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ABSTRACT 

Merkel cell carcinoma (MCC) is a rare and aggressive neuroendocrine skin tumor with a five-

year relative survival rate of 20%. Clonal integration of Merkel cell polyomavirus (MCPyV) 

drives approximately 80% of MCC cases in the United States of America. Functional T cell 

immunity is central for clearance of MCC, however immune checkpoint inhibitors benefit only 

half of advanced virus positive (VP-MCC) patients. Non-responding patients may lack 

endogenous functional tumor-specific T cells, therefore supplementation by adoptive T cell 

transfer may improve patient outcomes. Patients with dysfunctional endogenous T cells or who 

are HLA-mismatched to available transgenic T cell receptor therapies are ineligible to receive 

current VP-MCC specific adoptive T cell transplants. To serve these patients, we developed a 

methodology to generate MCPyV-specific T cells from healthy donors and evaluated their 

suitability for adoptive T cell transfer. We expanded MCPyV TAg specific T cells from donor 

blood using monocyte derived dendritic cells (moDCs) pulsed with synthetic overlapping peptide 

libraries spanning MCPyV TAg. Pulsed moDCs were co-cultured with autologous T cells in the 

presence of cytokines for 14 days. In concordance with previous literature, expanded healthy 

donor MCPyV-specific T cells were exclusively CD4+. Expansion of enriched CD4+ T cells in 

the presence of a novel pro-inflammatory cytokine cocktail dramatically improved their yield, 

producing T-bet+ Th1 cells. TAg-reactive T cells recognized epitopes across all splice variants of 

TAg and were validated by specific recognition of moDCs natively expressing full-length TAg. 

VP-MCC cell lines upregulate MHC class II mRNA when stimulated with the Th1 effector 
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cytokine, IFNγ. However, only one of three cell lines produce surface MHC class II. These data 

demonstrate that MCC-specific CD4+ T cells may interface either directly with some tumors or 

tumor-resident antigen presenting cells. Expanded MCPyV TAg specific T cells possessed 

characteristics favorable for clinical use including polyfunctionality, memory phenotype, and 

minimal exhaustion marker expression. In conclusion, we have identified a novel production 

method to readily generate MCPyV TAg specific T cells from healthy donors for potential use as 

an allogeneic adoptive cell therapy in patients with VP-MCC. 
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CHAPTER ONE: INTRODUCTION 

 

Polyomavirus biology 

Members of Polyomaviridae are small, non-enveloped double stranded DNA viruses (1). 

Murine polyomavirus was the first polyomavirus discovered and is the causative agent of 

salivary tumors in mice. This discovery imparted the fledgling viral family with a name 

Polyomaviridae, the root words meaning “many” and “tumor.” As more polyomaviruses were 

discovered, it became clear that oncogenic properties are a frequent feature of mammalian-tropic 

polyomaviruses. Several species of human-tropic polyomaviruses have been identified; however 

their ubiquity makes their contribution to tumorigenesis difficult to determine (2–5). Merkel cell 

polyomavirus (MCPyV) is the first polyomavirus known as the causative agent of a human 

malignancy, virus positive Merkel cell carcinoma (VP-MCC) (6–8). Trichodysplasia spinulosa 

polyomavirus (TSPyV) can cause benign skin growths in immunosuppressed individuals, and so 

far is not associated with malignant disease (2). 

Intensive study of Simian virus 40, rodent polyomaviruses, and the human 

polyomaviruses (hPyV) BK polyomavirus (BKPyV) and JC polyomavirus (JCPyV) revealed 

important features of the polyomavirus biology. The source of initial infection by 

polyomaviruses is unknown, but may be environmental exposure (9,10). Vertical transmission of 

human polyomaviruses has not been evaluated but has been observed experimentally in rodents 

(11). In mammals, polyomaviruses normally infect cells via endocytosis and ultimately their 

small, circular double-stranded DNA genomes reside in the nucleus (12). There, the viruses 

utilize host transcription and replication machinery to produce viral proteins and additional viral 

DNA copies. Lytic replication results in a subclinical infection in immunocompetent mammals. 

They also establish a long-term latency in host cells as an episome within the nucleus and may 
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be associated with host histones (13–16). Environmental or host signals associated with 

polyomavirus latency have not been established, but T cell-dependent immune surveillance 

seems to play a role in suppressing polyomavirus replication.  

Polyomavirus circular genomic structure is highly conserved, as each contains a non-

coding control region (NCCR) with the late and early coding regions flanking either side (Figure 

1.1). The NCCR of the viral genome contains the origin of replication, promotors, and 

transcription factor binding sites. Sequences within the NCCRs define the archetype strains of 

BKPyV and JCPyV and the genotype strains of MCPyV (17–20). There are currently five 

described genotypes of MCPyV, and current evidence suggests that the MCPyV NCCR genotype 

does not influence tumorgenicity (17). The early and late coding regions contain one gene each, 

but polyomaviruses produce multiple gene products though alternative splicing and alternative 

reading frames. The late region produces capsid proteins and the early region codes for the non-

structural proteins called T antigens. 
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Figure 1.1. MCPyV genomic map. 

 

The circular genomic map of MCPyV. The early region contains the TAg locus that produces 

alternatively spliced products ST, LT, and 57kT. The Late region contains the VP1 gene and the 

alternatively spliced VP2 and VP3 genes that form the MCPyV capsid. The NCCR regulates the 

transcription of viral genes and viral replication.  

 

 

Reprinted with permission from The Annual Review of Pathology: Mechanisms of Disease, Yuan 

Chang and Patrick Moore, Merkel Cell Carcinoma: A Virus-Induced Human Cancer. Volume 7 

issue 1, pages 123-44, Copyright 2012. (21). 
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Human polyomaviruses and disease 

HPyVs establish lifelong, persistent infections in 50-97% of the human population 

worldwide (17,22–24). These infections are typically asymptomatic, but hPyVs can cause serious 

morbidity and mortality in immunocompromised patients. The best characterized hPyVs are 

BKPyV and JCPyV. BKPyV is the causative agent of the urinary tract diseases hemorrhagic 

cystitis (BK-HC) and BK-associated nephropathy (BKPyVAN) in post-transplant settings (25). 

JCPyV causes Progressive Multifocal Leukoencephalopathy (PML), a form of severe 

encephalitis manifesting as destruction of oligodendrocytes and astrocytes as well as widespread 

demyelination. PML is classically associated with uncontrolled acquired immunodeficiency 

syndrome (AIDS), however selectively immunosuppressive agents such as rituximab and 

natalizumab also increase the risk of PML development. In 2008, deep sequencing of Merkel cell 

carcinoma (MCC) tumors revealed the fifth member of the hPyV family, MCPyV(8). At least 

seven more hPyV have now been identified, but their possible pathogenic role remains largely 

unclear with the exception of TSPyV.  

 

Biology of MCPyV  

Exposure to MCPyV is globally ubiquitous and likely occurs during childhood as 

determined by serology studies (4,5). However, MCPyV’s cellular tropism in vivo is obscured by 

lack of overt disease and the diversity of tissues containing MCPyV DNA, which include the 

skin, respiratory tract, mucosae and peripheral blood (26–34). Within the skin, MCPyV DNA is 

detected in dermal fibroblasts and inflammatory monocytes, but is not found in its namesake the 

Merkel cell (35–37). Primary Merkel cells are also not permissive to MCPyV infection in vitro 

(37). 
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Polyomavirus capsid proteins determine cellular tropism. The MCPyV late region 

produces the major capsid protein VP1 and minor capsid proteins VP2 and VP3. VP1 self 

assembles into a T=7d icosohedral structure, and VP2 and VP3 are thought to line the lumen of 

the capsid (12). Capsid protein expression is not observed in tumors or cancer cell lines, 

suggesting they only play a role in productive infections (26). VP1 binding motifs of BKPyV and 

JCPyV influence their tissue tropism, however the coding region of MCPyV VP1 remains 

largely homogenous across genotypes. Outer residues of MCPyV VP1 bind to heparin sulfate-

type glycosaminoglycans and sialic acid on the surface of host cells in vitro (12,38).  

MCPyV replication relies on the T antigen (TAg) splice variants. TAgs are critical non-

structural proteins required for viral replication and host cell cycle manipulation. The MCPyV T 

antigen gene is alternatively spliced into several transcripts: small T (ST), large T (LT), 57k T, 

and Alternative large T antigen reading frame protein (ALTO). ST and LT are tightly regulated 

and stimulate mitotic division of host cells (2). The biology of 57kT and ALTO are poorly 

understood and are not observed in VP-MCC tumors, although ALTO has a purported function 

in the productive viral life cycle (39,40). 

 

Merkel cell carcinoma 

MCC is an aggressive neuroendocrine skin cancer. Although MCC is rare, the incidence 

of MCC has increased 95% from 2000 to 2013, and is expected to continue rising as the baby 

boomer population ages (41). The five-year relative survival rate of advanced stage patients who 

receive traditional chemotherapy remains below 20% (2), and despite recent breakthroughs in 

MCC treatment with immunotherapy, prognosis for about half of treated advanced MCC patients 

remains poor (43). 
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Approximately 80% of MCC cases in the United States of America (USA) and Europe 

are caused by clonal integration of MCPyV (8), referred to as VP-MCC. Similar to its hPyV 

cousins, immunosuppression from uncontrolled AIDS, transplantation, and advanced age are risk 

factors for VP-MCC development (44,45). VP-MCC is driven by the viral oncoproteins ST and 

LT and tumor carry a low somatic mutation burden, unlike virus-negative MCC (VN-MCC) 

which is characterized by UV-mediated DNA signatures and a high mutational burden (46,47). 

Despite the distinct etiologies, tumors of the two pathophysiologies are histologically 

indistinguishable by immunostaining for cytokeratin 20, cytokeratin 7, neuron-specific enolase, 

as well as hematoxylin and eosin staining, and clinical presentation (44,48). Homogenous and 

constitutive expression of viral oncoproteins in VP-MCC makes them attractive targets for the 

treatment of VP-MCC.    

 

Oncogenesis of VP-MCC 

Although MCPyV is a common infection, the incidence of VP-MCC remains low. This 

disparity is because VP-MCC requires to signature mutations two develop cancer: integration of 

MCPyV into host DNA and a large N terminal truncation at the TAg locus. The integration site 

of MCPyV is random and its genomic sequences are often copied in series (49,50). Truncation of 

TAg results in a novel protein: truncated large T antigen (LTT). The truncation site varies in 

each patient, however the retinoblastoma protein 1 (Rb1) binding domain LXCXE remains 

conserved and the helicase domains are deleted (27,51). Both the integration and truncation 

mutations appear to be required for cellular transformation in VP-MCC, however the sequence of 

mutational events is not known.  
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Upregulation of TAg is central to VP-MCC oncogenesis. Despite the high proliferative 

index, VP-MCC cells maintain a low mutational burden and homogenously retain TAg (46,49). 

