engineered to express canine (c)CD20 either alone

(K562-cCD20) or together with canine cPD-L1 (K562-cCD20-cPD-L1) were confirmed to express comparable levels of cCD20 either with or

without cPD-L1 (Figure 1C). To assess whether cPD-1 was up-regulated following cCD20-specific CAR-T cell engagement and activation,

CAR-T cells were co-cultured at different E:T ratios with K562, K562-cCD20, and K562-cCD20-cPD-L1 target cells and cPD-1 expression

was determined using a validated anti-canine PD-1 antibody 72 h later (Figure 1D).34 Following co-culture with CD20 expressing target cells,

cPD-1 was up-regulated on CD8+ T cells in a dose-dependent manner with a greater percentage of cPD-1+ CAR-T cells occurring at lower E:T

ratios, conceivably due to higher number of CAR-T cells effectively engaged and activated by target cells. Similarly, cPD-1 was up-regulated in

a dose dependentmanner onCD8� T cells after activation. CAR-T cells co-cultured with K562-WT cells did not up-regulate cPD-1, suggesting

that CAR engagement is required to induce cPD-1 expression on canine CAR-T cells (Figure 1D).

Canine CAR-T cell function is suppressed by cPD-L1

Engagement of PD-1 with PD-L1 in human and mouse T cells inhibits TCR and CD28 signaling and suppresses T cell proliferation, cytokine

production, and cytotoxicity.13 To determine whether cPD-1:cPD-L1 also inhibits canine CAR-T cell effector function, CAR-T cells from 4

healthy outbred donor dogs were labeled with CellTraceViolet (CTV) dye and co-cultured with K562-cCD20 or K562-cCD20-cPD-L1 target

cells at an E:T of 1:1. Co-culture of CAR-T cells with cPD-L1 expressing targets resulted in significant inhibition of CD4+ and CD8+ CAR-T pro-

liferation (Figure 2A). To determine whether cPD-L1 also inhibited cytotoxic function, CAR-T cells were co-cultured with luciferase expressing

K562-WT, K562-cCD20, K562-cPD-L1, or K562-cCD20-cPD-L1 cells at increasing E:T ratios and cytotoxicity was determined 24 h later (Fig-

ure 2B). CAR-T cells from all 4 dogs showed dose-dependent cytotoxicity against target cells expressing cCD20. Untransduced canine

T cells not expressing a CAR showed no significant cytotoxicity against any of the target cells, demonstrating the antigen-specific cytotoxicity

of canine CAR-T cells. While CD20-targeted CAR-T cells were capable of killing CD20+ target cells, expression of cPD-L1 by the target cells

resulted in significant inhibition of cytotoxicity at each E:T ratio tested, confirming the inhibitory effect of cPD-1:cPD-L1 interaction on CAR-T

cytotoxicity. Expression of cPD-L1 on target cells also significantly inhibited the production of interferon-g (IFN-g) and interleukin-2 (IL-2) by

CAR-T cells after 24 h of culture, although tumor necrosis factor a (TNF-a) production was not significantly affected, possibly due to donor

variability (Figure 2C). Finally, the effect of cPD-1 engagement on the memory phenotype of CAR-T cells was evaluated. Previous studies

have shown that CAR-T cells exhibiting central memory phenotypic markers are associated with improved clinical outcomes for patients

with hematological malignancies36 and expression of PD-1 inhibits the development of central memory T cells in response to acute viral in-

fections.37 To test the hypothesis that CAR-T cells co-cultured with cPD-L1 expressing targets would show a loss of cells with central memory-

like features, thememory profile of CAR-T cells undergoing repeated stimulation with CD20+ target cells expressing cPD-L1 was determined.

After three stimulations, there was a reduction in the percentage of CD8+ CAR-T cells with central memory (CD62L+CD45RA�) and naive
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(CD62L+CD45RA+) phenotype, while the percentage of CD8+ effectormemoryCAR-T cells (CD62L�CD45RA�) increased compared toCAR-T

cells stimulated with cPD-L1- target cells (Figures 2D and 2E). Taken together, these data indicate that interaction with cPD-L1 drives canine

CAR-T cells away from the more favorable central memory-like phenotype that in human patients is associated with deeper, durable remis-

sions. Therefore, cPD-L1 expression on antigen-positive target cells may reduce the long term effector function of canine CAR-T cells, mirror-

ing findings in human studies.38 These comparable findings between human and canineCAR-T cells provide the rationale for evaluating novel

CSR-based strategies in the canine system to inform optimal design of human trials.39

A canine PD-1/CD28 CSR enhances CAR-T cell function against engineered cPD-L1+ target cells

A fully canineCSR containing theextracellular domainof cPD-1 linked to the transmembraneand intracellular domainsof canineCD28 (CSRWT)

was constructed and linked to the cCD20-BB-z CAR via FMD2A and cloned into the MSGV1 retroviral vector (CAR+ CSRWT) (Figure 3A). To

determine themechanismof CSR effect on canine CAR-T function, amutant CSR (CSRMUT) was constructed. In this control receptor, the extra-

cellular cPD-1moietywas intact and still capableof competingwith endogenous cPD-1 for cPD-L1 interaction.However, the functionality of the

intracellular CD28 costimulatorymoiety was abrogatedbymutating the YMNM, PRRP, and PYAPmotifs, knownbinding sites forGrb2 and Lck,

to FFFF, ARRA, andAYAA respectively as previously described in a human switch receptor (Figures 3A and3B).10 As such,CSRWTwas expected

to enhance CAR-T cells to a greater extent than CSRMUT due to additional CD28 signaling. Canine T cells from four healthy donor dogs were

transducedwitheither theCARalone,CAR+CSRWT, orCAR+CSRMUT. Expressionof theCARand theCSRWTorCSRMUTwasdeterminedbyflow

cytometry. Greater than 74% of canine CD4+ T cells and 42% of CD8+ T cells expressed the CAR plus CSR and expression levels were compa-

rablebetweenCSRWTandCSRMUT (Figures3Cand3D).CARexpression inCAR-T cells alonewas significantly lower than inCAR-Tcells express-

ing either CSR, a finding that was previously reported for human CAR-T cells engineered with CSR constructs.25

To determine whether the cPD-1/CD28 CSR could enhance CAR-T function against cPD-L1 expressing target cells, CAR, CAR+ CSRWT, or

CAR+CSRMUT generated from four healthy donor dogs were co-cultured with K562-cCD20-cPD-L1 target cells at a 1:1 E:T ratio and IFN-g,

TNF-a, and IL-2 were measured in culture supernatants after 24 h (Figure 4A). CAR+ CSRWT produced more IFN-g, IL-2, and TNF-a than

CAR-T cells without a CSR or CAR+CSRMUT, when co-cultured with K562-cCD20-cPD-L1 target cells, demonstrating that active CD28

signaling is the central mechanism responsible for the increase in cytokine production. Furthermore, this effect was mediated by cPD-L1

Figure 1. Canine CD20-BB-z CAR-T cells express cPD-1 after CAR engagement

(A) Schematic representation of cCD20-BB-z CAR construct. ICD, intracellular domain; TM, transmembrane domain.

