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Abstract 
Melanoma proves to be the most aggressive form of skin cancer due to its metastatic ability. 

Both CAR T cell therapy and immune checkpoint inhibitor (ICI) have seen great progress with the 

treatment for melanoma, but both therapies have toxicities related to treatment. Due to the 

limitations of both CAR T cell and ICI therapy, we aim to increase the efficacy of CAR T cell 

therapy by combining both treatments. Because Muc16CD is a suitable TAA and the anti-

Muc16CDCAR has been validated in combination with anti-PD-1 in an ovarian cancer, we decided 

to use the same combination treatments in a melanoma model. Thus, we hypothesize that the 

combination of CAR T and ICI treatments would address the limitations of CAR and ICI therapies: 

CAR T cells would be able to direct an immune response against cold tumors while ICI could 

mount a response against the suppressive TME. Furthermore, we demonstrated this treatment in a 

clinically relevant model of melanoma called the YUMM cell line with a Braf/Pten mutations. We 

investigated CAR T cell function by testing its cytotoxic function, cytokine levels, proliferating 

and activating capabilities against YUMM tumors. We also tested the in vitro and in vivo 

characteristics of the YUMM cells that were taken from a GEMM model with a Braf activation 

and Pten inactivation mutations, mimicking melanoma seen in clinic. In in vitro assays, antigen-

stimulated CAR T cells displayed an increase in cytokine levels, such as IFN-γ, and degranulation 

factors, such as CD107a and granzyme B compared to unstimulated CAR T cells. The anti-

Muc16CD CAR was also able to specifically kill Muc16CD+ tumors in vitro compared to 

Muc16CD- tumor. And mouse CAR T cells were also more activated and proliferated when 

cultured with antigen-expressing cells. Because immunotherapy is a constantly growing field, 

combination of CAR T cell and ICI should be further studied in melanoma and solid tumors.  
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Introduction 

Melanoma 

According to the CDC, melanoma is the third most common skin cancer. While it is less 

common than basal and squamous cancers, melanoma causes concern since it is the most likely 

skin cancer to metastasize to other parts of the body if not caught and treated early.1 As of 2023, 

186,680 cases of melanoma will be diagnosed and of those cases, 97,610 will be invasive while 

89,070 cases will be noninvasive.2  

Melanoma can occur when there is an overgrowth of melanocytes, which absorb UV light 

and sit at the basal level of the epidermis. 40% of hereditary melanoma occurs from CDKN2A 

mutations, which lead to defects in the cell cycle checkpoints.3 Somatic mutations that can increase 

the risk of melanoma occur in the nucleotide excision repair pathways, which can be caused by 

UV radiation.3 Risk factors such as having lighter skin, lighter hair color, and lighter eye colors 

have also been connected to developing melanoma.3 Other mutations that are associated with 

melanoma occur in the MAPK signaling pathway, a key regulator of cell growth and proliferation.4 

Braf encodes for serine/threonine kinases that, when mutated, constitutively activates the MAPK 

pathway that leads to oncogenic cell growth.4 Because MAPK kinase, also known as MEK, is 

phosphorylated by Braf, mutations in MEK also lead to oncogenic cell proliferation and survival.4 

Braf and MEK mutations are more likely to be found in patients younger than 30 years old than in 

patients older than 80 years old and patients with Braf mutated melanoma left untreated, generally 

has worse prognosis than Braf wild-type metastatic melanoma.4  

For Braf-mutated melanoma patients, targeted therapy poses a good option for treatment.5 

However, certain Braf-targeted therapy responses are temporary, and patients can develop a 

resistance to Braf which subsequently can increase oncogenic cell growth.4 As a result, MEK 



 

 

3 

inhibitors have also been developed and added in combination with Braf-targeted therapy since 

MEK follows Braf in the MAPK signaling pathway. Combination of Braf and MEK inhibitors 

have been safely tested in clinical I and II trials to overcome Braf resistance and proves to reduce 

incidence and severity in metastatic melanoma patients.5 However, Braf mutations occur only in 

about 50% of melanoma patients which means that only select patients are eligible to receive 

targeted therapy treatments.6 Consequently, the exploration, expansion, and improvement of other 

modes of treatment such as immune checkpoint inhibitors (ICI) and adoptive cell therapy are 

needed.  

Fig. 1½PD-1 and PD-L1 checkpoint proteins. PD-L1 from the APC or tumor cell binds to PD-1, activating the 
PD-1/PD-L1 pathway.11 The PD-1/PD-L1 pathway prevents PI3K activation and also inhibits Ras, which is 
involved in the MAPK pathway. In this way T cell activation is inhibited and leads to T cell exhaustion. 11 

 

ICI Therapy 

Immune checkpoints are a necessary part of the immune system to prevent immune 

responses from destroying healthy cells in the body. The checkpoints engage when proteins on T 

cells recognize and bind to partner proteins on other immune cells to provide an “off” signal.7 
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However, tumor cells evade immunosurveillance by activating the immune checkpoint pathways 

to suppress an antitumor response.8 To combat this defense mechanism from tumors, antagonistic 

antibodies that serve as immune checkpoint inhibitors (ICI) have been developed as a type of 

immunotherapy that blocks regulatory proteins and results in preventing the immune system from 

“braking”.  

Programmed cell death protein-1 (PD-1) is an inhibitory receptor that is a checkpoint 

protein that binds to the immunoregulatory ligand, programmed cell death ligand 1 (PD-L1). Both 

PD-1 and PD-L1 are transmembrane proteins: PD-1 being expressed in immune cells such as T 

cells, B cells, macrophages, natural killer (NK) cells, dendritic cells, and monocytes.9 and PD-L1 

being expressed in lymphoid and non-lymphoid tissues as well as antigen-presenting cells (APC) 

and many tumor cells.10  PD-1 is normally expressed on exhausted T cells and signals for the 

immune system to slow down. However, PD-1 expression also increases when T cell receptors 

recognize peptides on the MHC receptors on APC’s, such as cancer cells.9 PD-1 then inhibits T 

cell activation by preventing PI3K-Akt pathway and inhibiting MAPK pathway.10 This refers to 

the tumors “adaptive immune mechanism,” 9 that facilitates the PD-1/PD-L1 pathway and can 

express PD-L1 when alerted by the presence of T cells through the secretion of IFN-γ. Once PD-

L1 is expressed, it binds to PD-1 on surrounding T cells and thus, enacts the “off” signal for the 

immune system (Fig. 1). Therefore, the PD-1/PD-L1 pathway controls and maintains the tumor’s 

immune tolerance within the tumor microenvironment.9 

Because the PD-1/PD-L1 pathway serve as a method of immune escape for tumors, anti-

PD-1/PD-L1 monotherapy treatments have been developed to combat this defense. Anti-PD-1 

monoclonal antibodies (mAb) work by binding to the PD-1 receptor on T cells due to its high 

affinity to PD-1 and blocking the PD-1 from interacting with the PD-L1.12 This results in 
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constitutively active T cells. Anti-PD-L1 mAb’s work by binding the PD-L1 receptor on APC’s 

and blocking the PD-L1 from binding to the PD-1, which also causes the T cells to be constitutively 

active. Therefore, the anti-PD-1/PD-L1 mAb’s create a defense method against tumor cells 

attempting to avoid immune surveillance.  

The first monoclonal antibody FDA-approved for melanoma was ipilumumab targeting 

cytotoxic T-lymphocyte antigen-4 (CTLA-4) due to its durability and modest response in 

patients.73 Subsequently, nivolumab and pembrolizumab were also FDA-approved due to general 

success in clinical trials. For example, in a phase I trial for patients with metastatic melanoma, 

nivolumab, an anti-PD-1 monotherapy drug, was tested in a patient cohort of n=39 where the drug 

was well tolerated and showed antitumor activity.13 Since then, anti-PD-1 treatments, nivolumab 

and pembrolizumab, have been FDA-approved and over ipilimumab has become the first line 

treatment for metastatic melanoma since both nivolumab and pembrolizumab showed higher 

response rates and less toxicities compared to ipilimumab.14,74 Other clinical trials involving anti-

PD-L1 inhibitors also led to the FDA-approval of atezolizumab for the treatment of metastatic 

non-small cell lung cancer (NSCLC).15  

Despite its promising clinical efficacy, ICI monotherapy has some limitations for 

melanoma.  For example, certain cancer types can struggle to respond to ICI therapy in “cold” 

tumors or non-T cell inflamed cancers whereas a “hot” tumor can respond well to ICI therapy due 

to being T cell inflamed.16 However, determining whether a tumor is “hot” or “cold” is not the 

only way to predict the clinical response to immunotherapy. To understand the clinical response 

to ICI therapy, we can classify tumors based on tumor mutational burden (TMB): high TMB is 

usually associated with a greater presence of neoantigens while a low TMB would have a lower 

presence of antigens that can be detected by the immune system.16 Even though a high TMB relates 
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to having a higher number of neoantigens that can be detected by the immune system, a high TMB 

does not always indicate greater response rates to ICI therapy. Metastatic melanoma specifically 

has a high TMB but is less responsive to ICI making metastatic melanoma an immunologically 

“cold” tumor.16 Thus, while TMB can be used to predict clinical response to ICI, there are other 

factors that are contributing to limited response rates of ICI therapy. One such factor is acquired 

resistance for ICI therapy use in melanoma as some patients will respond well to immune 

checkpoint in the beginning of treatment but become resistant over time during the treatment 

regimen.17  

Fig. 2½Current Strategies for CAR Design.18 

Another limitation of ICI therapy works exclusively with endogenous T cells meaning any 

patients with autoimmune disorders or any immunocompromised diseases would struggle to 

tolerate immunotherapy. Therefore, efforts to improve ICI therapy efficacy are required.  