Major tumor suppressors and protooncogenes, such as p53, Rb1, Notch and PI3K are often 

unmutated in VP-MCC tumors (46). Ultraviolet light (UV)-mutation signatures and copy number 

variations associated with VN-MCC tumors or other skin malignancies are also not enriched in 

VP-MCC (46).  

 

Transforming properties of TAg 

The MCPyV TAgs work together to drive oncogenesis in VP-MCC through multiple 

purported mechanisms including interaction with the cell cycle machinery. LTT contains a 

conserved Rb1 binding domain LXCXE in exon 2 that sequesters Rb1, thereby promoting cell 

cycle progression via E2F and cell growth signaling via survivin. In turn, ST stabilizes LTT in 

tumor cells by manipulating E3 ubiquitin ligases to promote LTT activity (52,53). Without ST, 

LTT is rapidly degraded by the proteasome. ST also increases cap-dependent translation by 

binding to and inhibiting 4E-BP1, a function that may be required for transformation (54). 

Constitutive expression of TAgs is also critical for the continued survival and proliferation of 

VP-MCC tumor lines, as illustrated by the rapid cell death in TAg deficient VP-MCC cell lines 

(47).  

 

Immunity and VP-MCC  

Functional T cell immunity plays a central role in protection against and regression of 

MCC. T cell dysfunction as a result of aging, AIDS, solid organ transplantation (SOT), and 

lymphoid malignancies increases the likelihood of MCC development. While MCC is usually a 
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disease associated with aging, patients experiencing long term immunosuppression may be 

young. The incidence rate of MCC is 11-13 times higher in AIDS patients relative to the general 

population, and reconstitution of immunity via HIV retroviral treatment can lead to regression of 

MCC in patients with an AIDS comorbidity (55–58). Recipients of allogenic SOTs must receive 

life-long immunosuppressive drugs to prevent organ rejection, and have a 5-24 times increase in 

MCC incidence after 10 years post-transplant (56,59–62). Lymphoid malignancies suppress the 

patient’s ability to mount effective immune responses, and patients with either multiple myeloma 

or chronic lymphocytic leukemia are at a higher risk of MCC development (63–65). The precise 

mechanism of how immune dysregulation contributes to MCC development is unknown, 

however it is likely that lack of immune surveillance can lead to increase in viral replication, thus 

increasing the risk of transforming viral mutations. Lack of an effective tumor-directed cytotoxic 

immunity also permits outgrowth of cancerous tumor clones.  

Conversely, engagement of T cell immunity promotes tumor clearance in VP-MCC. In 

VP-MCC, tumor infiltrating lymphocytes (TILs) and tertiary lymphoid structures at the tumor 

margin are associated with improved survival regardless of disease stage (66–69). In particular, 

the frequency and diversity of MCPyV-specific TILs are correlated to survival (69). However, 

anti-tumor activity of these T cells is often blunted by direct tumor immune escape mechanisms. 

For example, VP-MCC expresses immune checkpoint ligands like programmed cell death ligand 

1 (PD-L1) to inhibit T cell mediated cytotoxicity (70,71). Tumor PD-L1 expression is correlated 

with TIL infiltration in VP-MCC. These VP-MCC TILs are susceptible to inhibition by 

upregulation of canonical immune checkpoint receptors T-cell immunoglobulin and mucin-

domain containing 3 (TIM3) and programmed cell death 1 (PD-1), a signature consistent with 

chronic T cell stimulation (72). Immune checkpoint (ICI) treatment unleashes anti-MCC immune 
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rejection, but successful treatment with ICIs does not necessarily translate to proliferation of 

MCPyV-specific CD8+ T cells in the blood (73). Together, these data suggest that the presence 

of MCPyV TAg specific T cells is critical for immune rejection and this can be aided by immune 

checkpoint blockade.  

CD8+ T cells are important meditators of VP-MCC clearance. Increases in CD8+ infiltrate 

is associated with improved prognosis (67,74–76). Tetramer studies demonstrated that an 

increase in the frequency and diversity of intratumoral CD8+ T cells directed against MCPyV 

TAg are associated with improved survival and reduced incidence of relapse (69). TAg specific 

CD8+ T cells mediate direct cytotoxicity against IFNγ treated VP-MCC cell lines both in vitro 

and in vivo, highlighting their importance in cancer control (77,78). However, CD8+ T cells 

specific for TAg are largely undetectable in healthy donor blood (69,77,79).   

The role of the CD4+ T cell compartment in VP-MCC is poorly characterized in the 

literature. Tumor infiltrating MCPyV TAg-specific CD4+ T cells are observed in VP-MCC 

tumors and patient peripheral blood (79,80). However, the phenotypes of these CD4+ T cells 

were not described. VP-MCC patients uniquely possess high titers of anti-MCPyV TAg and VP1 

antibodies, suggesting a precursor T helper 2 cell (Th2) and T follicular helper cell (Tfh) 

engagement with B cells occurred in patients. T helper 1 (Th1) CD4+ T cells are required for 

optimal memory CD8+ development, therefore precursor VP-MCC specific Th1 T cells are likely 

present in patients with MCPyV TAg-specific CD8+ T cells. VP1 and LTT-specific T cells and 

circulating antibodies are also increased in VP-MCC patients and are correlated with tumor 

burden, despite the lack of VP1 expressed in any tumors (72,81–83). Furthermore, vaccination of 

mice bearing LTT-expressing B19 melanoma tumors lead to regression of these tumors that was 

dependent on TAg-specific CD4+ T cells (84).  
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Additional components of the VP-MCC tumor stroma influence its immunogenicity. 

Macrophages and cancer associated fibroblasts (CAFs) in the tumor stroma express antigen 

presentation machinery and secrete immunomodulatory factors. In an inflammatory setting, 

tumor associated macrophages (TAMs) and CAFs readily express major histocompatibility 

complex (MHC) class I and II. Replicating virus is also observed in these cells at tumor sites, 

suggesting that they can present viral antigens to the adaptive immune system and modulate the 

resulting response (85). However, macrophages are commonly co-opted by malignant cells to 

produce an immunosuppressive environment, supply tumor growth factors, and promote 

angiogenesis. Evidence from our lab suggests that VP-MCC cells directly influence local 

macrophages to differentiate into immunosuppressive M2 macrophages though expression of the 

alterative immune checkpoint cluster of differentiation (CD)200 (86).  

 

VP-MCC treatments  

Treatment modalities for MCC are evolving, however additional improvements are 

required to treat patients. The standard of care for early stage MCC is wide margin surgical 

resection followed by radiation (35). First line chemotherapy treatment with cisplatin and 

etoposide are largely ineffective at mediating durable remissions in advanced stage patients (87). 

Observations that immune involvement is associated with improved survival suggested 

immunotherapies may improve patient outcomes (68).  

ICIs avelumab and pembrolizumab are the first Food and Drug Administration (FDA)-

approved treatment for advanced MCC. This new drug class comprises of monoclonal antibodies 

that activate T cell immunity against tumor antigens by inhibiting the PD-1/PD-L1 axis. First 

line monotherapy treatment with pembrolizumab and avelumab mediates regression in 62.1% 
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and 56% of advanced patients respectively. Notably, the majority of responding patients 

maintained durable response up to two years post treatment and response rates were similar 

between VN-MCC and VP-MCC patients (88,89). These data highlight the importance of 

functional T cells in MCC clearance. The leading hypothesis for this success in the clinic is the 

immunogenicity of  MCPyV TAgs that are inherently foreign proteins and thus easily 

distinguishable from self-antigens by the cellular immune system. Conversely, VN-MCC has a 

relatively high mutational burden and may present multiple immunogenic neoantigens to the 

immune system.  

Despite the impressive clinical outcomes of ICIs for advanced MCC, roughly half of 

immunocompetent patients did not respond and 10% of patients were ineligible due to 

immunosuppression (64,89). Retrospective analysis of ICI clinical trials reveals that the presence 

or absence of PD-L1 on MCC tumors is not a reliable biomarker to predict response to ICI 

therapy (89). Additional research is required to improve and predict clinical outcomes for these 

patients. One potential mechanism of ICI resistance may be lack of endogenous functional anti-

tumor T cells. Supplementation of anti-tumor immunity by adoptive T cell transfer (ACT) may 

further improve outcomes in these patients.  

 

Adoptive transfer of virus-specific T cells to treat human cancers 

Roughly 10-15% of human malignancies worldwide are caused by viral infections (90). 

Shared features of oncoviruses are their ability to establish a life-long infection in host cells, to 

effectively evade host immunity, and to stimulate the host cell cycle. In turn, patients who 

develop these cancers often have insufficient immunity directed towards the tumor and virus 

either because of immune dysfunction as a result of chronic stimulation, immunosuppression, or 
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advanced age. Viral oncoproteins, such as E6 and E7 in human papillomavirus (HPV) or Tax in 

human T-lymphotropic virus, are typically constitutively expressed in cancer cells and are good 

candidates for cell therapy (91,92). Therefore, re-establishment of cellular immunity against 

these oncoviral proteins could be an effective therapeutic strategy.  

Initial proof-of-concept clinical studies for ACT were performed on Epstein-Barr virus 

(EBV)-driven malignancies. EBV is an etiologic agent of several cancers including 

nasopharyngeal carcinoma (NPC), post-transplant lymphoproliferative disease (PTLD), gastric 

carcinoma, and select lymphomas. EBV genes EBNA1/2, EBNA3-6, and LMP1/2 are 

differentially expressed in each tumor type and can be readily targeted by T cells (92). PTLD is a 

complication associated with immunosuppression following hematopoietic stem cell transplant 

(HSCT) or SOT and is the first viral-associated cancer treated with expanded EBV-specific T 

cells. Prophylaxis with EBV-specific T cells prevented PTLD in almost all treated patients and 

interventional EBV-specific T cells lead to complete responses in 30-100% of treated patients in 

a post HSCT setting (92,93). These successes provided the framework to treat NPC, a solid 

tumor in the nasopharynx that occurs in immunocompetent patients. Treatment with autologous 

EBV-specific T cells leads to durable regressions with a 42.1% overall response (OR) rate when 

administered alone and 71.5% OR rate when combined with standard of care chemotherapy 

(n=35) (94). This combination approach is currently being evaluated in a phase III trial 

(NCT02578641). Expanded EBV-specific T cells to treat additional EBV-driven malignancies or 

alter T cell protocol are currently underway.  