(B) Surface expression of cCD20-BB-z CAR on CD4+ and CD8+ T cells evaluated by flow cytometry 4 days post transduction. Plots are gated on

lymphocytes>single>live>CD5+>CD4+ or CD8+ cells.

(C) Surface expression of cCD20 and cPD-L135 on engineered K562 cells. Plots are gated on live single cells.

(D) cPD-1 expression34 on CAR-T cells after co-culture with indicated target cells at different E:T ratios. CAR-T cells were generated as described and 6 days after

transduction (8 days post activation) cells were co-cultured with either K562-WT or K562-cCD20 cells with or without cPD-L1, and cPD-1 expression was

determined by flow cytometry after 72 h. Plots are gated on lymphocyte>single>live>CD5+>CAR+ cells.
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as CAR+ CSRWT did not augment cytokine production against K562-cCD20 targets. There was no significant difference between cytokine

production by CAR-T cells and CAR+CSRMUT, against K562-cCD20-cPD-L1 target cells suggesting that competition between the CSR and

endogenous cPD-1 for cPD-L1 does not contribute to augmented cytokine production seen with CAR+CSRWT cells.

Figure 2. cPD-L1 expressing targets suppress canine CAR-T cell effector functions

(A) Proliferation index of canine CD4+ and CD8+ CD20-BB-zCAR T cells from 4 healthy donors, 72 h after stimulation with the indicated K562 target cells at an E:T

ratio of 1:1.

(B) cCD20-BB-zCAR-T cells were co-cultured with the indicated K562 target cells at different E:T ratios and cytotoxicity wasmeasured after 24 h. Data aremeanG

SD (n = 4 biological replicates).

(C) IFN-g, IL-2, and TNF-a production by cCD20-BB-z CAR T cells cultured with K562 (wild-type) or K562-cCD20 cells with or without PD-L1 at an E:T ratio of 1:1.

Data are mean G SD (n = 4 biological replicates).

(D and E) Effects of target cPD-L1 expression on CAR-T cell phenotype. cCD20-BB-z CAR T cells were stimulated three times with K562-cCD20 or K562-cCD20-

cPD-L1 cells and immunophenotyped 6 days after the third stimulation. (D) Representative two-dimensional dot plot of CD45RA and CD62L expression on CD8+

CAR T cells. (E) Data for each of the four dogs are shown. *p < 0.05; **p % 0.01; ns: not significant. Naive-like (CD45RA+CD62L+), TCM-like (CD45RA�CD62L+),
TEM-like (CD45RA�CD62L�), TEMRA-like (CD45RA+CD62L�).
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To determine whether the CSRWT also enhances cytotoxicity against cPD-L1+ target cells, CAR, CAR+CSRWT, or CAR+CSRMUT were co-

cultured with K562-cCD20 or K562-cCD20-cPD-L1 target cells and cytotoxicity was assessed after 24 h (Figure 4B). As previously seen, cyto-

toxicity of CAR-T cells was reduced by cPD-L1 expression on target cells. However, expression of the CSRWT but not the CSRMUT restored

cytotoxicity against cPD-L1+ targets compared to CAR alone. As seen with cytokine production, increased cytotoxicity observed with the

CAR+CSRWT only occurred against cPD-L1-expressing target cells, indicating the effect was mediated by cPD-L1 interaction with the

CSRWT. Since CAR-T cell interaction with cPD-L1+ target cells reduced the central memory phenotype and increased effectormemory pheno-

type of CD8+ CAR-T cells (Figure 2D), the hypothesis that expression of a CSR will prevent cPD-L1-mediated phenotypic changes was

explored. CAR-T cells with or without a CSR were stimulated with K562-cCD20 or K562-cCD20-cPD-L1 target cells at 1:1 ratio three times

and the effects of the CSRWT and CSRMUT on CAR-T phenotype were determined after the third stimulation (Figure 4C). CAR-T cells and

CAR+CSRMUT showed a significant reduction in the frequency of CD8+ central memory-like T cells after stimulation with cPD-L1+ targets.

By contrast, expression of the CSRWT prevented the reduction in CD8+ central memory-like T cells. Taken together, these data demonstrate

that expression of an active CSR enhances CAR-T effector function against cPD-L1+ target cells and maintains CD8+ central memory CAR-T

phenotype following repetitive stimulation through the CAR.

CSRWT expression augments canine CAR-T cell function against B cell lymphoma cells

While CAR-T cells expressing theCSRWT enhanceCAR-T effector function against target cells engineered to express high levels of cPD-L1, it is

unknownwhether similar effects would be observed against target cells that express endogenous levels of cPD-L1. For this set of experiments,

the CD20+ canine B cell lymphoma cell line (CLBL-1) was used as the target. The CLBL-1 cell line was derived from a canine patient with

Figure 3. An active PD-1/CD28 CSR augments cCD20-BB-z CAR T cell function against cPD-L1 expressing target cells

(A) Design of CSRWT and CSRMUT CAR constructs. ECD, extracellular domain; TM, transmembrane; ICD, intracellular domain.

(B) Cartoon showing the CD28 mutations that prevent Grb2 and Lck binding in the CSRMUT construct.

(C) Canine CD4+ and CD8+ T cells successfully co-express the cCD20-BB-z CAR and the CSRWT and CSRMUT constructs. Representative data from one of four

CAR-T cell products generated from 4 healthy donor dogs 6 days post-transduction. Plots are gated on lymphocyte>single>live>CD5+>CD4+ or CD8+ cells.

(D) CAR expression on CD4+ and CD8+ T cells from 4 healthy donor dogs transduced with CAR alone, CAR+CSRWT or CAR+CSRMUT. Data are meanG SD (n = 4

biological replicates). **p % 0.01; ***p % 0.001; ns: not significant.
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spontaneous B cell lymphoma and naturally expresses both cCD20 and cPD-L1.40 The experimental design is outlined in Figure 5A. CLBL-1

cells were first edited to disrupt cPD-L1 (CLBL-1DcPD-L1) and lack of cPD-L1 expression was confirmed by flow cytometry (Figure 5B). CAR-T

cells and CAR+CSRWT were generated from three healthy donor dogs and CAR+ cells were enriched by positive selection. Analysis by flow

cytometry confirmed that there was no significant difference in the percentage of CAR-expressing CD4+ or CD8+ T cells between the CAR

only andCAR+CSRWT populations (Figure 5C), nor was there any difference in the CD4:CD8CAR-T ratio between constructs (data not shown).