Adoptive Cell therapy (ACT) 

Adoptive cell therapy (ACT) has been another heavily considered mode of treatment for 

solid tumors especially tumor infiltrating lymphocyte (TIL) therapy for melanoma. TIL therapy 
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involves removing tumor resident T cells from a patient, expanding the cells ex vivo, and then 

transferring it back into the same patient after undergoing a lymphodepleting regimen.20  In 1988, 

the first demonstration of tumor-infiltrating lymphocyte (TIL) therapy showed promising clinical 

effects in patients with metastatic melanoma with the overall response rate being 60% in patients.21 

In clinical trials following the first TIL therapy treatment, response rates from patients reached up 

to 72% where 10-20% of treated patients reached complete remission.22 An advantage to TIL 

therapy that leads to the efficient response rates in patients is its ability for the T cells to recognize 

defined and undefined tumor antigens allowing for broad major histocompatibility complex (MHC) 

coverage.23 However, TIL therapy is associated with many toxicities during the preconditioning 

regimen, especially effects from lymphodepletion, involving a short round of chemotherapy to kill 

T cells.20 Furthermore, like Braf-targeted therapy, a patient is only a good candidate for TIL 

therapy if enough TILs can be found at the tumor site and expanded.24 Additionally, tumors can 

evade immune responses by downregulating MHC-1 complexes rendering naïve T cells unable to 

become effector cells.25 This means that TIL therapy efficacy could decrease if there are defects 

in T cell priming caused by the tumor. Therefore, while TIL therapy offers broad antigen 

recognition, optimizing immunotherapy against melanoma is still a challenge and has brought light 

to other modes of immunotherapies such as chimeric antigen receptor (CAR) T cell therapy. 

Chimeric Antigen Receptor T cells  

Chimeric antigen receptor (CAR) T cell therapy is a type of ACT that involves engineering 

T cells to express a synthetic receptor with an extracellular antigen-binding domain that targets the 

desired tumor associated antigen (TAA). Engineering CARs call for piecing together different 

sequences involved in immune signaling and combining these parts to create the optimal antigen 

receptor. The extracellular domain typically consists of a single-chain variable fragment (scFv) 
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where a G4S linker connects variable light and variable heavy chains, derived from a monoclonal 

antibody (mAb) (Fig.2). In the CAR sequence itself, an mCD8a signal peptide is present to indicate 

the start codon for the scFv. Following the antigen-binding domain is the hinge and transmembrane 

domain to anchor the receptor to the membrane of the cell, which are typically sequences from 

CD8 and CD28 (Fig. 2). Inside the cell, the CAR consists of signaling domains where CD28 or 

41BB are commonly used as a costimulatory signal and CD3ζ as an activation signal, mimicking 

TCR signaling (Fig. 2).  

CAR T cell therapy has proven to be successful in hematological malignancies especially 

with the anti-CD19 CAR in B cell malignancies26 and the anti-BCMA CAR T cells in multiple 

myeloma.27 The CD19 antigen is a target of interest for B cell malignancies since it is expressed 

on the surface of B lymphocytes and more than 95% of B cell lymphomas express CD19.28 

Tisagenlecleucel, an anti-CD19 CAR T cell product, was first approved in 2017 for patients up to 

25 years old with data supported by phase II ELIANA trial and University of Pennsylvania clinical 

trial, where 89% of their ALL patients had a complete response.29,30 The FDA moved towards 

approval of anti-CD19 CAR T cell products for adult patients due to other clinical trial successes: 

in diffuse large B cell lymphoma (DLBCL), tisagenlecleucel had an overall response rate of 52%31 

and axicabtagene ciloleucel had a complete response rate of 58%.32 In multiple myeloma, the B-

cell maturation antigen (BCMA) is a favorable target since it is expressed on all malignant 

myeloma cells but not on normal tissue.33 In the first clinical trial using the anti-BCMA CAR in 

humans, patients had an overall response rate of 81% and 63% were partial or complete.27 

Additionally, the KarMMa study, phase II trial, observed an overall response rate of 73% and a 

complete response rate of 33% for anti-BCMA CAR T cell treatment in multiple myeloma,34 which 
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led to the basis of the FDA approval for idecabtagene vicleucel.35 Thus, CAR T cell therapy has 

seen general clinical trial successes and FDA approvals for hematological malignancies.  

However, the CAR T cell response rate for solid tumors have seen limited efficacy 

clinically compared to blood-related malignancies. For example, one clinical study that consisted 

of 24 melanoma patients was terminated early because there was no objective response to the 

treatment and the majority of patients showed progressive disease.36 This is due to obstacles that 

solid tumors present to CAR T cells.  

The tumor microenvironment (TME) for solid tumors is immunosuppressive since solid 

tumors can be infiltrated by different cells that promote tumor proliferation.37 Melanoma have 

tumor-associated fibroblasts in their TME that assist with tumorigenesis by participating in the 

secretion of growth factors.38 Regulatory T cells (Tregs) also act as barriers in the aggressive TME 

by producing TGF-B and IL-10 which are immunosuppressive cytokines and can hamper the 

cytolytic capacity of the TME.39 Physical barriers in the TME also hampers the CAR T cell’s 

ability to migrate and penetrate the solid tumor.40 Furthermore, in the presence of IFN-γ, melanoma 

expresses the inhibitory ligand, PD-L1, to escape immune surveillance.41 Moreover, another 

challenge for CAR T cell therapy against solid tumors is finding a suitable TAA. A unique TAA 

is very crucial to avoid on-target, off-tumor toxicities.42 On-target, off-tumor (OTOT) toxicities 

occur when non-cancerous cells expressing the target antigen are killed by CAR T cells. Many 

clinical trials were terminated due to OTOT toxicities occurring in patients with solid tumors: 

patients with CEACAM5+ malignancies were treated with CEACAM5 specific CAR T cells and 

resulted in patients with a variety of adverse events.43 Therefore, a good TAA candidate must not 

be expressed on non-malignant cells and should be exclusive to the tumor cells.42 However, even 

after finding a specific antigen for the tumor, solid tumors can express the antigen at different 
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levels across tumor sites, referred to as tumor antigen heterogeneity.37 Varying levels of antigen 

expression on solid tumors may decrease CAR T cell efficacy and makes it difficult to find the 

optimal target in the solid tumors.37 Finally, another challenge for CAR T cell therapy against solid 

tumors is infiltrating the solid tumors. CAR T cells can encounter blood tumor cells more 

frequently since CAR T cells cycle through the lymphatic system and bloodstream, making solid 

tumors a harder reach for CAR T cells.37 In addition, for metastatic melanoma, tumor cells activate 

oncogenic pathways such as β-catenin which prevents T cells from infiltrating the tumor site.44 

Thus, there are many roadblocks dampening CAR T cell therapies efficacy against solid tumors 

that need to be optimized and further studied.  

Fig. 3½Anti-Muc16CD CAR has been validated in Muc16CD+ tumors.3 

Muc16CD as a suitable target for CAR T cell therapy: 

Notable CAR T cell targets for melanoma that have been developed for preclinical studies 

are as follows: CD126, CD70, B7-H3, HER2, VEGFR-2, gp100/HLA-A2, CSPG4, GD2, and 

GD3.36 Muc16CD is also a potential TAA that has proven to be a suitable target for melanoma. 