HPV-mediated cancers have also been targeted by ACT (95,96). In a phase II clinical 

trial, TILs from cervical (n=18) and non-cervical  (n=11) cohorts treated with expanded TILs 

resulted in ORs in 27.7% and 18.1% of patients respectively (95). T cell product recognition of 
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HPV E6 and E7 proteins was associated with tumor regression, suggesting that the viral antigens 

can be key targets for effective therapy of virally mediated cancers 

Adoptive T cell immunotherapies to treat viral infections outside of the transplantation 

setting are emerging solutions for challenging diseases. Two phase I/II clinical trials 

demonstrated that cross-reactive BKPyV-targeting T cells were effective at controlling JCPyV-

mediated PML in patients (97). Human leukocyte antigen (HLA)-A*02:01 restricted T cell 

receptors (TCRs) specific for hepatitis B virus (HBV) were effective at clearing HBV infected 

mice and HBV infected human hepatocytes (98). Additional clinical grade virus-specific T cells 

to treat additional acute viral infections such as Zika virus and respiratory syncytial virus have 

been developed ex vivo from patient and donor blood, however, their efficacy has not been 

evaluated in vivo (99,100). 

 

ACT for VP-MCC 

 

ACT of MCPyV TAg specific T cells has been successful at mediating regressions in 

advanced VP-MCC in clinical investigations. Adoptive T cell transfer of single-epitope LT-

specific CD8+ T cells lead to regression of VP-MCC metastases (101). A patient with advanced 

VP-MCC and a history of renal cell carcinoma (RCC) received lesion-targeted radiation pre-

treatment to upregulate MHC class I on tumor cells, followed by administration of tetramer 

purified LTT specific CD8+ T cells and low dose interleukin (IL)-2. The patient experienced 

regression in 2/3 metastatic lesions and prolonged survival without relapse for 535 days 

compared to historical controls of 200 days. However, whether the new lesion was RCC or VP-

MCC is unknown. Administered T cells preferentially homed to the tumor site and persisted in 

the patient for at least 224 days post treatment. The treatment was well tolerated, with no major 
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adverse events. This single-patient study is an important proof of concept that targeting MCPyV 

oncoproteins with T cells may be a powerful technique to treat malignant VP-MCC. This case 

report provided the rationale for two phase I/II studies targeting VP-MCC using MCPyV TAg-

specific CD8+ T cells in combination with radiation and avelumab. One trial uses tetramer sorted 

CD8+ T cells (NCT02584829), while the other employs a transgenic HLA-A*02:01 restricted 

TCR (NCT03747484). Exciting preliminary results of these clinical trials show durable and 

complete responses in 4/4 treated VP-MCC patients up to 10 months post-transplant, 

demonstrating that ACT combined with immune checkpoint inhibitors can be powerful tools to 

treat VP-MCC (102) 

Acquired immune escape mechanisms to ACT in VP-MCC have been observed in some 

patients. Two advanced VP-MCC patients who received ICIs and ACT experienced regressions, 

but relapsed at 22 and 18 months respectively post-treatment (103). Both tumors lost 

transcriptional expression of the HLA allele restriction targeted by their T cell therapies but 

retained expression of the remaining MHC class I genes. The genetic loci of the downregulated 

HLA genes remained intact in both patients. A short-term culture of a resistant tumor 

demonstrated reversibility of this downregulation when treated with either interferon gamma 

(IFNγ) or the hypomethylating agent 5’-azacytidine. These data illustrate that acquired resistance 

to ACT can be overcome by additional interventions. Alternatively, designing a T cell therapy 

that targets MCPyV TAg alleles presented by multiple HLA restrictions may circumvent this 

form of immune escape.  

In addition to T cells, adoptive transfer of natural killer (NK) cells has been explored. 

VP-MCC downregulates MHC class I (104), which can trigger NK cell mediated cytolysis. VP-

MCC tumors that lack CD16+ NK cell infiltrate are associated with metastasis and poor 
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prognosis, and preliminary data from a phase I clinical trial suggests that adoptive transfer of 

activated NK cell lines supplemented with IL-15 can mediate regression in immune checkpoint 

refractory VP-MCC patients (105,106). However, these responses are often not durable. NK cell 

therapy requires further improvement to be a viable, long term therapy.  

ACT in combination with ICIs is a promising therapy for advanced VP-MCC patients. 

Therefore, broadening the range of patients treated by ACT would be ideal. One major hurdle to 

achieve this goal is the ability to manufacture quality tumor-specific T cells from the patient. 

Sourcing cells from an HLA-matched relative or a third-party bank may provide novel treatment 

options to patients where manufacturing of autologous TAg-specific cells failed or is impractical. 

The feasibility of donor-derived TAg-specific T cells for ACT should be further explored.  

 

Design considerations of ACT 

 

Tumor specificity of T cells is essential for T cell-mediated immune clearance and can be 

achieved either by native TCR isolation, transgenic TCRs, or transgenic synthetic molecules like 

chimeric antigen receptors (CARs).  

Native TCRs can be isolated either by antigenic stimulation ex vivo or by tetramer cell 

sorting. When generating specific T cells by antigenic stimulation, memory or naïve T cells 

containing relevant antigen specific TCRs proliferate when stimulated ex vivo by MHC presented 

antigen in the presence of cytokines, producing an enriched culture of antigen-specific T cells. 

This strategy is appropriate for any immunocompetent patient or donor of any HLA, provided 

enough antigen presenting cells (APCs) and lymphocytes are available. These ex vivo expanded 

T cell cultures may be further purified post expansion by HLA-restricted tetramers or antigen-

specific activation markers like CD137 or cytokine secretion to remove non-specific 
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lymphocytes (107–110). However, tetramers require a predefined epitope and HLA restriction to 

manufacture, so this modality may not be practical for all patients. The antigen source for 

clinical production is often synthetic overlapping peptide libraries because they are more 

efficiently presented by APCs than whole protein and can be produced as clinical grade products. 

Genetic modification or RNA electroporation of APCs may also be used but requires 

genotoxocity testing and are harsh processes on primary APCs. 

Patient sources of native TCRs are TILs and peripheral T cells. Tumor-recognizing T 

cells often accumulate at tumor sites, therefore TILs are a popular source of autologous T cells 

for ACT. For example, the application of TIL therapy in melanoma can mediate durable 

regressions in about 40% of treated patients, however patient drop-out due to lengthy 

manufacturing times and failure to produce tumor-reactive products remains a concern for wider 

adoption (111,112). TIL based therapies are also only available for patients who have surgically 

accessible solid tumors. Therefore, a treatment modality employing peripheral blood T cells 

either from the patient or an HLA-matched donor would increase treatment options for solid 

tumor patients. Autologous T cells may not be ideal for a patient with pre-existing immune 

dysfunction or who are immunosuppressed. Additionally, immunocompetent patient T cells may 

already be functionally defective from either chronic stimulation or harsh chemotherapy 

regimens or contain frequencies that are too low for optimal manufacture. Therefore, allogeneic 

sources of tumor-specific T cells should also be considered to treat these patients.  

Genetic modification of T cells to express a pre-defined antigen specific construct may 

also be used. TCRs specific for tumor associated antigen (TAA) genes commonly over-

expressed in various malignancies can be used to quickly produce large numbers of 

phenotypically defined and tumor-specific T cells for transplant. TAA-specific TCRs are cloned 
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from diverse sources including patient samples, donor blood, cord blood, and humanized mice. 

Often, the most common Caucasian MHC class I alleles such as HLA-A*02:01 and MHC class 

II alleles HLA-DRB1*03:01 are used to develop these tumor-specific TCRs (113). Patients who 

lack the restricting HLA allele cannot benefit from these TCR constructs.  

T cells bearing tumor-specific TCRs mediate potent anti-tumor responses in the clinic 

(114,115).  Transgenic TCRs derived from targeting TAAs such as PRAME, NY-ESO1, and 

WT1 are currently only available in autologous clinical trials (NCT03503968, NCT01967823, 

NCT03462316, NCT03168438, NCT01621724), and several native TCR-based clinical trials are 

currently underway (NCT02494167, NCT02475707, NCT002203902).  

Lastly, synthetic proteins like CARs can also be transgenically introduced to bulk T cells. 

CARs are designed to recognize surface proteins expressed by tumor cells, leading to death of 

the target-bearing cells. CAR-T cells containing synthetic antibody-derived constructs recognize 

and destroy cells expressing cognate surface proteins. Because CAR-T cells are antibody-

derived, they do not necessarily require HLA-matching to destroy target cells. CAR-T constructs 

have mediated impressive complete regressions in liquid malignancies such as B-acute 

lymphoblastic leukemia (116). These constructs require a unique surface target that is commonly 

upregulated in the malignancy, which may be challenging for tumors that lack these apparent 

features.  

 

Allogeneic T cell therapies  

 

Patient-derived T cells are the most common source of these ACT products, however 

interest in donor-derived T cell products is growing. Autologous ACT is not feasible for patients 

who lack appropriate quantities of functional T cells due to chemotherapy induced lymphopenia, 

disease induced pancytopenia, or inherent immune dysfunction. Alternative sources of T cells 
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could provide a therapeutic benefit for this patient population. The most commonly investigated 

alternative source is HLA-identical donor material, but third-party T cell banks are also gaining 

attention as a potential option to reduce manufacturing costs and increase the range of potentially 

treatable patients (117,118). Mismatch of the HLA genes between the donor and HSCT recipient 

increases the risk of graft-versus-host-disease (GVHD) and remains a major source of morbidity 

and mortality in HSCT patients (119). The possibility of GVHD remains a concern for allogeneic 

T cell transplant studies, and so current trials take a conservative approach in lymphodepletion 

preconditioning regimens, dosage, and initial T cell selection.  

The first use of allogenic native TCRs for ACT was in the context of treating viral 

reactivations post HSCT. HSCT patients undergo severe immunosuppression, ablating host 

immunosurveillance mediated by T cells (120). Cytomegalovirus, EBV, human herpes virus 6, 

varicella zoster, adenovirus, influenza, herpes simplex virus, and BKPyV are the most common 

reactivated viruses post-HSCT and contribute significantly to post transplant morbidity and 

mortality (120,121). Transfusions of T cells with defined anti-viral specificities reconstitutes the 

recipient anti-viral immune responses and are effective at controlling drug refractory viral 

infections, both to treat and prevent acute lytic disease. Enriching the ACT T cell repertoire for 

defined antigen reactivities also mitigates allo-reactive T cells administered to the patient. Virus-

specific T cells are manufactured from the HSCT donor by antigenic T cell expansion using 

monocyte derived dendritic cells loaded with viral antigens and administered within two weeks 

of transplant (93,122). This approach is safe and well tolerated, and de novo GVHD occurred 

rarely even in HLA-mismatched recipients (123). 

Tumor-specific T cells for cancer treatment are also manufactured from donors. As 

discussed previously, allogenic ACT with native TCRs may also be used to treat cancers such as 
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EBV+ NPC. Donor-derived T cells against neoantigens (124,125) and defined tumor-associated 

antigens (TAAs) like NY-ESO1, PRAME, MAGE-A3, and WT-1 have demonstrated efficacy ex 

vivo (126–129). Whole cell lysates from cell lines and primary tumors can also elicit tumor-

specific responses from healthy donor T cells (130).  