To determine whether endogenous levels of cPD-L1 on CLBL-1 cells inhibited CAR-T function, CAR, and CAR+CSRWT T cells were repetitively

stimulated with CLBL-1 cells or CLBL-1DcPD-L1 cells. Supernatants were collected 24 h after the 5th stimulation and analyzed for IFN-g and

TNF-a (Figure 5D). CAR-T cells from two out of three dogs cultured with CLBL-1DcPD-L1 cells produced significantly more IFN-g and TNF-a

then those cultured with unedited CLBL-1 cells. These findings indicate that intrinsic expression of cPD-L1 by CLBL-1 cells suppresses CAR-T

cytokine production. Furthermore, in all three dogs evaluated, CAR+CSRWT produced significantly more IFN-g and (in two out of the three

dogs) more TNF-a when co-cultured with CLBL-1 cells compared to CAR-T cells without the CSRWT (Figure 5E). To determine whether incor-

poration of theCSRWT enhanced cytotoxicity against CLBL-1 cells, CAR-T, andCAR-T+CSRWT cells were first stimulatedwith K562-CD20-cPD-

L1 target cells 3 times at 3-day intervals before co-culture with CLBL-1 cells and assessment of cytotoxicity. In CAR-T cells derived from 2

healthy dogs, the inclusion of the CSRWT showed a modest increase in cytotoxic activity against CLBL-1 cells at lower E:T ratios (Figure 5F).

Figure 4. An active PD-1/CD28 CSR augments CAR-T function against PD-L1 engineered target cells

(A) IFN-g, TNF-a, and IL-2 production by CAR+CSRWT or CAR+CSRMUT after 24 h co-culture with K562-cCD20 or K562-cCD20-cPD-L1 target cells at an E:T ratio of

1:1. Data are mean G SD (n = 4 biological replicates).

(B) Cytotoxicity of CAR, CAR+CSRWT, or CAR+CSRMUT against K562-cCD20 and K562-cCD20-cPD-L1 target cells at E:T ratio of 8:1. Data are mean G SD (n = 4

biological replicates).

(C) Memory phenotype of CAR, CAR+CSRWT, or CAR+CSRMUT T cells determined 6 days after the third stimulation with K562-cCD20 and K562-cCD20-cPD-L1

target cells at an E:T ratio of 1:1. Data for each of the four dogs are shown. *p < 0.05; **p % 0.01; ***p % 0.001; ****p % 0.0001, ns: not significant.
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Figure 5. An active PD-1/CD28 CSR augments CAR-T function against canine B cell lymphoma

(A) Schematic of experimental timeline of repeat stimulation of CAR-T cells with WT or CLBL-1DcPD-L1 target cells.

(B) Confirmation of lack of cPD-L1 expression by CLBL-1DcPD-L1 cells by flow cytometry. Plots are gated on 7AAD� cells.
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Similarly, when CLBL-1 cells were pre-treated with IFN-g to increase surface expression of cPD-L1 (Figure S1), CAR-T+CSRWT showed greater

cytotoxicity against the pre-treated CLBL-1 cells compared to CAR-T cells alone (Figure 5G). The enhancement of CAR-T cell cytotoxicity

against CLBL-1 cells by inclusion of the CSRWT was only modest in these in vitro studies andmay be of questionable significance in improving

anti-tumor activity of CAR-T cell in vivo. However, collectively, these results provide proof of concept that endogenous levels of cPD-L1 on

canine B cell lymphoma cells are sufficient to suppress CAR-T function and to augment the function of CAR-T cells expressing a functional

CSR, particularly when cPD-L1 is up-regulated by IFN-g.

DISCUSSION

The clinical responses of patients with relapsed/refractory hematological malignancies and solid tumor histologies to CAR-T cells and check-

point inhibitors respectively has accelerated investigations to further improve therapeutic efficacy. Tumor heterogeneity, the immune sup-

pressive tumor microenvironment, and a low central memory, highly exhausted T cell phenotype have emerged as key factors responsible

for clinical failures of different immunotherapeutic approaches. Despite the increasing sophistication and complexity of genetically engi-

neered mouse models, the barriers to effective immunotherapies are challenging to faithfully recapitulate, emphasizing the need for spon-

taneous, immune competent, cancer ‘‘models’’ where the complex, evolving interplay between tumor cells and the immune system canmore

closely parallel that of human patients. To this end, attention has turned to immune competent pet dogs that spontaneously develop cancers

which share similar clinical, biological, andmolecular features to human cancers. Superior to other preclinical models, pet dogs also share the

same environment and have comparable gut microbiota as their owners, which may influence the clinical response to immune therapies

including checkpoint inhibitors.41–43 Furthermore, their shorter life span and compressed disease time course expedites clinical trial

performance and outcomes. Therefore, pet dogs with cancer can serve as a parallel patient population in which to advance next generation

immunotherapeutic approaches designed to overcome current barriers and improve therapeutic response. These efforts are supported by

the National Cancer Institute and a network of comparative immune-oncology translational researchers (www.precinctnetwork.org) perform-

ing preclinical trials in canine cancer patients with the ultimate goal to identify correlative biomarkers that may inform human trial design and

accelerate human translation.

B cell lymphoma in dogs is often highly aggressive and mimics human activated B cell (ABC)-DLBCL with constitutive canonical nuclear

factor kB (NF-kB) activity and Myc:IgH translocations.44,45 These features are associated with poor prognosis in humans, and suggest that

dogs with spontaneous DLBCL are a valuable patient population to evaluate next generation CAR-T approaches to improve therapeutic

response. In vitro, canine CD20�CD28-z and CD20-BB-z CAR-T cells exhibited antigen-specific proliferation, cytokine production, and cyto-

toxicity.31,46 In vivo use of autologous cCD20-CD28-z and cCD20-BB-z CAR-T cells in dogs with BCL resulted in cCD20 down-regulation,

target antigen loss, and cytokine release, although durable clinical responses have yet to be realized.31,33 These findings underscore the com-

parable barriers to effective CAR-T therapy in canine and human patients and suggest that shared mechanisms of primary resistance might

contribute in part to the lack of clinical effect of CAR-T cells in dogs with BCL.