Muc16 is a tree-like glycoprotein that consists of two parts: the ectodomain and the branch. When 

cleaved, the branch portion, classified as CA-125, enters the bloodstream and can be used as a 

biomarker of disease burden, relapse, or response to treatment (Fig. 4).45 The ectodomain, 

Muc16CD, remains on the surface of cells and when upregulated, becomes oncogenic, often 
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expressed on ovarian carcinomas.46 An anti-Muc16CD (4H11) second generation CAR (Fig. 5) 

has thus been developed to target Muc16CD in ovarian cancer and 4H11-28z CAR T cells have 

been able to display specific cytotoxic ability towards ovarian cancer cells in vitro.46 A phase I 

clinical trial was also conducted to safely test and optimize the 4H11-28z CAR T cell efficacy.47,48 

Although an elimination gene was present, OTOT toxicities were not observed and the best 

response from the trial was stable disease48 resulting in promising efficacy from the 4H11 CAR 

but also calling for the need to test new strategies with this CAR.  

Since Muc16CD proves to be a suitable target for ovarian cancer, we wanted to see if this 

target would equally be suitable and relevant to melanoma to increase the CAR T cell treatment 

efficacy. Further analysis of Muc16 reveals that the Muc16 gene is one of the most mutated genes 

for melanoma and is correlated with TMB and immunotherapeutic efficacy.49 Thus,  

 

Fig. 4½Schematic of Muc16 and the cleaved portions: CA-125 and the ectodomain of Muc16.  

 

Muc16 is a target worth investigating further especially because the anti-Muc16CD CAR has 

already been developed and validated for this TAA. For our studies, we are using this CAR as a 

Biorender by Heather Lin 
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tool to evaluate the antitumor efficacy of combination of CAR T cell and ICI therapies in a 

melanoma model.  

ACT and ICI 

Many different combination strategies of ICI and ACT therapies have been studied in the 

treatment of solid tumors. In a clinical trial, anti-CTLA-4 antibody (ipilumumab) was used to treat 

ovarian cancer patients before tumors were harvested for TIL production.50 The logic was that 

tumor infiltration would occur with ICI treatment before collecting TILs from the tumor site, thus 

allowing for better TIL production.50 This approach resulted in more successful expansion of TILs 

(increased numbers of TILs), better CD8:CD4 ratio, and increased antitumor reactivity, thus 

proving that the combination of TIL therapy and ICI therapy was safe and improving the antitumor 

effect of TILs in patients.50 A phase II trial also observed the effects of TIL therapy in combination 

with anti-PD-1 treatment (pembrolizumab) and found favorable response rates in a variety of solid 

tumors: 56.3% in melanoma, 87.5% in head and neck squamous cell carcinoma, and 42.9% in 

cervical cancer.51 

Preclinical research involving CAR T cell and ICI combination therapy observed increased 

antitumor efficacy in vitro and in xenogeneic mouse models in an ovarian cancer model.19 This 

study was also able to demonstrate the safe administration of CAR T cell mediated ICI therapy 

where anti-PD-1 scFv was secreted by CAR T cells allowing for localized anti-PD-1 treatment.19 

Furthermore, the study was able to validate the use of an anti-Muc16CD CAR in a solid tumor 

model (Fig. 3). 
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Fig. 5½Anti-Muc16CD CAR Construct generated with an SFG-vector. This CAR construct is a second-
generation CAR and was used for this study. The scFv includes the anti-Muc16CD portion and is the 
extracellular part of the CAR. Connected by a hinge protein, following the scFv is the CD28 transmembrane 
protein that anchors the CAR to the cell surface. The intracellular portion includes the CD28 and CD3ζ 
signaling domains responsible for T cell activation and killing ability.18  
 

CAR T cell and ICI combination therapy has been tested clinically with promising results. 

In a phase I trial, patients with malignant pleural disease (MPM) received mesothelin-targeted 

CAR T cells in combination with anti-PD-1 treatment (atezolizumab) after observing that anti-PD-

1 treatment enhanced CAR T cell function.52 As a result, median overall survival was at 23.9 

months and 8 out of 18 patients were able to sustain stable disease for over six months.52 This 

study also demonstrated the safe administration of ICI and CAR T cell therapy and urged for more 

studies on combination of CAR T cell and ICI treatments on solid tumors. Ongoing clinical trials 

include one in the Shanghai Mengchao Cancer Hospital where an aPD-1 mesothelin CAR is being 

tested for safety and tolerability in mesothelin positive solid tumors as of May 2022 

(unspecified).54 Another ongoing clinical trial involves CAR T cells targeting claudin18.2 

(CLDN18.2) with prior doses of anti-PD-1 treatment in digestive system cancers.53 Interim results 

αMuc16CD_28z CAR 
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reveal that patients who had received anti-PD-1 antibody prior to CAR T cell treatment had seen 

shrinkage of tumor lesion.53 

Fig. 6½Combination of ICI and CAR T Cell Therapies as a Strategy to Overcome Roadblocks. 

 

Therefore, ACT in combination with ICI therapy has proven to be an effective way to 

increase ACT’s antitumor efficacy with the idea that ICI therapy could help tumor infiltration on 

top of ACT administration, especially in a solid tumor model. Additionally, it adds the safety factor 

of administering these treatments.  

Mouse Melanoma Models 
 

To study melanoma, researchers use syngeneic mouse models since most of the mouse     

genes share the same functions as human genes therefore, making it easier to study gene  
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Fig. 7½How the YUMM cells were cultured.55 

mutations in a cost-effective preclinical model. B16 is a melanoma cell line that emerged 

spontaneously in the melanin-producing epithelia of a C7B5L/6J mouse in 1954.56 Because of the 

B16’s ability to metastasize to the lung, liver, and spleen, the B16 model is also used as a metastatic 

melanoma model.56 Since then, the B16 model has been widely used to test treatments in 

preclinical studies. ICI treatments have also been studied in the B16 model and shown to be 

effective, especially in combined ICI therapies.57 While B16 continues to be used for research, the 

model lacks clinical relevance due to its unique analogs, ambiguous genetic drivers, and having  

retroviral elements that could confound generalizability.55 Therefore, the Yale University Mouse 

Melanoma (YUMM) lines have been developed with genetic drivers specific to human melanoma 

to be used in research as a clinically relevant murine melanoma model.55 The YUMM cell lines 

were developed in a GEMM model that involved a Braf activation, Pten inactivation, and Cdk2NA 

inactivation.55 After the tumors grew to 100𝑚𝑚!, the tumors were excised and cultured in DMEM 

(Fig.7).55  Thus, allowing us to use the YUMM cell line for in a lab setting for its clinical relevance.   

Due to the limitations of both CAR T cell and ICI therapy, we aim to increase the efficacy 

of CAR T cell therapy by combining both treatments (Fig.6). Because Muc16CD is a suitable TAA 

and the anti-Muc16CDCAR has been validated in combination with anti-PD-1 in an ovarian cancer, 

we decided to use the same combination treatments in a melanoma model. Thus, we hypothesize 
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that the combination of CAR T and ICI treatments would address the limitations of CAR and ICI 

therapies: CAR T cells would be able to direct an immune response against cold tumors while ICI 

could mount a response against the suppressive TME. Furthermore, we demonstrated this 

treatment in a clinically relevant model of melanoma called the YUMM cell line with a Braf/Pten 

mutations. 
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Materials and Methods: 

Generation of viral vectors:  

The anti-Muc16CD scFv sequence was designed by the Brentjens Lab. The gene was 

cloned in to the SFG retroviral vector containing the CD28 transmembrane and signaling domains 

CD28 and CD3ζ courtesy of the Brentjens Lab. The SFG-retroviral vector was used to encode the 

MUC16CD targeted CAR, termed SFG_4H11m28mZ.  

Fig. 8½How LDH Assays Work. The LDH assay is based on an enzymatic coupling reaction. LDH catalyzes the 
conversion of lactate to pyruvate via NAD+ reduction to NADH. Diaphorase then uses NADH to reduce 
tetrazolium salt to a red formazan product that can be measured at 490 nm.58 
 

Cell Culture: 

Phoenix Eco packaging cells were obtained from the Brentjens Lab at Memorial Sloan 

Kettering. The Phoenix Eco packaging cells were cultured in DMEM supplemented. Tumor cells 

and mouse T cells were cultured in RPMI medium. All media was supplemented with 10% FBS, 

2mM L-glutamine, 100 IU/mL penicillin and 100 ug/mL streptomycin. The retroviral construct 

encoding the anti-Muc16CD CAR were transiently transfected with H29 cells using calcium 

chloride. Once transfected, the H29 supernatant was filtered through a 0.45μg to remove the cells 

and then transduced with Phoenix Eco packaging cells to stably produce the retroviral producer 

cell lines (Fig. 10). The YUMM tumor cell line was acquired courtesy of the Paulos Lab. 
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Muc16CD was then overexpressed by transducing Phoenix Eco packaging cells containing the 

Muc16CD construct with the YUMM cell line. To ensure that Muc16CD was consistently being 

overexpressed in the YUMM cells, the YUMM-Muc16CD cell line was sorted by FACS based on 

high expression of Muc16CD following staining with PE-conjugated antibody for Muc16CD. All 

cells were routinely checked for mycoplasma.  