Recent case studies and phase I clinical trials of CAR-T cells demonstrated that 

haploidentical, mismatched, and third party “off-the-shelf” CAR-19 T cells are safe and well 

tolerated, and de novo grade 3 or 4 GVHD occurring in only 0-15.8% of treated patients 

(NCT01087294; NCT01497184; NCT02746952) (131–134).  

Autologous adoptive T cell therapies have demonstrated impressive anti-tumor response 

in the clinic, and recent efforts to broaden the availability of this strategy is promising. Reducing 

GVHD risk remains a paramount concern in ongoing trials, although evidence suggests that 

conservative approaches to allogenic ACT were well tolerated. Removing GVHD-inducing 

TCRs from the repertoire of donor T cells remains a challenge in bone marrow transplantation 

and continues to be a subject of debate for CAR-T therapy. Native TCRs directed against known, 

safe antigens could be a viable T cell solution moving forward in the setting of full and partial 

HLA-matched cells.  

 

Healthy donor T cell response to MCPyV 

To expand native TCRs ex vivo, MCPyV TAg-specific T cells must be present in the 

donor repertoire. Despite the general population’s high exposure rate to MCPyV, little is known 

about healthy donor T cell responses to MCPyV antigens. Similar to other hPyVs, detection of 

MCPyV VP1-specific T cells is the most robust and is readily detected by stimulation with virus-

like particles (VLPs), MHC class I multimers, and peptide libraries (77,79,135). MCPyV VP1 
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monomers spontaneously assemble into VLPs and were used to expand healthy donor T cells ex 

vivo in the presence of IL-7 and IL-15 (135). Expanded VP1-specific T cells were almost 

exclusively IFNγ-secreting CD4+ T cells, and a small population of CD4+ T cells secreted IL-13 

or IL-10. Peptide library approaches identified that MCPyV VP1 specific T cells from healthy 

donors do not cross react with other hPyV capsid proteins. MHC class I multimers designed 

against MCPyV VP1 and LT could readily detect CD8+ T cells specific for both antigens from 

patient peripheral blood, however only 20% (n=30) of healthy donors produced detectable VP1-

specific T cells from the peripheral blood and no CD8+ LT specific T cells were identified by 

this assay (77). Both LT and ST specific T cells were observed in about 40% of healthy donors 

by IFNγ enzyme-linked immunospot assay (ELISPOT) assays, however these studies lacked T 

cell phenotyping data (79). ELISPOT assays are used to relatively quantify the amount of 

cytokines produced by immune cells in vitro, but can only assay for a single parameter and thus 

lacks phenotyping information. Recently, MHC class II tetramers specific for TAg identified 

IFNγ-secreting CD4+ T cells from expanded healthy donor blood and VP-MCC tumors 

suggesting that healthy donors generate T cells that recognize cancer-relevant antigens (80). All 

published studies on MCPyV TAg specific T cells required at least one round of peptide library 

expansion prior to tetramer or ELISPOT analysis, suggesting that the cells of interest are 

relatively rare in the periphery. The MCPyV-specific T cells isolated from healthy donors secrete 

IFNγ, however more in-depth phenotyping data and whether they are appropriate for adoptive 

immunotherapy is not available.  

Evidence of CD8+ MCPyV TAg specific T cells in healthy donors remains elusive. While 

CD8+ T cells are canonically the primary anti-viral cytolytic T cell, immune responses to some 
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viruses such as HPV favor CD4+ T cells in healthy asymptomatic donors (136). The mechanism 

towards CD4+ skewing is not understood.  

 

Research aims  

ACT can mediate potent responses against solid tumors and is currently in clinical trials 

for the treatment of VP-MCC. However, only a subset of VP-MCC patients are eligible for these 

clinical trials. Allogeneic ACT may be a viable approach to treat these patients, however the 

feasibility of generating suitable VP-MCC-specific T cells from healthy donors has not been 

evaluated. Clinical grade virus and tumor antigen specific T cells are often generated from 

peptide-based T cell expansions. The suitability of healthy donor blood using overlapping 

peptide libraries as a source of MCPyV TA-specific T cells for ACT is addressed by my 

dissertation.  

In research aim 1, we identified and expanded T cells that recognize the major oncogene 

of VP-MCC, MCPyV TAg from healthy donor CD4+ T cells ex vivo using our novel culturing 

conditions. This expansion system yielded Th1-polarized CD4+ T cells, which canonically 

promote anti-tumor and anti-viral immune responses. T cell recognition of natively folded and 

processed TAg was validated by specific recognition of TAg-transduced autologous APCs. 

In research aim 2, we evaluated the expression of MHC class II on VP-MCC tumor cell 

lines. CD4+ T cells recognize antigen in the context of MHC class II genes. Transcription of the 

human MHC class II molecules HLA-DR was increased in response to IFNγ and Histone 

deacetylase inhibitors (HDACi) in VP-MCC cell lines. Surface expression of HLA-DR was 

successfully induced with treatment of IFNγ in both a time and dose dependent fashion in MKL2 
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cells. MCC-specific T cells therefore may be activated by MHC class II expressing tumor cells 

as well as local APCs, such as tumor infiltrating macrophages and DCs in draining lymph nodes.  

In research aim 3 we evaluated whether expanded T cells were appropriate for adoptive T 

cell transfer. Expanded TAg-specific T cells were a favorable memory and cytokine secretion 

phenotype for direct adoptive T cell transfer, suggesting post-transplant persistence. TAg-

specific T cells expressed some exhaustion markers, therefore in vivo activity may be improved 

by anti-PD-1 and anti-TIM3 therapeutics. Retrospective analysis revealed that this technique has 

broad applicability for potential donors and patients, irrespective of HLA genotype.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 

 

CHAPTER TWO: MATERIALS AND METHODS 

 

Sample acquisition 

Elutriated peripheral monocytes and lymphocytes from healthy donors were obtained 

from the Department of Transfusion Medicine, NIH, Bethesda, MD, USA under NIH IRB-

approved protocol 99-CC-0168 (NCT00001846). Research blood donors provided written 

informed consent and blood samples were de-identified prior to distribution. Cells were assessed 

for viability using trypan blue exclusion and cryopreserved in 10% DMSO (Sigma Aldrich), 20% 

human serum (Gemini Bio-Products), and 0.065mg/mL gentamycin (Quality Biological) in 

RPMI (Gibco) for later use. Human leukocyte antigen (HLA) class I and class II sequence-based 

typing (SBT) was performed by the NIH Department of Transfusion Medicine’s HLA 

Laboratory. 

 

Culture media  

Primary leukocytes were cultured in cell growth medium in the presence of indicated 

cytokines. Cell growth medium contains 45% RPMI 1640, 50% AIM V CTS (Gibco by Life 

Technologies), and 5% non-AB pooled human serum (Gemini Bio-Products) by volume and was 

supplemented with 65ug/mL gentamycin (Quality Biological), and 1X penicillin-streptomycin-

glutamine solution (Gibco by Life Technologies). 

 

Generation of monocyte-derived dendritic cells (moDCs) 

Elutriated monocytes were thawed and plated in a 6 well plate at up to 1x107 cells/well in 

cell growth medium supplemented with 1000 IU/mL GM-CSF and 1000 IU/mL IL-4 (Peprotech) 
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for 72 h. MoDCs were matured with 1.25ug/mL lipopolysaccaride (Escherichia coli O127:B8; 

Sigma), 1000 IU/mL GM-CSF, and 1000 IU/mL IL-4 for 48h. Harvested monocyte derived 

dendritic cells (moDCs) cell density and viability were determined by trypan blue exclusion.  

 

Primary moDC transduction  

On day four of moDC culture, cells were plated at 4x105 cells/well in a 96 well plate. 

Cells were transduced using recombinant lentiviral vectors encoding codon optimized genes for 

ST, LTT, GFP, and MAGE-A3 single infections. Cells were infected at a MOI of 20 and 

spinoculated at 1800xG at 33C for 2.5 hours. Cells were then washed in warm medium, 

incubated overnight, and co-cultured with autologous expanded T cells. Intracellular cytokine 

analysis was performed as described above. Aliquots of each donor’s transduced cells were 

assayed by reverse transcription-polymerase chain reaction (RT-PCR) for construct expression. 

MAGE-A3, ST, and LTT codon optimized lentiviral construct (Cellomics, Pittsburgh, PA, USA) 

and PCR primer sequences are available in the Supplementary Materials and Methods.  

 

Peptide libraries  

Overlapping peptide libraries were used to activate antigen specific T cells. Each library 

contained overlapping peptides with a length of 15 amino acids and an overlap of 11 amino acids 

across the full-length of the protein sequence. MCPyV T antigen peptide libraries were based on 

the protein sequences LTT (Ref Seq: YP_009111421.1 truncated at amino acid 216) and ST (Ref 

Seq: YP_009111422.1). MCPyV peptide libraries were manufactured by Neobiolabs at >70% 

purity by HPLC. To investigate the antigenic contribution of each T antigen exon, the peptides 

libraries were divided into three pools: common region (amino acid 1-80), LTT exon 2 (LTT 
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amino acid 80-216), and the unique ST (ST amino acid 80-186) region (Fig. 1A). Irrelevant 

antigenic overlapping peptide libraries for WT1 and NY-ESO1 (JPT Peptide Technologies) were 

used as specificity controls where indicated. Peptide libraries were suspended in DMSO at a 

working concentration of 250ng/uL, and moDCs were pulsed at a final concentration of 1ug/mL 

1-2 hours prior to culture. 

 

Generation of T cell lines  

Antigen specific T cells were generated by stimulation of the lymphocyte population with 

peptide pulsed moDCs at a T cell to APC ratio of 5:1. Where indicated, starting lymphocyte 

populations were enriched for CD4+ T cells by immunomagnetic negative selection (EasySep 

Stem Cell Technologies). Cells were co-cultured in cell growth medium supplemented with 

either standard T cell growth cytokines of 10 ng/mL rhIL-7 and rhIL-15 (Peprotech) or enhanced 

cytokine conditions of 20 ng/mL rhIL-1β, 20 ng/mL rhIL-6, 10 ng/mL rhIL-7, 10 ng/mL rhIL-

15, 50 ng/mL rhIL-21, 25 ng/mL rhIL-23, and 5 ng/mL rhTGFβ (Peprotech). After 72 h of 

culture, 30 IU/mL rhIL-2 was added to the culture. Cultures were fed or split every 2-3 days as 

needed. Cultures were re-stimulated up to 3 times with peptide pulsed moDCs every 10-14 days.  
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Figure 2.1. Experimental conditions for MCPyV T antigen specific T cell expansion.  