High expression of PD-L1 on malignant B cells of patients with ABC-DLBCL correlates with shorter overall survival and less favorable

clinical response to CAR-T therapy.47–49 Therefore, various approaches are being explored to overcome PD-1:PD-L1 mediated suppression

of CAR-T cells in patients with BCL and other solid tumors, including the use of anti-PD-1 and anti-PD-L1 antibodies, constitutive expression of

an anti-PD-1 scFv by CAR-T cells, and knockout/knockdown of PD-1 in CAR-T cells.10,15,21,38 In a recent small study using RNA scope, PD-L1

expression in canine DLBCL also correlated with shorter time to progression and lymphoma specific survival.50 Therefore, we hypothesized

that PD-L1 expression onmalignant B cells may contribute to CAR-T hypofunction and lack of clinical response to CD20 targeted CAR-T ther-

apy in the dog.Our in vitro data supports this hypothesis showing for the first time that target cell expression of cPD-L1 inhibits the function of

canine CAR-T cells and reduces their central memory T cell phenotype, which correlates with clinical responses to CART-19 in human CLL

patients.36 These findings parallel those of human CAR-T cells and support the use of canine DLBCL patients to overcome PD-L1 mediated

CAR-T cell hypofunction.

Unlike concurrent administration of PD-1 or PD-L1 blocking antibodies, editing CAR-T cells to secrete anti-PD1 minibodies or to disrupt

PD-1, the use of a PD-1/CD28 CSR augments CAR-T function following PD-L1 engagement both in vitro and in vivo in murine models using

human and murine CAR-T cells.25,51 Furthermore, pilot studies of CAR-T cells expressing a PD-1/CD28 CSR have shown promise in human

patients with relapsed/refractory B cell lymphoma, including those who had disease progression after CD19 CAR-T treatment.24,52

However, the safety, in vivo efficacy, and the identification of correlative biomarkers of response to CSR CAR-T cells need further investigation

Figure 5. Continued

(C) Cell surface expression of CAR on CD4+ and CD8+ CAR-T and CAR+CSRWT T cells from healthy donor dogs following cell sorting as determined by flow

cytometry. Data from three individual dogs are shown.

(D) IFN-g and TNF-a production by CAR-T cells stimulated with CLBL-1 cells or CLBL-1DcPD-L1 cells after 5 rounds of stimulation at an E:T of 1:1. IFN-g and TNF-

aproduction was assessed in supernatants 24 h after the fifth stimulation. Data are mean G SD of 3 technical replicates for each dog.

(E) CAR-T and CSRWTCAR-T cells from healthy dogs were co-cultured with CLBL-1 target cells at an E:T ratio of 1:1. Supernatants were harvested at 24 h after the

5th stimulation and assayed for IFN-g and TNF-a production.

(F andG) CAR-T and CSRWT CAR-T cells from 2 healthy dogs were stimulated 3 times every 3 days with K562-cCD20-cPD-L1 target cells and then co-cultured with

(F) CLBL-1 cells or (G) CLBL-1 cells pre-treated with IFN-g for 48 h, at increasing E:T ratios. Cytotoxicity was determined by luciferase assay at 24 h. Data are

mean G SD of 3 technical replicates for each dog are shown. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not significant.
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in a faithful preclinical model. In particular, questions of safety emerge from concerns of more dramatic cytokine release together with off-

tumor targeting of PD-L1+ antigen-presenting cells and/or endogenous T cells.

We therefore generated canine PD-1/CD28 CSR constructs that parallel those used in human in vitro CAR-T studies and determined

whether they would augment canine CAR-T function against PD-L1+ targets.We found that transduction efficiency of the CAR-CSR constructs

was higher than theCARconstruct alone, a finding also reported in humanT cells.25 This finding couldbeassociatedwith cPD-L1expressionon

T cells and enhanced proliferation of CAR-CSRWT cells throughCD28 signaling of CSR. However, the same phenomenon is observed for CAR-

CSRMUTTcells suggestingcompetitionwithendogenous cPD-1mayalso contribute to thehigherpercentage transductionefficacy.Our results

suggest that cPD-1 signaling (via cPD-L1expression on target cells) inhibits TCM-likedifferentiation of canineCAR-T cells containing the 4-1BB

intracellular signaling domain. These results are consistent with the literature that shows that PD-1 engagement limits TCM differentiation of

4-1BB containing CAR-T cells.53 Mechanistically, it is proposed that PD-1 signaling abrogates oxidative phosphorylation driven by the 4-1BB

co-stimulatory domain of the CAR in human CAR-T cells and that this down-regulation of OXPHOS suppresses TCM differentiation. Further,

PD-1 blockade via the inclusion of anti-PD1 antibody in these published studies enhanced central memory differentiation of CAR-T cells.53

Our finding that the active CD28 domain of the CSRWT was necessary to maintain the central memory-like phenotype following

CAR-T stimulation with PD-L1+ target cells suggests that this effect of the CSRWT is not a result of reduced PD-1 signaling but is more likely

associated with the known role of CD28 signaling in providing pro-survival signals to CD8+ memory T cells.54 It is also consistent with the

findings of third-generation CAR-T cells containing both 4-1BB and CD28 co-stimulatory domains that show enhanced expansion, persis-

tence, and higher frequency of central memory T cells compared to second-generation constructs.55 Additional studies in canine CAR-T cells

are required to determine whether 4-1BB containing CARs drive OXPHOS and promote TCMdifferentiation and the effects of PD-1 signaling

and the PD-1/CD28 CSR signaling on canine T cell metabolism.

In our experiments, we usedCD45RA andCD62L to define canine T cell memory-like subsets as previously described, where assignment of

subset was based on changes in subset proportions and their differential production of TNF-a in response to mitogen stimulation.56 We

recognize the limitations of this approach and additional transcriptomic and functional studies are needed to better validate this phenotypic

subset distinction in the dog. A recent single-cell RNA sequencing (scRNA-seq) analysis of canine peripheral blood leukocytes was published

that characterizes leukocyte subsets and reveals gene signatures for Tnaive, Teff, and TCM for CD4+ and CD8+ T cell clusters.57 However,

transcriptomic data of T cell subsets defined by the combination of CD45RA and CD62L phenotypic markers has not been reported.