Flow cytometry: 

APC or FITC-conjugated primary antibodies, developed at the Memorial Sloan Kettering 

Cancer Center Antibody and Bioresource Core Facility, were used to detect the αMuc16CD scFv 

domain of the CAR construct. Data was collected using a Cytek Aurora spectral flow cytometer 

and transduction efficiency of transduced cells was analyzed with FlowJo v10.8 software.  

Mouse splenocyte isolation and transduction: 

Female C57BL/6 mice were ordered from Charles River Lab and used for mouse 

splenocyte isolation. On Day 1, the mouse was sacked with CO2 and then the spleen was surgically 

removed and washed with PBS and resuspended in RPMI media (3% ATOS, 10% FBS). The T 

cells were then isolated from the spleens using RBC lysis and then activated using 1.0U/mL of IL-

2 and 4μg/uL of concanavalin A. The mouse T cells were transduced with viral supernatant 

Phoenix Eco packaging cells for two consecutive days. On Day 4, mouse T cells were 

supplemented with RPMI media (3% ATOS, 10% FBS) and IL-2. Mouse T cell transduction 

efficiency was evaluated on flow cytometry. CAR T cells with a transduction efficiency of 20% 

or higher would be used for further study with in vitro functional assays or in vivo assays (Fig.11).  
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Cytotoxicity Assays 

LDH Assay 

The CyquantTM LDH Cytotoxicity Assay (Invitrogen, lot: 2497551) was used to conduct a 

cytotoxicity assay (Fig. 8). Transduced mouse T cells and B16-muc16CD cells were co-cultured 

at effector-to-target ratios (E:T) for LDH assays since the tumor line did not express luciferase. 

Mouse CAR T and tumor cells were counted using a BioRad automated cell counter and co-

cultured in a 96-well plate in E:T ratios of 1:1, 1:3, 1:10, and 1:30 (Fig.9). Each condition had 

three replicates and the LDH assay also included a minimum and maximum control. At the 48-

hour time point, 10μL of tween was used to lyse tumor cells for the maximum control. After 

incubating for 30 minutes, a substrate stock solution (600μL assay buffer and 11.4 mL diH2O) was 

prepared and 50μL of the sample was mixed with the solution in a 96-well flat-bottom plate and 

incubated for 30 minutes. 50μL of stop solution was mixed with each sample and then measured 

for absorbance at two wavelengths: 490 nm and 680 nm. The 680 nm wavelength is measured for 

background reading and subtracted when analyzing. The 96-well flat-bottom plate was read using 

the Biotek Synergy Microplate Reader and analyzed using Graphpad-Prism. The following 

formula was used to calculate % cytotoxicity.  
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Fig. 9½LDH Assay Setup for anti-Muc16CD CAR against B16-muc16 tumor cells. Four different effector to 
target ratios were used and mouse anti-PD-1 (RMP1-14) was also added as a condition. A maximum lysis 
control is needed to subtract the tumor cells lysed from the total cells lysed. A minimum control is also needed 
for the formula to subtract from total tumor. Conditions are as follows: 4H11 CAR+B16 WT, 4H11 CAR+B16-
Muc16CD, 4H11 CAR+B16WT+aPD-1, 4H11 CAR+B16-Muc16CD+aPD-1.  
 

 

Cytokine and Degranulation Assay (IFN-g, Granzyme B, CD107a) 

Mouse CAR T cells and Muc16CD+ tumor cells were co-cultured at an E:T ratio of 1:3 for 

48 hours. GolgiStop (0.5μL/mL) was added at the 20-hour time point for optimal cytokine staining. 

At the 24-hour time point, cells were collected and fixed and permeabilized with a BD 

Cytofix/Cytoperm Kit (BD Biosciences, BD 554714). Intracellular staining was performed with 

αCAR-APC (Biolegend, ), αIFN-g-PE (Biolegend, ), αGranzymeB-Pe-Cy5 (Biolegend, ), and 

αCD107a-PerCP-Cy5.5 (Biolegend, ). Cytokine levels and degranulation levels were quantified 

using median fluorescence intensity (MFI) and % positive population of the cells from intracellular 

staining flow cytometry.  
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Activation and Proliferation Assay (CD69 and CFSE) 

Mouse CAR T cells and Muc16CD+ tumor cells were co-cultured at an E:T ratio of 1:3 for 24 

hours. At the 20-hour time point, GolgiStop (0.5μL/mL) was added for optimal cytokine staining. 

At the 24-hour time point, cells were collected and fixed and permeabilized   

Fig.10½Transfection and Transduction of construct and packaging cells. Transfection involves transiently 
introducing DNA plasmid into cells. Since H29 cells only last for three days, transduction is conducted with the 
H29 cells to express the plasmid in a stably-producing packaging cell line (Phoenix Eco Cells).  
 
(BD Biosciences, BD 554714). Intracellular staining was performed with αCD69-(BD Biosciences, 

cat. 55809), αCFSE (Invitrogen, lot. 2266587), and αCAR-APC (Biolegend). Activation and 

proliferation markers were quantified using median fluorescence intensity (MFI) on flow 

cytometry. The gate for CFSE+ populations were drawn based on the fresh CFSE samples, instead 

of using the unstimulated conditions as a reference for the gate, and the CD69+ populations were 

drawn based on unstimulated conditions as a reference.  

Tumor Injection and Imaging 

All mouse study protocols were approved by IACUC. Twelve C57BL/6 mice were 

engrafted with 1 × 10"  YUMM-Muc16CD-GFPffluc tumor in 200μL PBS. Each mouse was 

subcutaneously (SQ) injected five days prior to CAR T cell and αPD-1 treatment. On the first day 

of treatment, the mice were injected intraperitoneally (IP) with D-luciferin (98mM/mouse) and 

Made with Biorender 
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then imaged with the IVIS imaging system. The mice were randomized based on the similar 

average luminescence between each group. All mice were imaged once a week and injected with 

D-luciferin (98mM/mouse) every time they were imaged. Mice in the treatment groups were then 

injected with 4 × 10# CAR T cells and αPD-1 (200μg/200μL) respectively. Three days after the 

first treatment, mice in the treatment groups were treated with αPD-1 (200μg/200μL) and three 

days after that with αPD-1 (200μg/200μL) once more.  

 

Fig.11½Transducing Mouse T cells with CAR packaging cells. This procedure is a five-day protocol with Day 1 
starting with isolating splenocytes from the C57BL/6 mice. Once T cells are activated, Days 2 and 3 involve 
spinning the cells with CAR packaging cells on retronectin plates for one hour.  Day 4 the T cells rest and are 
fed IL-2. And Day 5, transduction efficiency is read and respective assays are set up. 
 
Measuring tumors and evaluating tumor burden scores 

According to IACUC protocol, mice were required to be sacked if the tumor was no bigger 

than 18 mm on each side. Thus, tumors were measured with calipers and tumor endpoint was at a 

volume of 2000 𝑚𝑚!. Mice were sacked if tumors reached endpoint or ulcerated.  

Statistical Analysis 

GraphPad Prism was used to run ANOVA statistical testing on results from the CD107a 

and granzyme B assays. Graphpad Prism was also used for p values of the survival curves to 

compare each experimental group. All data were graphed through GraphPad Prism as well.  
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Results 

Retrovirally transduced YUMM cells express Muc16CD, GFP, and luciferase. 

To test combination therapy of CAR T cell and anti-PD-1 therapy in a clinically relevant 

mouse melanoma model, the Yale University Mouse Melanoma (YUMM) cell line was transduced 

with Muc16CD-GFP-firefly-Luciferase (Muc16CD-GFP-ffluc) fusion gene. Following retroviral 

transduction, the YUMM tumor cells expressed Muc16CD at 60.4%. GFP was also retrovirally 

transduced with the YUMM cells and after flow analysis, GFP expression was at 56.9% (Fig. 12 

a,b). To ensure that the YUMM-Muc16CD cells continuously express Muc16CD and GFP, the 

tumor cells were FACS sorted to 99% expression of Muc16CD (Supp. Fig. 1). Finally, luciferase 

was transduced to the YUMM cells to use for bioluminescence imaging for in vivo and in vitro 

studies. To validate the luciferase expression, luciferin was added to 10,000 and 50,000 YUMM 

cells and after 30 minutes, luciferase was shown to be expressed (Fig.12c).  

Fig. 12½a. Muc16CD expression of transduced YUMM cells. b. GFP expression of transduced 
YUMM cells. c. Luciferase expression on 10,000 and 50,000 transduced YUMM cells with 
media as the negative control. All cells and media were plated in a 96-well plate and then 
read on a Biotek plate reader.  

 
 

YUMM-Muc16CD-GFP-ffluc 
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Exposure to IFN-gamma leads to the upregulation of PD-L1 on YUMM Muc16CD-GFPffLuc cells. 