 

(A) Schema of MCPyV T antigen regions represented in overlapping peptide library pools used 

in this study. Peptides were 15 amino acids long, over lapping by 11 amino acids. (B) Standard 

in vitro antigen specific T cell expansion culture conditions. Briefly, monocyte derived dendritic 

cells from elutriated monocytes are peptide pulsed then co-cultured with autologous elutriated 

lymphocytes in the presence of IL-7 and IL-15. 72 hours later, IL-2 is added to the culture 

medium. Cells are cultured for 10-14 days then challenged with peptide prior to analysis. (C) 

Enhanced in vitro antigen specific T cell expansion culture conditions. Peptide-pulsed monocyte 

derived dendritic cells are co-cultured with autologous CD4+ T cells and cultured in the presence 

of IL-1 β, IL-6, IL7, IL15, IL21, IL-23, and TGFβ. IL-2 is added 72 hours later. Cells are 

cultured for 10-14 days then challenged with peptide prior to analysis. 
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T cell stimulation assay  

T cell lines were plated at 5x105 cells per well in a 96 well plate and stimulated for 12h 

either with anti-CD28 and CD49d antibodies (BD Biosciences) and peptide libraries, peptide 

pulsed autologous moDCs, or transduced moDCs. An effector to APC ratio of 7:1 was used for 

moDC re-stimulations. After 1 hour, Golgi inhibitors brefeldin A and monensin (GolgiStopTM 

and GolgiPlugTM; BD Biosciences) were added according to manufacturer’s instructions. An 

antigen-specific response was defined as secretion of IFNγ or TNFα by >0.5% of lymphocytes 

and a frequency of reactive cells at least twice that of negative controls. The CD137 expression 

was determined by flow cytometry 16 hours post antigen stimulation in the absence of Golgi 

inhibitors. Negative controls were either irrelevant antigen or vehicle where indicated. A 

"positive donor” was defined as a donor whose expanded cells had at least two successful 

antigen-specific T cell responses to MCPyV T antigen. 

 

Flow cytometry  

Cells were plated in a 96 well plate at 0.5x106 cells/well and washed with PBS. Between 

each wash, plated cells were centrifuged at 500xG for 5 minutes. Cells were washed again with 

PBS then stained with fixable viability stain (Invitrogen L34955) in a 96 well plate at 4C for 30 

minutes. Cells were washed with FACS buffer (2% FBS and 2uM EDTA in PBS) then stained 

using the appropriate surface antibodies in FACS buffer for 30 minutes at room temperature. 

Cells were washed, permeabilized, and intracellularly stained using either the 

fixation/permeabilization solution kit (BD Biosciences) kit for cytokine targets or the FOXP3 

transcription factor staining buffer set (eBiosciences) for transcription factor targets following 

respective manufacturer’s instructions. Samples were suspended and run on a BD Fortessa flow 
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cytometer using an automated plate reader. Flow cytometry data were analyzed using FlowJo 

software (Treestar, Ashland, OR, USA). Gating strategies available in the Supplementary 

Materials and Methods. Polyfunctionality analysis was performed using SPICE v6 software (21). 

 

Flow cytometry antibodies 

Flow cytometry antibodies used in each flow panel are listed in the tables below. Each 

antibody lot was titrated to optimize signal and gated by isotype controls when available and 

Fluorescence minus one (FMO) controls.  

Table 2.1. Intracellular activation panel flow antibodies.  
Target Clone Fluorochrome Company Cat. No. 

CD14 TuK4 Pacific blue Invitrogen MHCD1428 

CD19 SJ25-C Pacific blue Invitrogen MHCD1928 

CD3 OKT3 BV605 BioLegend 317322 

CD4 OKT4 BV510 BioLegend 317444 

CD8 SK1 APC-H7 BD Biosciences  560179 

Granzyme B GB11 AF 647 BioLegend 515406 

IFN-y 4S.B3 PE eBioScience 12-7319-42 

IL-2 MQ1-12H12 Alexa Fluor® 488 BioLegend 500314 

PD-1 EH12.2H7 BV786 BioLegend 329930 

TNFα MAb11 PE-Cy7 eBioScience 25-7349-41 
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Table 2.2. Multi-cytokine panel flow antibodies.  
Target Clone Fluorochrome Company Cat. No. 

CD154 24-31 PE-Cy5 BioLegend 310808 

CD3 OKT3 BV605 BioLegend 317322 

CD4 OKT4 BV510 BioLegend 317444 

IFNG 4S.B3 PE eBioScience 12-7319-42 

IL-10 501411 Alexa Fluor® 488 BioLegend JES3-9D7 

IL-17A BL168 Alexa Fluor®700 BioLegend 512318 

IL-22 2G12A41 APC BioLegend 366705 

IL-4 MP4-25D2 APC-H7 BioLegend 500833 

TNFα MAb11 PE-Cy7 eBioScience 25-7349-41 

 

Table 2.3. Transcription factor panel flow antibodies. 

Target Clone Fluorochrome Company Cat. No. 

CD154 24-31 PE-Cy7 eBioscience 25-1548-42 

CD3 OKT3 BV605 BioLegend 317322 

CD4 SK3 Alexa Fluor®700 BioLegend 344822 

CD8 RPA-TA PE BioLegend 301008 

FOXP3 236A/E7 APC eBioscience 17-4777-47 

PD-1 EH12.2H7 BV786 BioLegend 329930 

T-BET 4B10 Alexa Fluor® 488 BioLegend 644830 
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Table 2.4. CD137 activation panel flow antibodies.  
Target Clone Fluorochrome Company Cat. No. 

CD137 (4-1BB) 4B4-1 APC BioLegend 309810 

CD3 OKT3 BV605 BioLegend 317322 

CD4 OKT4 BV510 BioLegend 317444 

CD8 SK1 APC-Cy7 BD Biosciences  560179 

PD-1 EH12.2H7 BV786 BioLegend 329930 

 

Table 2.5. Memory marker panel flow antibodies. 

Target Clone Fluorochrome Company Cat. No. 

CCR7 150503 Alexa Fluor®700 BD Pharmingen 561143 

CD127 A01905 BV650 BioLegend 351359 

CD27 0323 PE-Cy5 eBioscience 15-0279-42 

CD3 OKT3 BV605 BioLegend 317322 

CD4 OKT4 BV510 BioLegend 317444 

CD45RA HI100 PE BD Pharmingen 555489 

CD45RO UCHL1 APC-Cy7 BioLegend 304228 

CD57 HNK-1 APC BioLegend 359610 

CD62L DREG-56 FITC BD Pharmingen 555543 

CD8 RPA-T8 BV570 BioLegend 301038 

CD95 DX2 PE-Cy7 BioLegend 305622 

PD-1 EH12.2H7 BV786 BioLegend 329930 
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Table 2.6. Exhaustion marker panel flow antibodies.  
Target Clone Fluorochrome Company Cat. No. 

CD137 (4-1BB) 4B4-1 PE-Cy5 BioLegend 309808 

CD3 OKT3 BV605 BioLegend 317322 

CD4 OKT4 BV510 BioLegend 317444 

CD8 

SK1 

APC-H7 

BD 

Biosciences  560179 

LAG3 3DS223H APC eBioscience 17-2239-42 

PD-1 EH12.2H7 BV786 BioLegend 329930 

TIM3 F38-2E2 FITC BioLegend 345022 

 

Gating strategies of flow panels 

Representative gating strategies for each flow cytometry panel is shown in the below plots. Side 

scatter area and forward scatter area are abbreviated to SSC-A and FSC-A respectively.  
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Figure 2.2. Intracellular activation panel gating strategy. 
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Figure 2.3. Intracellular activation-polyfunctionality SPICE plot gating strategy. 
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Figure 2.4. Multi-cytokine panel gating strategy. 
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Figure 2.5. Transcription facture panel gating strategy. 
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Figure 2.6. CD137 panel gating strategy. 
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Figure 2.7. Memory marker panel gating strategy. 
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Figure 2.8. Exhaustion marker panel gating strategy. 
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Transduction construct and primer sequences   

Plasmid backbone pLV-CAG-puro sequence is proprietary and can be purchased by 

Cellomics (Cat no. CLVP-109-200UL). The ST, LTT, MAGE-A3, and GFP codon optimized 

sequences were cloned into the EcoR1 /XmaI or EcoRI/BamHI restriction sites and confirmed by 

PCR.  

Table 2.7. Construct insert sequences.  

Sequence name Insert sequence 

MCPyV ST GAATTCGCCACCATGGATCTGGTGCTGAACCGCAAAGAACGCGA

AGCGCTGTGCAAACTGCTGGAAATTGCGCCGAACTGCTATGGCA

ACATTCCGCTGATGAAAGCGGCGTTTAAACGCAGCTGCCTGAAA

CATCATCCGGATAAAGGCGGCAACCCGGTGATTATGATGGAACT

GAACACCCTGTGGAGCAAATTTCAGCAGAACATTCATAAACTGC

GCAGCGATTTTAGCATGTTTGATGAAGTGAGCACCAAATTTCCG

TGGGAAGAATATGGCACCCTGAAAGATTATATGCAGAGCGGCTA

TAACGCGCGCTTTTGCCGCGGCCCGGGCTGCATGCTGAAACAGC

TGCGCGATAGCAAATGCGCGTGCATTAGCTGCAAACTGAGCCGC

CAGCATTGCAGCCTGAAAACCCTGAAACAGAAAAACTGCCTGAC

CTGGGGCGAATGCTTTTGCTATCAGTGCTTTATTCTGTGGTTTGG

CTTTCCGCCGACCTGGGAAAGCTTTGATTGGTGGCAGAAAACCC

TGGAAGAAACCGATTATTGCCTGCTGCATCTGCATCTGTTTTGAG

GATCC 
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Table 2.7. (Cont). 

MCPyV LTT 
GAATTCGCCACCATGGATTTAGTCCTAAATAGGAAAGAAAGAGA

GGCTCTCTGCAAGCTTTTAGAGATTGCTCCTAATTGTTATGGCAA

CATCCCTCTGATGAAAGCTGCTTTCAAAAGAAGCTGCTTAAAGC

ATCACCCTGATAAAGGGGGAAATCCTGTTATAATGATGGAATTG

AACACCCTTTGGAGCAAATTCCAGCAAAATATCCACAAGCTCAG

AAGTGACTTCTCTATGTTTGATGAGGTTGACGAGGCCCCTATATA

TGGGACCACTAAATTCAAAGAATGGTGGAGATCAGGAGGATTCA

GCTTCGGGAAGGCATACGAATATGGGCCCAATCCACACGGGACC

AACTCAAGATCCAGAAAGCCTTCCTCCAATGCATCCAGGGGAGC

CCCCAGTGGAAGCTCACCACCCCACAGCCAGAGCTCTTCCTCTG

GGTATGGGTCCTTCTCAGCGTCCCAGGCTTCAGACTCCCAGTCCA

GAGGACCCGATATACCTCCCGAACACCATGAGGAACCCACCTCA

TCCTCTGGATcCAGTAGCAGAGAGGAGACCACCAATTCAGGAAG

AGAATCcAGCACACCCAATGGAACcAGTGTACCTAGAAATTCTTC

CAGAACGGATGGCACCTGGGAGGATCTCTTcTGCGATGAATCAC

TTTCCTCCCCTGAGCCTCCCTCGTCCTCTGAGGAGCCTGAGGAGC

CCCCCTCCTCAAGAAGCTCGCCCCGGTGACCCGGG 

  

 

 

 

 



42 

 

Table 2.7. (Cont). 