Enhancement of T cell function by CSR has been shown to be dependent upon PD-L1 expression levels in tumor cells.58 Although expres-

sionof cPD-L1on the canineB cell lymphomacell line (CLBL-1)was lower thanour engineeredK562 target cells, it was sufficient to inhibitCAR-T

function. Furthermore, incubation of CLBL-1 cells with cIFN-g increased cPD-L1 expression,mimicking the likely in vivo scenario in which IFN-g

from activated CAR-T cells augments PD-L1 expression on tumor cells and further inhibits CAR-T function. Expression of the CSRWT overcame

PD-L1-mediated inhibition,promotingcytokineproduction, andcytotoxicity, althoughCSRWTeffectsoncytotoxicityweremodest.While these

results provide proof of concept for evaluating this CSR strategy to augment CAR-T efficacy against PD-L1+ tumor targets in vivo studies are

required todeterminewhether theobserved in vitroeffectsof theCSRWTwill translate into improvedclinical outcome in canine cancerpatients.

The implications of our findings that canine CAR-T cells expressing a PD-1/CD28 CSR overcome cPD-L1mediated suppression in a similar

manner to human CAR-T cells expressing a PD-1/CD28 CSR, provide compelling support for initiating clinical trials of CAR-T plus PD-1/CD28

CSR in dogs with PD-L1+ BCL to provide information regarding safety, persistence, efficacy, and potential correlative biomarkers of

response that may direct human patient stratification to future switch receptor clinical trials. Canine trials also offer the opportunity to address

important aspects related to CAR-T cell exhaustion in clinical settings, including whether a PD-1/CD28 switch receptor can rescue CAR-T cells

from inhibition caused by other checkpoint molecules such as LAG-3, TIM-3, and TIGIT.

Limitations of the study

Augmenting CAR-T function against PD-L1 expressing tumor cells aims to overcome a significant barrier to clinical efficacy however, it is un-

known whether CAR-T cells expressing CSR as described, are safe and effective in vivo. Concerns exist over increased risk of cytokine release

or activation induced cell death of the CSR CAR-T, reducing in vivo clinical effect. Our study provides proof of concept that CSR expressing

canine CAR-T cells display similar enhanced functional characteristics against PD-L1+ target cells as CSR-expressing human CAR-T cells and

set the stage for in vivo evaluation of this approach to enhance CAR-T activity in dogs with naturally occurring BCL. However, it is recognized

that the target cells used in this study were either an engineered human K562 cell line or a canine B cell lymphoma cell line. As such, it is

possible that xenogenic or allogeneic activation of canine T cells contributed to their functionality against CD20+ target cells. Such allogeneic

activation would be absent using an autologous approach in the canine clinic and as such, in vivo cytotoxicity and cytokine secretion may not

be as robust as suggested by our in vitro studies. In addition, our studies used CAR-T cells generated from healthy donor dogs, and it is un-

known whether similar antigen-specific effector functions would be seen in CAR-T cells derived from canine BCL patients where the disease

process itself and/or prior rounds of cytotoxic chemotherapy may adversely affect the function of autologous CAR-T cells and the effects of

the CSR. We have previously demonstrated that CAR-T cells can be generated from canine patients with relapsed BCL and show evidence of

activation and CD20+ B cell targeting in vivo.31,33 Further, our studies have focused on cPD-1:cPD-L1 and it remains unknown whether other

checkpoints such as TIM3, LAG3, or TIGIT will have a dominant inhibitory effect on human and canine CAR-T cells despite the expression

of the PD1/CD28 CSR. In total, our work serves as a proof of concept to inspire future studies dissecting mechanisms and effects of other

pathways/inhibitory cytokines on CAR-T cell outcome through pre-clinical trials in dogs with relapsed/refractory BCL or solid tumors that

are comparable with their human counterparts.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Nicola J Mason (nmason@vet.
upenn.edu).

Materials availability

Unique reagents generated in this study include anti-canine PD-1 antibody, cCD20-BB-zCAR T cells, cCD20-BB-zCAR T cells with PD-1/CD28CSRWT and cCD20-
BB-z CAR T cells with PD-1/CD28 CSRMUT. Requests for reagents should be addressed to N.J.M.

Data and code availability

� All data presented in this study will be shared upon reasonable request by the lead contact, Nicola J Mason (nmason@vet.upenn.edu).
� This paper does not report any original code.
� Additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-canine CD28, (clone 1C6) eBioscience Cat#16-0283-82; RRID:AB_2573076

Mouse anti-canine CD3, (clone CA17.2A12) Bio-Rad Cat# MCA1774GA; RRID:AB_2291174

Mouse anti-canine CD11b, (clone CA16.3E10),

Purified

Bio-Rad Cat# MCA1777S; RRID:AB_322922

Mouse anti-canine CD11c, (clone CA11.6A1),

Purified

Bio-Rad Cat# MCA1778S; RRID:AB_322942

Mouse anti-human CD14, (clone TuK4),

Purified

Bio-Rad Cat# MCA1568GA; RRID:AB_566514

Mouse anti-canine CD21, Clone CA2.1D6,

Purified

Bio-Rad Cat# MCA1781R; RRID:AB_323665

Dog Gamma Globulin Jackson ImmunoResearch Cat# 004-000-002; RRID:AB_2336980

Biotin-SP (long spacer) AffiniPure Rabbit Anti-

Mouse IgG (H+L)

Jackson ImmunoResearch Cat# 315-065-003; RRID:AB_2340089

Rat anti-canine CD5, Clone YKIX322.3, PE eBioscience Cat# 12-5050-42; RRID:AB_10718841

Rat anti-canine CD5, Clone YKIX322.3,

APC-eFluor780

eBioscience Cat# 47-5050-42; RRID:AB_2784709

Rat anti-canine CD4, Clone YKIX302.9, PE-Cy7 eBioscience Cat# 25-5040-42; RRID:AB_2573458

Rat anti-canine CD4, Clone YKIX302.9, PB Bio-Rad Cat# MCA1038PB; RRID:AB_2077612

Rat anti-canine CD8, Clone YCATE55.9, FITC Bio-Rad Cat# MCA1039F; RRID:AB_324550

Rat anti-canine CD8, Clone YCATE55.9, APC eBioscience Cat# 17-5080-42; RRID:AB_10597006