Upon antigen stimulation, T cells will release IFN-γ that in turn, upregulates PD-L1 on tumor cells 

(Fig. 13a). To confirm this, YUMM-Muc16CD-GFPffluc were cultured with increasing 

concentrations of 0 ng, 5 ng, and 20 ng of IFN-γ. At 24 hours, flow cytometry analysis reveals that 

an upregulation of PD-L1 occurs with treatment of 5 ng and 20 ng of IFN-γ (Fig. 13b) confirming 

that the YUMM-Muc16CD-GFPffluc cell line is a good candidate for anti-PD-1 treatment.  

Figure 13 ⎹ a. Diagram of when T cells release IFN-γ, PD-L1 expression upregulates on 
cancer cells. b. YUMM-Muc16CD-GFPffluc cells in different concentrations of IFN-γ.  
 
Mouse T cells can be retrovirally transduced to express anti-Muc16CD CAR. 

To test the antitumor efficacy of CAR T cell therapy, we generated the anti-Muc16CD 

(4H11)-28z CAR.46 The anti-Muc16CD gene was cloned into a SFG gamma-retroviral vector. The 

4H11-28z CAR was designed with variable heavy and light chain sequences from the anti-

Muc16CD scFv connected by a G4S linker. The CD28 transmembrane followed the 4H11 scFv 

and intracellularly, the CD28 and CD3ζ were the signaling domains of the CAR to create a second-

generation CAR. To express the CAR construct, retroviral transduction of the construct plasmid 

Phx Eco 4H11 
Phx Eco mPD-L1 

PD-L1  

a. b. 0 ng of IFN-γ 

5 ng of IFN-γ 

20 ng of IFN-γ 

T T

Made with Biorender 
mPD-L1+ Phoenix Eco packaging cells  

4H11 Phoenix Eco packaging cells 

YUMM cells plated with 0 ng of IFN-γ 

YUMM cells plated with 5 ng of IFN-γ 

YUMM cells plated with 20 ng of IFN-γ 
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and Phoenix Eco packaging cells was conducted. After transduction, phoenix eco packaging cells 

had a 99% expression of anti-Muc16CD CAR (Fig.14a). Mouse spleens isolated from C57BL/6 

mice were used to transduce the CAR packaging cells with mouse T cells. After transducing the 

mouse T cells, for in vitro and in vivo experiments, CAR expression on mouse T cells would be 

up to 54.2% (Fig. 15a.) while overall range would be from 20%-55% (Fig.16a) and the viability 

of the T cells could range from 40%-65% for all experiments (Fig.16b).  

Figure 14 ⎸ a. Transduction efficiency of Phoenix Eco packaging cells of anti-Muc16CD construct. b. 
Transduction efficiency of anti-Muc16CD+ mouse CAR T cells.  

 
 
 
 
Fig. 15½a. Flow panels of gating strategy for CAR-positive mouse T cells. b. Transduction efficiency of mouse 
CAR T cells.  
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Fig. 16 ⎸ a. Average transduction efficiency of anti-Muc16CD CAR T cells. b. Average viability of mouse CAR 
T cells. 

Anti-Muc16CD CAR show specific killing to Muc16CD+ tumor cells. 

To validate the CAR construct, we had to determine CAR functionality. First, we assessed 

cytotoxic capability of 4H11-28z CAR T cells against Muc16CD+ tumor cells. An LDH assay was 

setup to test the cytotoxicity of the 4H11-28z CAR T cells. Compared to tumor cells that did not 

express Muc16CD, tumor cells that overexpressed Muc16CD observed a higher percentage of 

killing by the 4H11-28z CAR overall (Fig. 17). Exogenous mouse anti-PD-1 (RMP1-14) was also 

added as a condition to the cytotoxicity assays. However, there were insignificant differences 

between the CAR alone condition and CAR+RMP1-14 antibody condition for the percent lysis 

(Fig. 17).   

Fig. 17 ⎸ 4H11-28z CAR was more cytotoxic to Muc16CD+ tumor cells than Muc16CD- cells. The four 
conditions are depicted in the LDH assay setup (Fig. 9). Overall, the anti-Muc16CD (4H11) CAR shows 
specific killing to Muc16CD+ tumors. There were no significant differences observed between conditions 
with RMP1-14 and without RMP1-14. 
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Anti-Muc16CD CAR shows elevated expression of degranulation, activation, and proliferation 

markers. 

To further test the 4H11-28z functionality, degranulation, activation, and proliferation 

were tested. 4H11-28z CAR T cells were stimulated with YUMM-Muc16CD-GFP-ffluc cells at  

an effector to target ratio of 1:3 for 24 hours for the CD107a, IFN-g, granzyme B, and CD69  

assays. Additionally, stimulated CAR T cells were cultured with and without RMP1-14 anti-mouse 

PD-1 antibody totaling the setup to have three conditions per assay. After 24 hours, flow analysis 

reveals that stimulated CAR T cells demonstrated higher levels and obvious shifts of granzyme B 

and CD107a compared to unstimulated CAR T cells (Fig. 18b,c). Further analysis  

 

Fig. 18⎹ Cytokine and degranulation factors were tested on stimulated and unstimulated CAR T cells. CAR T 
cells were co-cultured with YUMM-Muc16CD-GFPffluc cells to stimulate CAR T cells. a. Flow analysis of IFN-
γ on stimulated and unstimulated mouse CAR T cells. b. Flow analysis of CD107a and granzyme B expression 
on stimulated and unstimulated mouse CAR T cells. Overall, data shows clear shifts of stimulated CAR T cells 
from the unstimulated CAR T cells indicating that CAR T cells are being activated and show increased cytotoxic 
capability in the presence of tumor.  
 
with the median fluorescence intensity (MFI) reveals that for granzyme B, there was a significant 

difference between unstimulated and stimulated for both CAR and CAR + RMP1-14 with a p=0.01 

between unstimulated CAR and CAR T cell only conditions and p=0.02 between unstimulated 

CAR and CAR+RMP1-14 conditions (Fig.19c). There was no significance between the two 
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stimulated conditions. While CD107a levels appeared elevated on flow analysis, there was no 

significant difference between unstimulated and stimulated CAR T cells with a p=0.37 between 

unstimulated CAR and stimulated conditions (Fig. 19b). However, the MFI still confirms that 

there were shifts between the unstimulated and stimulated CAR conditions, indicating that there 

was an increase of CD107a expression in the stimulated CAR conditions (Fig. 19b).  

Fig. 19⎹ Degranulation and activation factors were tested on stimulated and unstimulated CAR T cells. CAR T 
cells were co-cultured with YUMM-Muc16CD-GFPffluc cells. Data from flow is being depicted with median 
fluorescence intensity values based off the CAR-positive gate from Fig. 18. a. IFN-g MFI values with an n=2. b. 
CD107a average MFI on CAR T cells, stimulated and unstimulated. Stimulated CAR conditions were not 
significant from the unstimulated CAR T cells. c. Granzyme average MFI on stimulated and unstimulated CAR 
T cells. Both stimulated conditions were significant from the unstimulated CAR T cells. Granzyme B had 
significant differences between unstimulated 4H11-28z CAR condition and stimulated 4H11-28z CAR condition 
(p=0.01) as well as unstimulated CAR and stimulated CAR with mouse aPD-1 (p=0.02). CD107a showed no 
significant differences however, definite shifts of MFI values were observed between the unstimulated and 
stimulated CAR T cells. Preliminary data of IFN-γ (n=2) also showed elevated IFN-γ levels for stimulated CAR 
T cells versus the unstimulated CAR T cells.  
 
 

Preliminary flow data shows that between unstimulated and stimulated CAR conditions, 

there was a definite increase in IFN-γ levels (Fig. 18a). Further analysis of the MFI values confirms 

that IFN-γ is being released when mouse CAR T cells are stimulated (Fig. 19a).  

Preliminary results of the CD69 activation assay reinforces that stimulated 4H11-28z 

mouse CAR T cells have higher levels of CD69 expression compared to the unstimulated 4H11-
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28z mouse CAR T cells (Fig. 20b). For CAR+ mouse T cells, CD69 positive population for the 

stimulated conditions with and without RMP1-14 were 86.2% and 67.7% respectively (Fig.20c). 

Analysis of the MFI values confirms these results in the stimulated CAR conditions indicating 

mouse CAR T cells are activated in the presence of tumor while the unstimulated mouse CAR T 

cells are considerably less activated (Fig. 20d).  

Fig. 20½Preliminary data of activation of mouse CAR T cells between unstimulated and stimulated conditions. . 