MAGE-A3 GAATTCGCCACCATGCCCCTTGAGCAGCGCTCACAGCATTGTAA

GCCCGAGGAGGGTCTGGAGGCACGAGGTGAAGCCCTCGGTCTCG

TAGGTGCTCAGGCCCCTGCAACAGAGGAGCAAGAGGCTGCCTCA

TCTAGCAGCACCCTTGTGGAGGTCACATTGGGTGAGGTGCCAGC

TGCCGAAAGCCCTGATCCCCCGCAGAGTCCTCAAGGTGCTTCCT 

CTCTCCCTACTACCATGAATTATCCACTCTGGAGCCAGAGCTATG

AAGATTCCTCCAATCAGGAAGAAGAGGGCCCTTCTACTTTTCCG

GACCTGGAGTCAGAGTTTCAGGCAGCCCTGTCTCGCAAGGTTGC

AGAACTTGTGCATTTCCTCCTCCTTAAGTACCGCGCACGCGAACC

AGTGACGAAAGCCGAAATGTTGGGCTCTGTGGTGGGTAATTGGC

AGTACTTCTTCCCTGTGATATTCTCCAAGGCGAGCAGCTCTCTGC

AGCTGGTTTTTGGGATCGAACTCATGGAAGTTGACCCCATTGGA

CACCTCTACATATTCGCCACGTGTCTCGGACTCTCCTATGACGGG

CTCCTGGGTGATAATCAGATTATGCCAAAGGCAGGGCTGCTTAT

AATTGTACTGGCCATCATTGCCCGGGAAGGGGATTGTGCCCCTG

AGGAAAAGATATGGGAGGAGCTTAGCGTCCTGGAAGTGTTCGA

GGGGCGGGAGGACTCTATACTCGGTGATCCTAAAAAGCTGCTGA

CTCAACATTTTGTGCAAGAGAATTACCTGGAGTACCGCCAGGTG

CCAGGAAGTGACCCAGCGTGCTACGAGTTTCTCTGGGGACCTAG

AGCGCTTGTGGAAACATCTTATGTGAAAGTGTTGCACCACATGG

TGAAAATCTCCGGAGGCCCTCACATATCATACCCACCTCTCCAC

GAGTGGGTGCTGCGAGAAGGGGAGGAGTGAGGATCC 
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Expression of codon optimized T antigen constructs in transduced moDCs were determined by 

RT PCR. MoDCs were harvested two days post transduction for RNA extraction using the 

Qiagen RNeasy kit. Reverse transcription and subsequent PCR were conducted using the 

SuperScript III kit (Invitrogen 18080051) and HiFi Hot Start Taq (Kapa Biosystems; KK2601) 

respectively. Cells transduced with GFP constructs and non-template controls were used as a 

negative control. Amplicons were visualized on a 1% agarose gel with ethidium bromide. 

Thermocycler conditions are as follows: 

95C 3min 

30x cycles 

98C 20sec 

55C 15sec 

72C 30sec 

72C 1min 

4C hold 

 

Table 2.8. Primer sequences. 

Primer name Sequence Expected amplicon 

length 

ST forward  GATCTGGTGCTGAACCGCAAAG 545 

ST reverse CAGATGCAGCAGGCAATAATCG 

LTT forward GATGGAATTGAACACCCTTTGG 564 

LTT reverse GGGCGAGCTTCTTGAGGAGG 

MAGE A3 forward TTGTAAGCCCGAGGAGGGTC 920 

MAGE A3 reverse  CTTCTCGCAGCACCCACTC 

 

ST and LTT proteins are rapidly degraded when transduced individually in primary cells, and 

insufficient construct protein was detected by western blot using both CM2B4 or 2T2 antibodies 

(Sigma Aldrich MABF2044 and MABF2316-100UL).   

 

Statistics 

Statistics were performed using GraphPad Prism v7. Average and standard error of the 

mean are displayed in bar charts. 
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CHAPTER THREE: MCPyV TAg SPECIFIC TH1 CD4+ T CELLS CAN BE EXPANDED 

FROM HEALTHY DONOR PERIPHERAL BLOOD 

 

Introduction  

Adoptive T cell therapies are a promising emerging treatment for a variety of cancers and 

may be a novel treatment for MCC. Augmenting a patient’s immune system with T cells that can 

directly target proteins expressed almost exclusively by tumor cells leads to rejection of target 

protein expressing tumor cells, often leading to tumor clearance. VP-MCC, the dominant form of 

MCC in the USA and Europe, relies on the sustained expression of the viral oncoprotein TAg 

(47). TAg splice variants ST and LTT are homogenously expressed by VP-MCC tumors due to a 

clonal viral integration event and is required for survival of the tumor cells. Therefore, ST and 

LTT are ideal targets for adoptive T cell therapy. Indeed, early patient-derived (i.e. autologous) 

adoptive T cell therapy trials are underway. However, these trials rely on the patient’s T cells to 

be abundant, functional, and of a particular genetic background. Patients who fail these criteria 

require an extrinsic source of tumor-specific T cells. Healthy relatives or third-party donors who 

are HLA-matched to the patient may be an appropriate source of T cells for these patients. In this 

aim, we sought to evaluate the feasibility of generating MCPyV TAg-specific T cells from 

random healthy donors for future adoptive T cell transfer.  

Expansion of antigen-specific cells ex vivo using overlapping peptide libraries is an 

efficient method to generate T cells for ACT that is not HLA restricted. This technique is used in 

investigational clinical protocols to produce anti-viral and anti-tumor T cells (137–140). Briefly, 

T cells proliferate when stimulated by their cognate antigen and T cell survival is encouraged by 

additional environmental signals. Mature dendritic cells are the most robust APC and can be 
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easily generated in culture by culturing monocytes in the presence of IL-4 and GM-CSF (for 

complete protocol see Chapter 2). Overlapping peptide libraries are the most efficient method to 

introduce antigen to this system and are easily checked for sterility as per FDA regulations (141). 

Memory T cells usually only require one round of stimulation by antigen-pulsed moDCs to 

produce cytokine-secreting T cells upon challenge if present. Since MCPyV infects the majority 

of people, we expect that healthy donors possess T cells specific for TAg. VP1-specific T cells 

have been readily detected in healthy donors, however the abundance and suitability of TAg-

specific T cells for adoptive transfer must be further explored.  

Much like other in vitro cell lines, growth factors present in primary human T cell 

expansion medium can alter the phenotype and the growth capabilities of the surviving cells 

(142). CD4+ T cells are phenotypically diverse and have phenotypes with distinct effector 

functions referred to as T helper (Th) polarizations. Th polarizations that recognize tumor 

antigens may promote cancer growth, such as regulatory T cells (Treg), or promote cancer 

clearance, such as Th1 cells (143). Treg cells promote cancer by their immunosuppressive 

functions such as secretion of IL-10. Th1 cells promote cytotoxicity against antigen-expressing 

targets by activating macrophages and indirectly inducing memory cytotoxic CD8+ T cells. Th1 

cells are the Th most strongly tied to tumor clearance, and when activated secrete TNFα and 

IFNγ. Th2 cells promote antibody production against a particular target by stimulating B cells 

and they secrete IL-4 when activated. The role of Th2 cells in cancer progression is context 

dependent, as their presence is usually correlated with immunosuppressive environments 

however downstream antibody attachment to tumor cells can promote NK cell-dependent 

cytotoxicity. Th17 cells are a relatively newly described Th associated with pro-inflammatory 

environments, especially ay barrier sites such as the skin and gut. Th17 cells secrete IL-17A 
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when stimulated. Murine models demonstrate that tumor specific Th17 cells alone are capable of 

mediating tumor clearance (144). Th lineages are generally rigid, however the Th17 cells is 

somewhat plastic and can be induced to secrete the Th1 cytokine IFNγ (145). These Th1/17 cells 

can usually be identified by expression of CD161 (146). Each of the Th polarizations are dictated 

by signature transcription factors, such as T-bet in Th1 cells, GATA3 in Th2 cells, and FOXP3 

in Treg cells.  

The Standard cytokines selected for ex vivo T cell expansion are designed to promote 

expansion of anti-tumor T cell phenotypes. IL-2 is a TCR-dependent growth factor that is 

ubiquitously used to expand primary human T cells in culture. T cells are sensitive to IL-2 

concentration, and higher concentrations lead to robust T cell proliferation and exhaustion(147). 

IL-7 and IL-15 are commonly added to research and clinical grade T cell cultures to increase the 

survival and frequency of CD8+ and mature CD4+ Th1 T cells (148). Since Th17 cells may also 

encourage tumor clearance, the addition of cytokines critical for Th17 development and 

maintenance may promote the culture of both antigen specific Th1 and Th17 cells. Our group 

previously reported that peptide-stimulated naïve CD4+ T cells cultured with IL-1β, IL-2, IL-6, 

IL-7, IL-15, IL-21, IL-23, and TGFβ (Enhanced cytokine cocktail) increased the frequency of 

TNFα and IFNγ secreting antigen specific T cells compared to standard cytokine cocktail of IL-

2, IL-7, and IL-15 (149). The effect of these cytokines on bulk CD4+ T cells in the context of 

antigen-specific expansions had not been previously evaluated. Using MCPyV TAg peptide 

library T cell expansions, we assessed the effect of standard and enhanced cytokine conditions 

on Th polarization and antigen-specific T cell proliferation.  

On-target antigen specificity of tumor-specific T cells is necessary for therapeutic T cell 

functionality. To measure antigen-specificity, cultured T cells are challenged with either the 
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cognate antigen of interest or an irrelevant antigen. T cell activation can be measured by either 

surface marker expression or cytokine secretion and can be achieved by either TCR engagement 

or a nonspecific mitogen (e.g. PMA-ionomycin). Cytokine secretion is an early marker of T cell 

activation and is widely used in the field, however the cytokines expressed by CD4+ T cells is 

dependent on T cell polarization. If the Th polarization is unknown, surface markers such as 

CD137 and CD154 are expressed 24-48 hours post antigen stimulation may also be used to 

quantify activated T cells. APCs are the gold standard to present antigen to T cells, however anti-

CD28 and anti-CD49d are commonly used in the field to simulate APC presentation in vitro. 