Mouse anti-human CD62L, Clone FMC46, PE Bio-Rad Cat#MCA1076PE; RRID:AB_321523

Mouse anti-canine CD45RA, Clone CA4.1D3 Bio-Rad Cat# MCA2036S; RRID:AB_323368

Mouse anti-canine CD20, Clone 6C12 InvivoGen Cat# dcd20-mab11

Mouse anti-canine PD-L1, Clone JC071 QED Bioscience Cat# 34091

Canine anti-canine PD-1, (clone P3C6mut3.1),

from canine scFv phage display library

Vetigenics N/A

HA-tagged canine anti-canine PD-1, (clone

P3C6mut3.1), from canine scFv phage display

library

Vetigenics N/A

Mouse anti-HA.11 Epitope Tag Antibody,

Clone 16B12, APC

BioLegend Cat# 901524; RRID:AB_2734658

Goat anti-mouse IgG, Clone Poly4053, DyLight

649

BioLegend Cat# 405312; RRID:AB_1575128

Biological samples

Canine Peripheral Blood Mononuclear Cells Healthy canine donors, University

of Pennsylvania

N/A

Chemicals, peptides, and recombinant proteins

Dynabeads M-450 Tosylactivated Invitrogen Cat# 14013

Streptavidin MicroBeads Miltenyi Biotec Cat# 130-048-101

Goat anti-Mouse IgG Microbeads Miltenyi Biotec Cat# 130-048-401

Lipofectamine 2000 Invitrogen Cat# 11668019
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RetroNectin Recombinant Human Fibronectin

Fragment

Takara Cat# T100A

Recombinant human IL-2 PeproTech Inc. Cat# 200-02

Recombinant human IFN-gamma PeproTech Inc. Cat# 300-02

7-AAD viability dye BioLegend Cat# 420404

Streptavidin, APC-Cy7 BD Biosciences Cat# 554063; RRID:AB_10054651

APC Conjugation Kit - Lightning-Link Abcam Cat# ab201807

Iscove’s Modified Dulbecco’s Medium (IMDM),

25 mM Hepes

Gibco Cat# 12440053

Roswell ParkMemorial InstituteMedium (RPMI)

1640

Corning Cat# 10-040-CV

Opti-MEM (minimal essential medium) Gibco Cat# 31985070

Heat Inactivated Fetal Bovine Serum (FBS) Biotechne Cat# S11150

Penicillin/Streptomycin solution Invitrogen Cat# 15140122

Sodium pyruvate 100mM Invitrogen Cat# 11360070

Minimum Essential Media Non-Essential

Amino Acids (MEM NEAA), 1003

Invitrogen Cat# 11140050

Bovine serum albumin Sigma-Aldrich Cat# A3294

EDTA (0.5M) Invitrogen Cat# AM9260G

Human TruStain FcX� BioLegend Cat# 422302

TrueCut� Cas9 Protein v2 Invitrogen Cat# A36498

Critical commercial assays

Canine IFN-g quantikine ELISA kit R&D Systems Cat# CAIF00

Canine IFN-g DuoSet ELISA R&D Systems Cat# DY781B

Canine TNF-a quantikine ELISA kit R&D Systems Cat# DY1507

Canine IL-2 DuoSet ELISA R&D Systems Cat# DY1815

DuoSet ELISA Ancillary Reagent Kit 2 R&D Systems Cat# DY008

CellTrace� Violet Cell Proliferation Kit Invitrogen Cat# C34557

ONE-Glo� Luciferase Assay System Promega Cat# 6120

Experimental models: Cell lines

HEK 293T ATCC CRL-3216; RRID:CVCL_0063

K562 ATCC CCL-243; RRID:CVCL_0004

Jurkat A kind gift of Dr Jim Riley,

University of Pennsylvania

N/A

CLBL1 A kind gift of Dr. Barbara Rutgen,

University of Vienna

N/A

Oligonucleotides

sgRNA (canine PD-L1): GAC CUG UAU GUG

GUA GAG UA

Synthego, Menlo Park, CA N/A

Recombinant DNA

pCMV Gag-Pol Dr. Andrei Thomas-Tikhonenko N/A

phCMV RD114 TR Dr. Daniel Powell N/A

phCMV VSV-g Michael Atchison Lab N/A

pMx-puromycin-cPD-L1 This paper N/A

pCMV-GFP-Luciferase This paper N/A

pMSGV1-cCD20-4-1BB-z This paper N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells, cell lines and cell culture

Canine peripheral blood mononuclear cells (PBMCs) were obtained from healthy, intact, 1-1.5 year old, male donor hound-mix dogs

(30-35kg), obtained fromMarshall BioResources. PBMCs were harvested either by leukapheresis using the TerumoOptia Spectra and contin-

uous mononuclear cell collection or from peripheral blood samples following density gradient centrifugation. PBMC collection was per-

formed by a board-certified veterinary internist (N.J.M) and carried out in accordance with the Animal Welfare Act, the Guide for the Care

and Use of Laboratory Animals and were fully approved by the Institutional Animal Care and Use Committee at the University of Pennsylvania

(IACUC protocol# 807025). All dogs were re-homed after use and no dogs were euthanized in the performance of these studies. PBMCs were

washed twice in complete (c)RPMImedia containing RPMI 1640 with 2mML-Glutamine (Mediatech, Manassas, VA), 10% heat-inactivated fetal

bovine serum (Atlanta Biologicals, Flowery Branch, Georgia), 10mM HEPES (Gibco, Grand Island, NY), and 100U/ml penicillin and 100mg/ml

streptomycin (Gibco) prior to cryopreservation or immediate use. For cryopreservation, cells were resuspended in cold RPMI and mixed with

an equal volume of cold 2x freezing medium (20% DMSO/FBS, final concentration 10% DMSO). For thaw, cryovials were warmed in a bead

bath at 37�C until almost completely thawed. Cells were washed twice in warm cRPMI. After the second wash, cell viability was determined

using trypan blue exclusion. The human erythroleukemic cell line K562, and human embryonic renal cell line HEK 293T cells were grown in (c)

RPMI supplementedwith 1mMsodiumpyruvate (Mediatech) and 30mg/mLgentamicin. CLBL-1 cells were grown in cRPMI and passaged every

3 days.

For canine (c)PD-L1 expressing target cells, K562 expressing canine CD20 (K562-cCD20) were generated as previously described.46 Briefly,

cCD20 was amplified from PBMC cDNA and cloned into the pCLPS lentiviral vector where the cCD20 transgene is under the control of a cyto-

megalovirus (CMV) promoter. Lentivirus was generated via transfection of 3T3 cells and concentrated supernatant was used to infect K562 to

generate cCD20-expressing K562 cells. K562-cCD20 cells were transducedwith a RD114/VSVg pseudotyped pMx-puromycin retroviral vector

containing cPD-L1 to generate K562-cCD20-cPD-L1 cells. K562 cells were incubated with retroviral particles at 37�C for 3 days and then as-

sessed for the expression of cPD-L1 using a mouse anti-canine PD-L1 antibody (QED Bioscience). K562-cCD20-PD-L1 cells were sorted using

flow cytometry and expanded in supplemented cRPMI as described above. Target K562 cell lines and CLBL-1 cells were irradiated with 10,000

rads prior to use in proliferation and cytokine production experiments.