To avoid the CAR recycling phenomenon,72 CAR was stained intracellularly while for CD69, surface staining 

was conducted. a. Gating strategy of flow analysis of CD69 assay b. Stimulated mouse CAR T cells shifts to 

display increased CD69 expression compared to unstimulated cells. Median fluorescence intensity of stimulated 
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and unstimulated CAR T cells. MFI values reveal that CAR T cells co-cultured with YUMM-Muc16CD-GFP-

ffluc were activated compared to CAR T cells cultured without YUMM-Muc16CD-GFP-ffluc. 

 

For proliferation assay, the CFSE was used as a marker and the assay had a 24 hours and 

48 hours setup. and the 4H11-28z only without tumor (unstimulated), 4H11-28z with tumor and 

4H11-28z+anti-PD-1 with tumor (stimulated) conditions were setup at 24 hours and 48 hours 

respectively. At 24 hours, CFSE expression for stimulated cells without RMP1-14 was at 53.7% 

and with RMP1-14 was at 63.9% whereas unstimulated cells were at 29.5% (Fig. 21b). At 48 

hours, flow analysis shows that CFSE expression for the stimulated cells without RMP1-14 was 

94.3% and with RMP1-14 was at 95.6% whereas unstimulated cells had 19.4% CFSE expression 

(Fig. 21c). Further analysis of the CD8+ CAR T cells from the CFSE positive population reveals 

that there were 78.6% and 74.4% CD8+ CAR T cells proliferating in the stimulated conditions for 

the 48-hr. assay and 34.5% and 26.6% CD8+ CAR T cells in the stimulated conditions for the 24-

hr. assay (Fig. 21d,e). Thus, preliminary data indicates that 4H11-28z mouse CAR T cells were 

able to proliferate post retroviral transduction in the presence of antigen-presenting YUMM cells, 

especially at the 48-hr. timepoint.  
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Fig. 21½Preliminary data of proliferation markers on unstimulated and stimulated mouse CAR T cells. CAR-
positive staining was done intracellularly to avoid CAR recycling72 a. Gating strategy of flow analysis of CFSE 
assay. The gate was drawn based on fresh CFSE sample. From the fresh CFSE sample, we wanted to see how 
many CD8+ T cells came from the CFSE positive population, so we gated out CD8+ T cells from there. b. 
Stimulated mouse CAR T cells shifts to display increased CFSE expression compared to unstimulated cells at 
24 hours. c. At 24 hrs, the CD8+ T cell population was gated from the CFSE+ population. d. Stimulated mouse 
CAR T cells shifts to display increased CFSE expression compared to unstimulated cells at 48 hours. e. At 48 
hrs, the CD8+ T cell population was gated from the CFSE+ population. Overall, data depicts that CD8+CAR 
T cells at 48 hrs. have increased proliferation when stimulated with tumor and over time post five-day mouse 
CAR T cell transduction.  
 
 
 

a. 

c. 

d. 

e. 
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CAR T cell treatment group shows prolonged survival over the combination treatment group in 

vivo. 

Fig. 22½In vivo experiment timeline. Mice were treated five days after inoculating mice with YUMM-
Muc16CD-GFPffluc tumor. After the last anti-PD-1 treatment, mice were monitored for survival through 
measuring tumor with calipers twice a week and bioluminescence imaging once a week.  
 

We tested the anti-tumor efficacy of CAR T cell and anti-PD-1 treatment in vivo by inoculating 

C57BL/6 mice (n=12) with 1 × 10"  YUMM-Muc16CD-GFP-ffluc cells each subcutaneously. 

Tumor-bearing mice were treated five days later with 4 × 10#	anti-Muc16CD CAR T cells 

injected intravenously along with anti-PD-1 to the respective treatment groups. One additional 

treatment of anti-PD-1 was administered post CAR T cell inoculation and one final anti-PD-1 

treatment was administered post the second anti-PD-1 infusion. Tumor burden was measured by 

bioluminescence imaging weekly and measuring tumor volume biweekly. A few mice had tumors 

that did not show up on images because the black fur of the mice could have hindered the system 

from capturing the luminescence of the tumor (Fig. 23a,b). Even if some mice did not display 

bioluminescence on the imaging system, those mice had palpable tumor and were still able to have 

measurable tumor by using calipers.  
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Fig. 23½Bioluminescence imaging of mice after CAR treatment. We randomized the mice based on 
bioluminescence imaging into four conditions: untreated (n=3), anti-PD-1 (RMP1-14) only (n=3), CAR T cell 
(n=3), and combination of CAR and anti-PD-1 (n=3) a. Imaging seven days post CAR treatment. b. Imaging 
fourteen days post CAR treatment. 
 
 
 

Fig. 24½Graph depicting tumor burden based on bioluminescence imaging. The y-axis is based on total flux 
with a 1.2 scope reading.  
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Fig. 25½Survival Curve of in vivo study. There were four conditions with n=3 mice in each group. The groups 
are as follows: untreated, aPD-1 only, anti-Muc16CD CAR T cell only, and anti-Muc16CD CAR + aPD-1. The 
final mouse reached endpoint on Day 17. Kaplan-Meier survival analysis was conducted for this study. There 
were no significant differences observed between any of the treatment groups and untreated group.  
 
 

Seven days after initial combination treatment, all mice were imaged and upon inspection, 

a few mice displayed ulceration at the tumor site. All groups except for the CAR and anti-PD-1 

treatment group had at least one ulcerated tumor which led to sacking the mice. On Day 10 post-

CAR and antibody treatment, all mice from the anti-PD-1 treatment group were sacked due to 

ulcerated tumors (Fig. 24). Two mice from combination treatment group were also sacked due to 

tumors growing to endpoint (Fig. 24, 25). The last untreated mouse was sacked at 14 days post 

CAR treatment and the final mice from the CAR T cell only treatment was sacked at 17 days thus 

concluding the in vivo study at 21 days total starting when tumors were injected (Fig. 24). One 

mouse from the CAR T cell only treatment group had the slowest tumor growth progression over 

the untreated and treatment groups (Fig. 25,26). The combination treatment group had all three 

mice until day 10, when one mouse was sacked due to an ulcerated tumor (Fig. 24). There were 

insignificant differences between the treatment groups and untreated group.  
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Fig. 26½Each individual mouse tumor growth progression from four conditions: untreated, RMP1-14 only, 
4H11 CAR T cell only, and combination conditions.  
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Future Directions 

For in vitro studies used to validate the CAR functionality, 1:3 ratios were the optimal co-

culturing effector to target ratios to effectively stimulate mouse CAR T cells. For future studies, 

further assays involving CD107a should be optimized. CD107a is very transient and thus, very 

difficult to capture since it goes back and forth between the cell surface and cytosol. Once 

optimized, the flow curves between unstimulated mouse CAR T cells and stimulated mouse CAR 

T cells will have a greater shift and difference. For the cytokine assays, IL-2 levels should also be 

observed between unstimulated and stimulated mouse CAR T cells to further confirm that the 

CAR’s T cell signaling is functioning properly and effectively. The cytotoxicity assay could be 

optimized as well by using a non-specific CAR as a negative control versus using a non-specific 

tumor cell and adding in one more ratio as a datapoint to see more in-depth changes between the 

killing capabilities of the 4H11-28z CAR. The proliferation assay seems to be optimal at 48 hours 

but, further experiments with the CFSE staining protocol must be conducted to confirm this 

timepoint. Finally, for the CD69 assay, to ensure that CAR T cells are being stimulated by the 

Muc16CD+ tumor, it might be best to add another condition with CAR T cells and Muc16CD- 

tumor. That way we can truly assess and compare if Muc16CD+ tumor is activating more CAR T 

cells than the Muc16CD- tumor to further test the specificity of the anti-Muc16CD CAR.  

Furthermore, the YUMM-Muc16CD-GFP-ffluc cells used for the in vitro and in vivo 

experiments should be further optimized. In vivo, The YUMM cells prove to be an aggressive and 

fast-growing model. Even though measurements were taken more frequently (twice a week), the 

tumor volume for each mouse almost always progressed to endpoint or ulcerated tumor. Perhaps 

injecting 5 × 10$ cells instead of 1 × 10" cells would allow for a more prolonged timeline in vivo 

study. When working with a B16 melanoma model, also known for being an aggressive model, 
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the Jim Allison group injected 5 × 10$ cells and still resulted in a survival curve that overlapped 

but were able to have a timeline that spanned longer than 50 days.57 Therefore, injecting even less 

tumor in future studies should be considered.  

For our in vivo study, optimizing the way anti-PD-1 is administered should be considered. 