However, this approach may be less efficient that bona fide APC presentation, so using both 

approaches are useful depending on the context. Overlapping peptide libraries are a useful tool to 

expand T cells of a defined specificity, however the resulting CD4+ T cells must be validated by 

APCs that express and present the whole protein. APCs that present synthetic peptides may 

represent or include epitopes that are not normally created by the antigen processing machinery 

within the cell. APCs transduced to express the target antigens would process and present the 

target antigens in the context of MHC class I and II using endogenous cellular machinery and 

can validate the cognate epitopes of expanded antigen-specific T cells.  

 

Results  

MCPyV TAg specific T cells are efficiently generated from healthy donor blood 

We investigated the role of various culturing conditions to improve the production of 

MCPyV TAg specific cells ex vivo. Cells from healthy donor blood were processed to generate 

monocyte-derived dendritic cells (moDCs). These cells were pulsed with TAg overlapping 

peptide libraries and co-cultured with autologous lymphocytes, allowing for the activation and 
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expansion of reactive T cells. We initially used standard clinical production strategies to expand 

antigen-specific T cells, whereby lymphocytes were cultured with the cytokines IL-2, IL-7, and 

IL-15 (Read et al., 2016; NCT02231853; NCT02694783) as depicted in Figure 2.1B. Standard 

cytokine containing medium did not yield detectable TAg specific cells. However, after 

enriching for CD4+ lymphocytes, standard cytokine medium achieved successful expansion in 

2/12 tested donors (Figure 3.1). We previously reported that tumor antigen specific CD4+ T cell 

growth was improved by culturing in IL-1β, IL-2, IL-6, IL-7, IL-15, IL-21, IL-23, and TGFβ 

(149). Applying this “enhanced” cytokine cocktail to CD4+ enriched cultures (Figure 2.1C) lead 

to more frequent detection of expanded MCPyV TAg specific CD4+ T cells. Using these 

conditions, MCPyV TAg specific T cells were generated from 21/46 (45.6%) random healthy 

donors. 

 

Expanded T cells are Th1 phenotype 

To evaluate T cell polarization of the CD4+ T cells generated in the enhanced versus 

standard conditions the expression of specific transcription factors and Th defining cytokines in 

stimulated cells from five donors were evaluated by flow cytometry. T cell cultures stimulated 

with overlapping peptide libraries and co-stimulated with anti-CD28 and anti-CD49d 

demonstrated that CD4+ enrichment resulted in the highest yield of TNFα and IFNγ-secreting T 

cells in response to cognate antigen (Figure 3.2). Because cytokine exposure in vitro can 

encourage growth of different T cell polarizations, we validated that the cultured CD4+ 

phenotypes were those associated with tumor rejection. We were especially interested in 

confirming absence of immunosuppressive Tregs that may inhibit anti-tumor efficacy and are 

promoted by TGFβ. All culture conditions produced almost exclusively T-bet+FOXP3-CD4+ 
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cells, suggesting a Th1 polarization. This occurred despite the presence of TGFβ in the enhanced 

conditions (Figure 3.A-B). Consistent with this, PMA-ionomycin stimulation of the expanded T 

cells predominately induced expression of the Th1 cytokines TNFα and IFNγ. CD4+ enriched 

cells grown in the enhanced cytokine conditions also produced a statistically significant increase 

of IL-17A  relative to bulk CD3+ expanded cells also grown in the enhanced medium (Figure 

3.C). However, expanded cells did not upregulate the Th1/Th17 marker CD161 (data not 

shown).  

 

MCPyV TAg peptide-expanded T cells specifically recognize TAg presented by autologous APCs 

To investigate the specificities of the expanded T cells, we challenged MCPyV TAg 

reactive lines with antigen-loaded autologous moDCs. CD4+ T cell lines challenged with 

peptide-loaded autologous moDCs expressed the polarization independent T cell activation 

marker CD137 (n=5; paired t test p=0.02; Figure 3.4A) and the Th1 cytokine TNFα (n=6; paired 

t test p=0.02; Figure 3.4B) specifically in response to MCPyV TAg peptide relative to irrelevant 

peptide libraries. To confirm that peptide expanded T cells responded to naturally expressed 

epitopes from natively processed antigen, we challenged six MCPyV TAg expanded lines with 

TAg transduced autologous moDCs. The greatest response to either ST or LTT construct is 

shown (Figure 3.4C-D). Although some non-specific cytokine secretion was detected, 

stimulation with transduced TAg-expressing moDCs consistently produced more reactive cells 

than stimulation with moDCs transduced with the irrelevant antigen MAGE-A3 (Paired t test 

p=0.02; Figure3.4C-D).  
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All TAg regions retained in VP-MCC tumors are immunogenic to healthy donors  

To identify the relative immunogenicity of MCPyV TAg protein domains in healthy 

donors, we stimulated TAg specific T cells with three separate TAg peptide pools (Figure 2.1A; 

Figure 3.5A-B). MCPyV TAg T cell lines from 12 donors all recognized at least one peptide 

pool, and 3/12 donors demonstrated a polyclonal response (Figure 3.5A). All three TAg regions 

were immunogenic among positive donors (Figure 3.5C). These data suggest that MCPyV TAg 

is rich in potential epitopes that a diverse healthy donor T cell repertoire can recognize. 

 

 

 



51 

 

 
 

Figure 3.1. Standard cytokines induce expansions of MCPyV-specific CD4+ in a minority of 

donors. 

 

CD4+ enriched T cells expanded in standard medium cytokines IL-2, IL-7, and IL-15 yield low 

frequencies of MCPyV TAg specific T cells (n=12). T cells were enriched for CD3+CD4+ T cells 

and stimulated by MCPyV TAg peptide loaded moDCs. After two total rounds of stimulation, 

cultures were challenged with either MCPyV TAg or an irrelevant peptide library, NY-ESO1. 

(A) Individual plots gated on live CD3+CD4+ cells and reactive donors are highlighted in yellow. 

(B) Summary bar chart. Paired T-test n.s.; p=0.0557.   
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Figure 3.2. Expansion of MCPyV T antigen specific T cells is improved by CD4+ 

enrichment and culture in enhanced cytokine cocktail.  

 

T cells expanded as described in Figure 2.1 were challenged with MCPyV TAg peptides. (A) 

Representative donor total lymphocytes or enriched CD4+ cells cultured in either standard or 

enhanced cytokine cocktails. (B) Paired bulk lymphocytes or CD4+ enriched cells from 7 healthy 

donors were cultured simultaneously in either standard or enhanced cytokine conditions. 

Standard error mean and significance from paired T-test are displayed. *= p value ≤0.05. 
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Figure 3.3. T cells grown in the enhanced cytokine cocktail are Th1 polarized. 

 

(A) PMA-ionomycin stimulated MCPyV TAg expanded cells from n=5 donors, average 

frequency of cells expressing the cytokines IFNγ, TNFα, IL-4, IL-10, IL-17A, and IL-22. (B) 

Representative frequency of T-bet and FOXP3 expressing CD3+CD4+ MCPyV TAg T cells after 

two weeks of culture. (C) Average frequency of T-bet and FOXP3 expressing cells expanded 

from 5 healthy donors. Standard error mean and significance from paired T-test are displayed. *= 

p value ≤0.05. 
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Figure 3.4. Expanded T cells specifically recognize MCPyV TAg presented by autologous 

moDCs.  

 

MCPyV TAg T cell cultures from positive donors were stimulated with moDCs peptide pulsed 

with either MCPyV TAg or WT1 libraries then assayed for the frequency of (A) CD137 (n=5 

p=0.02) and (B) TNFα cytokine expressing (n=6; p=0.02) T cells. Expanded MCPyV T cell 

cultures from positive donors were stimulated with moDCs transduced with codon optimized 

MCPyV LTT, ST, or irrelevant MAGE-A3 constructs from (C) a representative donor and (D) 

the average of six donors. (E) Construct expression of moDCs transduced with either ST or LTT 

confirmed by RT-PCR.  GFP specific primers were used as a negative control. Gating strategies 

shown in Supplementary Materials and Methods. Standard error mean and significance from 

paired T-test are displayed. *= p value ≤0.05. 
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Figure 3.5. Expanded MCPyV TAg T cells from healthy donors recognize multiple epitopes 

of T antigen. 

 

Expanded MCPyV TAg T cells from healthy donors recognize multiple epitopes of T antigen. 

Expanded MCPyV T cells from positive donors were challenged with peptide pools derived from 

the full TAg library, common T, ST unique, and LTT exon 2 regions of TAg. (A) Representative 

donors’ reactivity to individual peptide pools demonstrating a monoclonal (top) and polyclonal 

(bottom) response. Reactive samples are highlighted. (B) Frequency of TNFα or IFNγ expressing 

CD3+CD4+ T cells in response to peptide pools (n=11). Standard error mean and significance 

from paired T-test are displayed. *= p value ≤0.05. **= p value ≤0.01 (C) Number of assayed 

positive donors who specifically responded to each MCPyV TAg region (n=10). 
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Summary 

In this study, we determined that MCPyV TAg specific T cells can be robustly isolated from 

healthy donor blood using peptide pulsed moDCs as APCs, and the cultured T cells are 

predominately CD4+. The novel cytokine environment produced Th1 cells that are an ideal Th 

for anti-tumor applications. Secretion of TNFα after challenge with TAg peptide libraries is an 

appropriate measurement of activated T cells in the culture. TAg specific T cells generated by 

overlapping peptide libraries respond specifically to TAg transduced moDCs, validating that 

epitopes found in the peptide libraries are naturally processed and presented by APCs by 

endogenous processes. Healthy donor T cells can respond to either splice variant using this 

expansion system, highlighting the diversity of targetable TAg epitopes and the relevance of both 

splice variants for T cell immunotherapy. 
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CHAPTER FOUR: VP-MCC CELL LINES EXPRESS THERAPEUTICALLY 

TARGETABLE MHC CLASS I, BUT NOT MHC CLASS II 

 

Introduction 

The ability of tumor-specific T cells to recognize and respond to their antigens after 

adoptive transfer is necessary for their function. Mature T cells are activated when their TCR 

binds to antigen in the context of MHC expressed on the surface of another cell. Therefore, the 

expression of stable surface MHC molecules are central to the immunological interface with 

tumor antigens.  

There are two major families of MHC molecules: MHC class I and MHC class II. Class I 

molecules are expressed by all nucleated cells and interface with CD8+ T cells. Conversely, 

MHC class II binds to CD4+ T cells. Professional APCs such as dendritic cells, B cells, and 

macrophages express both MHC class I and II molecules. Additional cell types including tumor 

cells, fibroblasts, and endothelial cells can express MHC class II in an inflammatory 

environment (150–152). In humans, the major MHC class I genes are HLA-A, B, and Cw. The 

human MHC class II genes are HLA-DR and DQ.   