Generation of cPD-L1 edited CLBL-1 cells

sgRNA (Synthego, Menlo Park, CA) oligos were re-hydrated in nuclease free 1xTE buffer to 100mM and stored at -80�C. CLBL-1 cells were

washed in warm OptiMEM media twice, counted, and re-suspended in warm OptiMEM at 5 x 107 cells/ml. Cas9/gRNA ribonucleoproteins

(RNP) were prepared immediately before electroporation by mixing 1nmol of sgRNA against cPD-L1 (GAC CUG UAU GUG GUA GAG

UA) and 0.24nmol of Cas9 protein (Thermo Fisher Scientific) and incubating at RT for 15mins to develop the RNP complex. 100ml of

CLBL-1 cells was added to the Cas9/gRNA RNP complex and gently mixed to avoid any bubble formation. Cells plus RNP were placed in

a 0.2cm cuvette and electroporated with the BTX ECM 830 Square wave electroporation system (BTX Technologies, Holliston, MA, USA)

set at 500V for 700ms. Cells were quickly removed from the cuvette following electroporation and transferred into a 6 well plate containing

3mls of warm cRPMImedia. Seventy-two hours after electroporation, editedCLBL-1 cells were labeledwithmouse anti-canine PD-L1 antibody

(QED Bioscience), and editing efficiency was determined by flow cytometry. Five days post transduction, edited cells were bulk sorted by

FACS Aria II Cell Sorter (BD Biosciences). Bulk sorted cells were cryopreserved as described above stored in liquid nitrogen prior to use.

METHOD DETAILS

Vectors and constructs

A canine CAR construct consisting of a canine CD8a leader sequence, a mouse anti-canine CD20 scFv (a kind gift from Laurence Cooper),

canine CD8a hinge and transmembrane domain, canine 4-1BB co-stimulatory domain and canine CD3z intracellular signaling domain has

been previously described.31 The canine CAR construct was amplified by PCR and cloned into the MSGV1 retroviral vector, and its sequence

was confirmed by Sanger sequencing. For the PD-1/CD28 CSRs, a truncated extracellular domain of canine PD-1 joined to the transmem-

brane and intracellular co-stimulatory domains of canine CD28 was synthesized upstream of a FMD2A ribosomal skip site and the canine

CD20-c4-1BB-z CAR (Genewiz, South Plainfield, NJ). For the mutant PD-1/CD28 CSR, the YMNM signaling domain was mutated to FFFF

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pMSGV1-cPD-1-cCD28-cCD20-4-1BB-z This paper N/A

pMSGV1-cPD-1-cCD28MUT-cCD20-4-1BB-z This paper N/A

Software and algorithms

FlowJo v10.8.1 FlowJo, LLC https://www.flowjo.com; RRID:SCR_008520

Graph Pad Prism v10.0.1 GraphPad https://www.graphpad.com; RRID:SCR_

002798
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and the proline residues in the two proline-rich motifs PRRP and PYAP were changed to alanine residues, becoming ARRA and AYAA respec-

tively as previously described.25 Both constructs were cloned into the MSGV1 vector by Genewiz, and sequences were confirmed by Sanger

sequencing.

Retrovirus was produced through transient transfection of HEK 293T cells using Lipofectamine 200 (Invitrogen) as previously described.30

Briefly, 15ml of Lipofectamine 2000 was gently mixed with 1.4mls of transfection media (97% DMEM high glucose, 1% 100mM sodium pyru-

vate, 1% Glutamax, and 1% 1M Hepes) per plate of HEK 293T cells and incubated for <14 mins at 20�C -25�C. A master mix of Gag/Pol (GP)

packaging plasmid, the RD114 (R) envelope plasmid and the MSGV1 plasmid containing the CAR, CAR+CSRWT or CAR+CSR MUT construct

was prepared using a molar ratio of GP:R:M=1:1.5:3-5 for a total of 21-23mg plasmid DNA/dish in up to 100ml of transfection media/dish. The

plasmid mixture was added to the lipofectamine/transfection media, mixed and incubated for <25 mins at 20�C -25�C. 1.5mls of lipofect-

amine/plasmid mix was added dropwise to each 10cm dish of HEK293 cells at 80-90% confluency. 3.5mls of warm HEK 293T media was

then added to each dish and plates are incubated for 6 hours at 37�C. After incubation, the transfection media was completely replaced

with 6mls of warm HEK 293T media and plates were incubated for 48 hours prior to harvest. At harvest, supernatants were centrifuged at

5003 g for 5 min at 20�C–25�C to remove cellular debris. Supernatants were then filtered using a 0.45 mMPES filter to remove contaminating

cells and large cell debris and then snap-frozen and cryopreserved at -80�C prior to use. Viral titers were determined using Jurkat cells as

previously described.30 Briefly, 2-fold serial dilutions of virus were prepared and added in triplicate to 4 3 104 Jurkat cells in a 96 well plate.

Plates were incubated at 37�C for 72 hours, prior to flow cytometry to evaluate % transduction. Viral titer was calculated as follows: TU/mL:

number of transducing particles (viral vectors) permL. F: fraction of CAR positive Jurkat cells (% of positive cells/100). N: number of Jurkat cells

at the time of infection (4 3 104). D: dilution factor. 1000: correction factor to provide the number of TU per mL. V: volume of diluted virus

added to each well (100 mL).

Generation of canine CAR-T cells

Canine CAR-T cells were generated as previously described.30 Briefly, T cells were negatively selected from PBMCs labeled with anti-CD11b,

anti-CD11c, anti-CD14 and anti-CD21, followed by goat anti-mouse IgG microbeads using Miltenyi LS columns. Negatively selected T cells

were washed twice in cIMDMmedia (containing IMDMwith 1mMSodium Pyruvate, 1%MEMNEAA, 10% heat-inactivated fetal bovine serum,

100U/mL penicillin, and 100mg/mL streptomycin), counted and activated using tosylactivated dynabeads coated with anti-CD3/CD28 anti-

bodies at a bead:T cell ratio of 3:1, in the presence of 100IU/mL of recombinant human (rh) IL-2. Forty-eight hours after activation, cells

were harvested, counted, and added to non-treated culture plates coated with RetroNectin and pre-loaded with RD114/VSVg pseudotyped

MSGV1 retrovirus (MOI=5) expressing the canine CD20-4-1BB-z CAR. Cells were incubated at 38.8�C in cIMDM. Mock transductions were

carried out in the absence of virus. Cells were expanded in rhIL-2 at 100U/ml. Four days post transduction, and at the indicated timepoints,

cells were analyzed for CAR expression using flow cytometry.