In clinic, humans receive antibody treatment consistently that can span up to one year, depending 

on toxicities.66 In one in vivo study, mice were injected with B16 tumors and had multiple treatment 

groups that included an anti-PD-1 only treatment group. 15 rounds of treatment were administered 

to each treatment group and the anti-PD-1 treatment group’s endpoint was at 30 days.69 In our in 

vivo study, antibody treatment was given when mice were randomized into their respective 

treatment groups, and then two more times with three days apart from each other for a total of 

three antibody treatments to the respective groups. Therefore, treating the tumor with more anti-

PD-1 can be an option for future in vivo studies particularly to see a prolonged survival curve. 

Furthermore, perhaps the initial antibody treatment should be administered after initial CAR T cell 

treatment when mice begin to present palpable tumors. One study examines the antitumor efficacy 

of combination immunotherapy treatments of anti-OX40 and anti-PD-1 by testing the optimal 

timing to administer anti-PD-1. The study found that sequential combination treatment with PD-1 

blockade versus concurrent combination treatment with PD-1 blockade enhanced the antitumor 

efficacy of the anti-OX40 treatment that was combined with anti-PD-1.67 Thus, if antibody 

treatment was given to the mice more than three times for our preclinical studies or was given 

antibody treatment after initial CAR treatment, perhaps we would be able to distinguish the 

differences between combination treatment versus the CAR treatment only groups better.  
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Discussion 

In this study, we aimed to increase CAR T cell antitumor efficacy against melanoma by 

combining CAR T cell and ICI therapies thereby addressing both CAR T cell and ICI therapy’s 

limitations. We investigated CAR T cell function by testing its cytotoxic function, cytokine levels, 

proliferating and activating capabilities against YUMM tumors. We also tested the in vitro and in 

vivo characteristics of the YUMM cells that were taken from a GEMM model with a Braf 

activation and Pten inactivation mutations, mimicking melanoma seen in clinic. In in vitro assays, 

antigen-stimulated CAR T cells displayed an increase in cytokine levels, such as IFN-γ, and 

degranulation factors, such as CD107a and granzyme B compared to unstimulated CAR T cells. 

The anti-Muc16CD CAR was also able to specifically kill Muc16CD+ tumors in vitro compared 

to Muc16CD- tumor. And mouse CAR T cells were also more activated and proliferated when 

cultured with antigen-expressing cells.  

While differences were observed between unstimulated and stimulated mouse CAR T cells, 

insignificant differences were observed between stimulated mouse CAR T cells with RMP1-14 

and stimulated mouse CAR T cells without RMP1-14 in in vitro assays. However, this was to be 

expected as monoclonal antibodies engage the endogenous immune cells, which in these 

experiments only involved mouse T cells. When testing the efficacy for monoclonal antibodies, 

researchers typically use other immune cells such as NK cells and mononuclear cells as effector 

cells.64 Therefore, because the in vitro assays do not involve an entire immune system with 

different types of immune cells, significant differences between the stimulated conditions, with or 

without antibody, were not expected nor observed. Additionally, the in vitro assays were set up for 

a short period of time, which might have not given anti-PD-1 enough time to act. Furthermore, 
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using ex vivo CAR T cells could have impacted conditions as well since ex vivo CAR T cells have 

poor viability post our five-day mouse T cell transduction procedure.  

The characteristics of YUMM cells were further studied in the in vitro and in vivo 

experiments. YUMM cells seem to struggle to grow in cell culture. If split in a 1:10 dilution fashion, 

YUMM cells struggle to proliferate. YUMM cells are also loosely adherent and when killed by 

CAR T cells in the in vitro assays, YUMM cells would easily detach from the surface of the plate. 

Thus, when plating YUMM cells, it is important to note to plate just enough YUMM cells, so that 

the cells proliferate and exercise caution when collecting cells for analysis since the YUMMs are 

loosely adherent to the bottom of the plate. In contrast, in the in vivo experiments, the YUMM-

Muc16CD-GFP-ffluc cells proved to be an aggressive model as tumors began to ulcerate at day 7 

post initial CAR and RMP1-14 treatment. Most tumor volumes in each condition reached endpoint 

at day 10, post initial CAR and RMP1-14 treatment. This is interesting because only 1 × 10" 

YUMM-Muc16CD-GFP-ffluc cells were injected into each mouse and in cell culture, having 

fewer cells seems to considerably slow down tumor growth for the YUMM cells. However, in 

vivo, having as few as 1 × 10" cells allow the YUMM cells to proliferate and sustain itself in vivo.  

Retrovirally transducing the YUMM cells with Muc16CD could have caused the tumor cells to be 

more oncogenic and progress aggressively in the mice as having an overexpression of Muc16CD 

is linked to worse progression of tumor in humans.71 

Because of the aggressive progression of the YUMM-Muc16CD-GFP-ffluc cells in the in 

vivo experiment, the overall timeline of the experiment ended at 17 days, post CAR T cell treatment. 

Against our hypothesis, the CAR T cell only treatment group had tumor volumes that progressed 

more slowly than the combination treatment group as well as the RMP1-14 treatment group. 

Additionally, overall survival for the CAR T cell only treatment was longer than the combination 
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treatment group. While the in vivo study does not support our hypothesis the combination treatment 

group still showed promising results as all three mice were still alive at day 10, post CAR T cell 

treatment whereas the CAR T cell only treatment group had at least one mouse sacked before day 

10 at day 7, post CAR T cell treatment. Moreover, the combination treatment group was the only 

group that had the least number of mice with ulcerated tumors that caused only one mouse to be 

sacked at day 10, post CAR T cell treatment and every other treatment group had at least two mice 

that were sacked due to ulcerated tumors. Moreover, the anti-PD-1 treatment group were the first 

group to be sacked before the untreated group. Since the anti-PD-1 treatment group and the 

combination treatment group did not fare well compared to the CAR T cell only treatment group, 

further optimization of anti-PD-1 administration should be considered. For the combination 

treatment group, tumor growth seemed to progress faster than other treatment groups and yet did 

not observe nearly as many ulcerated tumors as the other condition groups. One explanation for 

this could be pseudo-progression in melanoma. Pseudo-progression is a phenomenon where tumor 

growth progression is attributed to lymphocyte infiltration.70 This occurs in clinic when patients 

are treated with ICI and see increased tumor burden initially before seeing tumor regression.70 If 

pseudo-progression is occurring in the combination treatment group, then ways to score tumor 

burden must be optimized through IACUC for future in vivo studies.  

Combination of CAR T cell and ICI treatments is still a work in progress but shows 

promising results preclinically and in clinical trials. TIL therapy has also been used in combination 

with ICI therapy and shown clinical benefits. However, for TIL therapy, success of expanding TILs 

with 50% or less of autologous tumor material diminishes and for some patients, TIL expansion 

can fail.65 TILs act in an MHC-dependent manner and are collected from the tumor site.63 As a 

result, if enough TILs are not collected from the tumor site, then patients cannot qualify for this 
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mode of treatment. Even though TILs might be a better option for solid tumors due to broad antigen 

killing, this characteristic of TILs could increase the chances for side effects as normal cells could 

also be targeted by TILs during treatment. CAR T cells offer a more applicable option to a variety 

of patients because it works in an MHC-independent manner since the T cells are engineered to 

target the specific TAA on the tumor. 59 Thus, once CAR T cells acquire a specific TAA, OTOT 

toxicities can be limited whereas TIL therapy are more prone to OTOT toxicities since it still 

involves broad antigen killing.  

The question remains on how to safely administer ICI and CAR T cell therapy and how to 

prevent each therapy’s respective toxicities. To combat these toxicities, other ways to genetically 

modify CAR T cells have been developed. In addition to signaling domains, CARs can be 

engineered to have “armor” to secrete monoclonal antibodies, scFv’s, peptides, etc (Fig. 2). 