Enrichment of canine CAR-T cells

Transduced T cells were washed twice in MACS buffer (0.5%BSA, 2mM EDTA in 1xPBS), counted and blocked with canine IgG for 10mins on

ice. Cells were then labeled with recombinant biotinylated rabbit anti-mouse IgG (15mg of antibody per 10 million cells) for 30 mins on ice.

After washing twice with MACS buffer, cells were incubated with 10mL of Streptavidin MACS MicroBeads (Miltenyi Biotec) per 10 million

cells for 15mins on ice. Cell suspensions were then washed twice and CAR+ cells were enriched by MACS sorting as per manufacturer’s

instructions.

Flow cytometry

Canine T cells, canine cell lines and human cell lines were washed twice in FACS buffer. Cells were blocked with either 5ml of Human TruStain

FcX (Fc receptor blocking solution; BioLegend, San Diego, CA, USA) per 1x106 cells in 100ml FACS buffer, or 10ml of canine IgG per 1x106 cells

in 100ml FACS buffer, for human- or canine-derived cells respectively for 10mins at RT prior to cell surface labelling with indicated antibodies

(please see key resources table for antibodies used in flow cytometry). Surface expression of CAR was detected using recombinant bio-

tinylated rabbit anti-mouse IgG (Jackson ImmunoResearch) and APC-Cy7-conjugated streptavidin (BD Biosciences). Surface expression of

the two chimeric switch receptors and endogenous PD-1 were detected using an anti-canine PD-1 antibody generated from a canine scFv

phage display library and validated as previously described,34 conjugated to APC using Lightning-Link APC-conjugation kit (Lightning-

Link�; Abcam). All other antibodies used were commercially available and their clone, host species, commercial source and catalogue num-

ber are reported in the key resources table. 7-AAD (BioLegend) was used to exclude dead cells. Cells were acquired on a FACS Canto II flow

cytometer (BD Biosciences) or FACS LSRFortessa (BD Biosciences), and data was analyzed using FlowJo software version 10 (Treestar, Ash-

land, OR).

To determine whether CAR engagement with target antigen led to increased expression of cPD-1, CAR-T cells were harvested 6 days post

transduction, washed in cRPMI and co-cultured at 38.8�C with irradiated K562 cells, K562-cCD20 cells or K562-cCD20-cPD-L1 at 1:1, 5:1 and

10:1 E:T ratios. Seventy- two hours post co-culture, cells were harvested, washed twice in FACS buffer, and labeled for CD5, CD8, and cPD-1.

Dead cells were identified and excluded from analysis using 7AAD exclusion.
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Cytotoxicity assay

Luciferase expressing target cells were generated using the retroviral vector pCMV containingGFP and Luciferase. RD114 pseudotyped retro-

viral particles were generated as previously described30 and used with RetroNectin coated plates to transduce CLBL-1 cells and K562 target

cells. Luciferase-transduced cell lines were purified using FACS sorting by gating onGFP+ cells.Where indicated, CAR-T cells were stimulated

with target cells every 3 days for 3 to 5 stimulations prior to their evaluation in cytotoxicity assays. For cytotoxicity assays, CAR T cells were co-

cultured at 38.8�C with the indicated target cells at different effector (total T cells): target ratios for 24 hours. In some experiments, CLBL-1

target cells were pre-treated with 100ng/ml of IFN-g for 48 hours to up-regulate cPD-L1, washed and then used in cytotoxicity assays. Prom-

egaONE-Glo� luciferase assay reagent (Promega,Madison,WI, USA) was then added and cells were incubated at RT for 5mins. 100% lysis of

target cells was achieved using 0.5% triton. Luminescence was measured using a Glomax�microplate reader (Promega) at 1.0 second inte-

gration per well. Cytotoxicity was calculated using the following formula:

% cytotoxicity = 100 x (spontaneous death RLU- test RLU)/(spontaneous death RLU- maximal killing RLU).

Cytokine Quantification

Supernatants from in vitro assays were collected at the time points indicated and analyzed by ELISA using the canine IFN-g quantikine ELISA

kit (R&D Systems), canine IFN-gDuoset ELISA (R&D Systems), canine TNF-a quantikine ELISA kit (R&D Systems) and canine IL-2 DuoSet ELISA

(R&D Systems). All assays were performed as per manufacturer’s instructions. However, for the canine IL-2 assay, the capture antibody was

used at 4 times the recommended concentration in the manufacturer’s instructions (Dr. Naoya Maekawa, personal communication). The

remainder of the protocol was followed as per manufacturer’s instructions.

Proliferation assay

Canine CAR T cells were labelled with 5mM of CellTrace�Violet (CTV) solution (Invitrogen) in PBS according to manufacturer’s instructions.

Cells were washed twice in PBS, resuspended in cIMDM and co-cultured at 38.8�C with irradiated (10,000rads) K562 target cell lines (with or

without cCD20 and cPD-L1) at an E:T ratio of 1:1. After 72hrs incubation, cells were harvested, washed twice in FACS buffer, and labelled with

biotinylated Rabbit anti-mouse IgG antibody (Jackson ImmunoResearch) at RT for 30 mins for CAR detection. Cells were washed twice in

FACS buffer and labelled with rat anti-canine CD5 antibody (Clone: YKIX 322.3 eBioscience), rat anti-canine CD4 antibody (Clone:

YKIX302.9, eBioscience), rat anti-canine CD8 antibody (Clone:YCATE55.9 BioRad) and APC-Cy7-conjugated streptavidin (BD Biosciences)

for 30 mins at RT. Cells were washed twice in FACS buffer prior to acquisition on a FACS Canto II flow cytometer (BD Biosciences), and

data was analyzed using FlowJo software version 10 (Treestar, Ashland, OR). The proliferation index of CD4+ andCD8+ CAR-T cells was calcu-

lated according to the following: proliferation index (%) = 1-(MFI (target cells)/MFI (control target))x100 where K562-WT were the control

target cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were expressed asmean+/- sd as indicated and analyzed usingGraphPad Prism 10 (GraphPad Software, Boston,MA). One or two-tailed

paired or un-paired t-tests were usedwhen comparing two groups. For comparisons ofmore than two groups, a one- or two-wayANOVAwith

appropriate post hoc testing was used. Statistical significancewas defined as P < 0.05 (* P <0.05; ** P% 0.01; *** P%0.001; **** P% 0.0001, ns:

not significant).
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