Armored CAR T cells could help overcome the suppressive TME by locally delivering anti-PD-1, 

which could limit OTOT toxicities as well.60 Secreting 4H11-28z CAR T cells have proven the 

antitumor efficacy of the 4H11-28z CAR T cell secreting anti-PD-1 scFvs in vitro as well as in in 

vivo.19  This study was also able to demonstrate that anti-PD-1 scFvs stayed locally within the 

TME, suggesting that secreting CAR T cells could offer the safe administration of checkpoint 

blockade therapy and limit toxicities related to monoclonal antibody treatments.19 Other 

combination treatment options are being studied as well as FDA-approved. For example, CAR T 

cells secreting PD-L1 was tested in regress renal cell carcinoma and found to reduce T cell 

exhaustion and enhance CAR T cell function in vivo.61  Moreover, Opdualag, a combination 

therapy of anti-PD-1 and anti-Lag3, was recently FDA-approved for metastatic melanoma, 

following the results of a large clinical trial where patients who had received the combination 

antibody treatment had experienced longer progression-free survival over the antibody alone 
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treatment groups.62 Finally, one study found that dual checkpoint blockade, anti-PD-1 and anti-

CTLA-4, in combination with ACT with pmel CD8+ T cells increased the antitumor efficacy of 

the ACT and no treatment-related toxicities in vivo.68 The field of immunotherapy is constantly 

growing and CAR T cell therapy in combination with ICI treatment needs to be further studied and 

validated in solid tumors.  
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Protocol for retroviral transduction 
 
Materials and Reagents:  

1. DMEM (10% FBS) 
2. Phoenix Eco Packaging Cells (Brentjens Lab) 
3. 4H11 SFG retroviral plasmid (Brentjens Lab) 
4. H29 cells (Brentjens Lab) 
5. CaPO4 Promega Transfection Kit 
6. Polybrene  

 
Equipment: 

1. Serological pipettes 
2. 10 cm dish 
3. 15 mL conical tube 

 
Procedure: 

1. The day before transfection, plate H29 cells.  
2. Using the CaPO4 Promega Kit, add CaCL2 to DNA plasmid and also add HBS while 

vortexing. 
3. Incubate at room temperature for 20 minutes.  
4. After incubation, aspirate H29 media and add 1000 uL of transfection mix to cover the 

H29 plate.  
5. Add 8 mL of 10% FBS + DMEM media. 
6. The next day, change the media on H29 plate.  
7. Check transduction efficiency (should be around 80-90%).  
8. For transduction, plate Phoenix Eco packaging cells the day before transduction.  
9. Collecting H29 supernatant using a 0.45µM filter. 
10. Add polybrene to filtered supernatant (8mg/mL). 
11. Aspirate supernatant into empty Phoenix Eco packaging cells plate. 
12. Replace media on H29 plate. 
13. Repeat for the next day. 
14. The final day, let cells rest and replace the media on the plate. 
15. The next day, check transduction efficiency.  

 
 
 
Protocol for Mouse T cell transduction: 
 
Materials and Reagents: 

1. RPMI + 10% FBS + 3% ATOS (Complete Media) 
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2. Retronectin 
3. Concanvalin A (con A) (Millipore Sigma)  
4. rIL-2 
5. Ethanol 
6. PBS 
7. Red blood cell lysis buffer 

 
Equipment: 

1. Beaker 
2. Forceps 
3. Scissors 
4. Syringe w/o needle 
5. 10 cm dish 
6. 6-well plate Treated 
7. 50 mL tube 
8. 70µM cell strainer filter 
9. Centrifuge 
10. Serological pipettes 
11. T75 flasks 

 
Procedure: 

1. A day before transduction, change media on 4H11 packaging cells. 
2. Sack one mouse and immediately bring into culture hood or keep on ice. 
3. Take the mouse and transfer it into the beaker with ethanol.  
4. Add PBS into a 10 cm plate.  
5. Remove mouse from the ethanol and isolate the spleen from the mouse.  
6. Immediately, transfer the spleen into the 10 cm plate.  
7. Open the syringe and using the plunger, mash the spleen to release lymphocytes. 
8. Using a serological pipette, collect the mashed spleen and lymphocytes and filter it 

through a 70µM cell strainer into a 50mL tube.  
9. Wash the plate two more times with PBS and collect as many cells as possible and filter it 

into the 50 mL tube.  
10. Spin the cells for 10 minutes at 1200 rpm. 
11. After aspirating the supernatant, resuspend the pellet in 5 mL of RBC lysis for 5 minutes. 
12. Neutralize the RBC lysis with 10 mL of Complete Media. 
13. Spin down the cells for 10 minutes at 1200 rpm.  
14. Resuspend in 30 mL of complete media with 120 uL of ConA and 30 uL of rIL-2.  
15. Transfer cells into a T75 flask. 
16. For the next two days, measure out 3e6 cells/well (of 6-well retronectin plate) and spin 

for 60 minutes at 3200 rpm.  
17. After spinning for two days, let the mouse T cells rest and feed rIL-2.  
18. The final day check for CAR transduction efficiency and setup for respective assays.  

Protocol for Cytokine, CFSE, CD69 Assay 
 
Materials and Reagents: 

1. BD Cytofix/Cytoperm Kit (BD Biosciences, BD 554714). 
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2. mIFN-g-PE (Biolegend, cat. 104507) 
3. mCD4-BV750 (Biolegend, cat.100467) 
4. mCD8-BV570 (Biolegend, cat. 100740) 
5. mCD3-Alexa Fluor700 (Biolegend, cat. 100215) 
6. mGranzymeB-Pe/Cyanine 5 (Biolegend, cat. 372225) 
7. mCD107a-PerCP/Cyanine5.5 ((Biolegend, cat. 121625) 
8. FACS Buffer (2.5% FBS, PBS) 
9. PBS 
10. RMP1-14 (BioXCell, cat. #BE0146) 
11. L/D violet 
12. CFSE (Invitrogen, lot. 2266587) 
13. CD69 (BD Biosciences, cat. 558091). 
14. GolgiStop (BD Biosciences, cat. 51-2092KZ) 

 
Equipment: 

1. Centrifuge  
2. 12-well plate 
3. Micropipettes 
4. Chemical hood 
5. Facs tubes 

 
Procedure: 

1. After transducing mouse T cells with CAR packaging cells, set up co-culture 4H11 CAR 
with YUMM-Muc16CD-GFP-ffluc with and without RMP1-14 in a 12-well plate. 

a. Also plate 4H11 CAR T cells in a well by itself without tumor.  
2. After 24 hours, collect all the cells in facs tubes.  
3. Four hours before fixing and perming the cells for intracellular staining, add 0.5 uL of 

GolgiStop.  
4. After GolgiStop, prepare cells for surface staining with surface markers: L/D, mCD3, 

mCD4, and mCD8.  
a. Wash cells 3x with PBS before staining. 

5. Stain with surface markers for 30 minutes. 
6. After 30 minutes, fix in 250 uL of fixation buffer for 20 min. Vortex for 30 seconds and 

then incubate in 4 degrees Celsius. 
a. Put on facs tube caps because of formaldehyde from fixation buffer. 

7. After 20 minutes, spin down cells for 3 minutes at 1800 rpm and aspirate the supernatant. 
8. *Dilute perm/wash buffer, 1:10 dilution with PBS. 
9. In chemical hood, remove fixation buffer and wash with 250 uL of wash/perm buffer. 

a. Vortex for 30 seconds. 
b. Spin down cells. 
c. Repeat one more time. 

10. Remove wash/perm buffer and resuspend cells in 500 uL of FACS buffer. 
11. Can perform IC staining or store for up to five days in 4 degrees Celsius.  

a. Intracellular staining: CAR (4H11-APC),  
12. Once IC staining is done, conduct flow cytometry analysis.  
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Protocol for in vivo study 
 
Materials and Reagents: 

1. PBS 
2. RMP1-14 (BioXCell, cat. #BE0146) 
3. Dluciferin  

 
Equipment: 

1. Syringes 
2. Facs tubes 
3. Ice 
4. BioRad Cell counter 
5. Cell counting slides 
6. Micropipettes  

 
Procedure: 

1. After conducting mouse spleen isolation to generate CAR T cells for treatment, prepare 
YUMM-Muc16CD-GFP-ffluc cells for inoculation. 

2. Count tumor cells 2x using cell counter (BioRad).  
a. Do necessary calculations to get to a concentration of 100,000 cells/200uL.  

3. At the mouse facilities, using a syringe, inject 200 uL of resuspended tumor cells 
subcutaneously. 

4. Five days post tumor inoculation, use IVIS imaging system to image for tumor for 
randomization of mice into 4 conditions: untreated (n=3), aPD-1 (RMP1-14) only (n=3), 
CAR T cell only (n=3), and combination of CAR T cell and RMP1-14.  

5. After randomization, treat mice with respective treatments:  
a. For CAR T cells: count and calculate so that the concentration is at 4e6 cells/200 

uL for each mouse. 
b. For RMP1-14: inject 200µg/200µL to each mouse. 

6. Three days post CAR T treatment, inject 200µg/200µL RMP1-14 to the respective 
treatment groups. 

7. Six days post CAR T treatment, inject 200µg/200µL RMP1-14 to the respective treatment 
groups. 

8. Image and measure tumors accordingly. 
a. Measure tumor growth with calipers twice a week. 
b. Image mice with Dluciferin and IVIS imaging system once a week.  
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Appendix II: Plasmids 
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1. 4H11-28z CAR construct in a SFG vector 

2. Close up of the SFG vector, 4H11-28z CAR 
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Appendix III: Supplementary 
Figures 
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Supplementary Fig. 1: Facs sorted flow data depicting how Muc16CD-positive YUMM cells 
were sorted from the Muc16CD-negative YUMM cells before the in vivo study. YUMM cells 
were sorted with 99% Muc16CD+ cells and around 𝟕 × 𝟏𝟎𝟓 cells were able to be recovered.  