Expression of MHC molecules by tumor cells can augment T cell immune responses 

against it. CD8+ T cells require the expression of MHC class I on the tumor cell to elicit its 

primary immune function: cytotoxicity. However, the role of MHC class II on tumor cells is 

more nuanced. Unlike CD8+ T cells, Th1 CD4+ T cells have multiple primary effector functions 

that include both cytotoxicity and activation of accessory innate immune cells. Expression of 

MHC class II on tumor cells is associated with improved outcomes in a variety of malignancies, 

including acute myeloid leukemia, melanoma, breast cancer, and glioma (Axelrod et al. 2019). 
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The ability of CD4+T cells to lyse target cells is only recently described and requires the 

expression of MHC class II on the tumor cell. While expression of MHC class II by tumor cells 

improves the clearance efficiently, the expression of MHC class II on tumor cells is not required 

in the presence of tumor infiltrating innate immune cells (153–155). 

In VP-MCC, MHC class I is downregulated but can be induced by IFNβ, IFNγ, radiation 

and HDACi (104). However, the expression of MHC class II molecules has not been 

characterized. Healthy donor MCPyV TAg specific T cells are largely CD4+, suggesting that 

expression of MHC class II molecules in VP-MCC tumors or accessory APCs may play a role in 

their function. In this aim, expression of MHC class I and II in VP-MCC cell lines were 

characterized, and pharmacologic interventions were tested to induce surface MHC class II.  

 

Methods 

HLA expression in VP-MCC cell lines  

VP-MCC cell lines MKL-1, MKL-2, and WaGa and the MHC class I and II null cell line 

K562 were plated at 0.5x106 cells/well in a 96 well plate then incubated with 30,000 IU/mL 

IFNγ for 72 hours. This experiment was performed in duplicate. Cells were harvested, RNA 

extracted (QIAgen RNeasy kit), and reverse transcribed. RT-PCR was performed for 

housekeeping gene GAPDH, HLA-A, B, and DR using the manufacturer-validated assays 

(ThermoFisher cat. No. 4453320; assays IDs: Hs01058806_g1, Hs00818803_g1, and 

Hs04192464_mH; ThermoFisher cat.no 4448489; assay ID Hs02786624_g1). To calculate ΔCt, 

the average Ct of the target gene was normalized to the average CT of GAPDH (target gene-

GAPDH). ΔΔCt was calculated by normalizing the ΔCt of IFNγ treated cells to the ΔCt of 

untreated controls (treated ΔCt- untreated ΔCT). Fold change was calculated as 2-ΔΔCt.  
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RNASeq of HDACi treated VP-MCC cells  

The 1x106 MKL-2 cells were treated with a final concentration 0.3uM panobinostat, 

0.3uM etinostat, or the vehicle DMSO for six hours. The mRNA was extracted and reverse 

transcribed as described previously. The cDNA was prepared using following the manufacturer’s 

protocol and sequenced using Illumina HiSeq to a depth of 30 million paired end reads each. 

Sequencing data was aligned and analyzed using STAR, gene level transcripts per million (TPM) 

were counted with RSEM, and GSEA analysis was performed comparing DMSO to panobinostat 

at 1 and 6 hours.  The pipeline scripts for RNA analysis and visualization are available 

at https://github.com/GryderArt/VisualizeRNAseq. Changes in gene expression relative to 

untreated and vehicle control samples were visualized using ClustVis software.  

Surface expression of MHC molecules by flow cytometry 

VP-MCC cell lines MKL-1, MKL-2, and WaGa were plated at 0.5x106 cells per well in a 

96 well plate in triplicate. Cells were treated with 0, 3, 30, 300, 3000, and 30000 IU/mL IFNγ for 

24, 48, and 72 hours where indicated. Surface expression of HLA-A, B, and Cw and HLA-DRB1 

was evaluated by flow cytometry as described previously using the below antibody panel A. All 

panels use Invitrogen fixable viability dye in pacific blue (Invitrogen Time L34955). course 

expression of HLA-DRB1 was determined using Panel B. Cells were gated on singlet live cells 

that are CD56+.  

 

 

 

 

 

https://github.com/GryderArt/VisualizeRNAseq
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Table 4.1. Survey of MHC expression on VP-MCC cell line flow panel antibodies. 

Target Clone Fluorochrome Isotype Company  Cat no 

HLA-DR L243 BV605 Mouse IgG2a, κ BioLegend 307640 

HLA-A,B,C 

(pan-MHC 

class I 

antibody) 

W6/32 AF488 Mouse IgG2a, κ BioLegend 311413 

PD-L1 29E.2A3 BV786 Mouse IgG2b, κ BioLegend 329736 

CD56 MEM-188 PE Mouse IgG2a, k BioLegend 304606 

 

Table 4.2. MHC class II time course flow panel antibodies. 

Target Clone Fluorochrome Isotype Company  Cat no 

HLA-DR L243 PerCP-Cy™5.5 Mouse IgG2a, κ BD Biosciences 339194 

CD56 MEM-188 PE Mouse IgG2a, k BioLegend 304606 

 

Results  

MHC class I and II transcriptional expression is induced by IFNγ 

The MHC molecules are a critical component of the interface between cells and the 

immune system. HLA-A and B are MHC class I genes and HLA-DR is a MHC class II gene in 

humans. Our data demonstrate that both MHC class I and class II molecules can be induced by 

exposure to IFNγ in VP-MCC cell lines. Consistent with previous studies, IFNγ robustly induces 

HLA-A and B transcription in MKL-1, MKL-2, and WaGa. IFNγ also induced HLA-DR 

transcription in all three VP-MCC cell lines (Figure 4.1).  
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Therapeutic interventions can upregulate MHC class II machinery  

IFNγ is a potent proinflammatory signal but is often not well tolerated when systemically 

administered. HDACi are a class of drugs that lead to epigenetic modifications of tumor cells 

that may promote cancer cell death and can modulate the expression of antigen processing 

machinery. Panobinostat and etinostat are HDACis that show preclinical evidence of VP-MCC 

cytolyic activity in vivo (unpublished observations). RNASeq of treated MKL-2 cells show that 

both HDACi can upregulate expression of the heterodimer components of HLA-DR (Figure 

4.2A) and MHC class II antigen processing machinery (Figure 4.2B). Negative regulators of 

MHC class II MARCH 1 and MARCH8 were downregulated (Figure 4.2B) These data suggest 

that HDACi may be a valid therapeutic modality to modulate MHC class II antigen presentation 

in VP-MCC.  

 

MHC class II can be induced in VP-MCC cell lines in a dose dependent fashion  

To determine whether the transcriptional expression correlates with surface protein 

expression of MHC molecules on VP-MCC lines, HLA-DR and HLA-A surface expression was 

quantified by flow cytometry. MHC class I is readily induced in VP-MCC cell lines, in line with 

previous published observations (Figure 4.3A). Despite mRNA expression of HLA-DRB1 by all 

three cell lines, only MKL-2 had detectable HLA-DR on the cell’s surface. This upregulation 

occurred in both a dose and time dependent fashion (Figure 4.3B). These data demonstrate that 

VP-MCC may be directly targetable by CD4+ T cells, however additional immune evasion 

mechanisms may have evolved in some tumors to prevent proper MHC class II antigen 

processing and presentation. 
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Figure 4.1. Transcription of both MHC class I and II is induced by IFNγ stimulation in VP-

MCC cells. 

 

Fold change of HLA-A, B, and DR mRNA expression in MKL-1, MKL-2, and WaGa. 

Normalized to GAPDH and unstimulated controls.  
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Figure 4.2. HDACi increases transcription of MHC class II molecules in VP-MCC. 

 

RNASeq on the MKL-2 cell line treated for six hours with the HDACi panobinostat (yellow), 

etinostat (purple), and vehicle DMSO (black). A. TPM of HLA-DRB1 and HLA-DRB2 after 

treatment with the HDACi. The dashed line represents a cut off of non-specific reads based on 

the expression of CD4+(0.2 TPM). B. Expression heatmap of MHC class II processing and 

presentation related genes. Rows are clustered using correlation distance and average linkage. 

Columns are clustered using Manhattan distance and average linkage using ClustVis.  
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B 

 
 

Figure 4.3. Surface expression of MHC class I and II molecules are induced on VP-MCC 

cell lines. 

 

(A) Surface expression of HLA-DRB1 and HLA-A,B, and Cw by VP-MCC cell lines MKL-1, 

MKL-2, and WaGa treated with 30,000IU/mL IFNγ for 72hr (B) HLA-DRB1 surface expression 

by flow cytometry of MKL-2 at 24, 48, and 72hr post IFNγ treatment. Cells were treated with 3, 

30, 300, 3,000, and 30,000 IU/mL IFNγ. 
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Summary 

Antigen presentation by VP-MCC tumor cells and therapeutic upregulation of MHC class II may 

promote CD4+ tumor specific T cell responses. In this aim, we determined that VP MCC cell 

lines suppress MHC class I and II expression, and that this transcriptional repression is reversible 

by IFNγ stimulation or HDACi treatment. However, stable MHC class II complexes are 

detectable in only one of three VP-MCC cell lines after stimulation. These data suggest that 

MHC class II may be induced in some VP-MCC tumors, however the major source of antigen 

presentation to tumor-specific CD4+ T cells is likely professional APCs.  
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CHAPTER FIVE: MCPyV TAg SPECIFIC T CELLS ARE SUITABLE FOR DIRECT 

CLINICAL USE 

 

Introduction 

Adoptive T cell immunotherapy is a promising cancer treatment modality for VP-MCC. 

As more clinical data on successful adoptive T cell transplants accumulate, patterns of T cell 

product features are emerging. Critical aspects include practical manufacturing considerations 

and T cell phenotypes. In chapter 3, we demonstrated that Th1 CD4+T cells specific for MCPyV 

TAg can be generated from healthy donors using a novel culturing technique. In this aim, we 

explored whether the expanded MCPyV TAg-specific T cell products from healthy donors fulfill 

the requirements of a suitable ACT product.  

Persistence is a function of both memory status and sustained functionality. The latter can 

be blunted by immune checkpoints, which are often activated by cancer cells and upregulated by 

chronic stimulation. The canonical T cell immune checkpoints are PD-1, TIM3, and LAG3 (156–

158). Exhausted T cells fail to induce effector functions when their TCR is engaged. In truly 

exhausted cells, multiple immune checkpoints are upregulated (159). ICIs may be administered 

along with the adoptively transferred T cells to extend the functional lifespan of the T cell 

product. Additionally, T cell memory phenotype influences the life-span and proliferative 

capacity of adoptively transferred cells and impacts T cell persistence post-transplant (160). 

Mature T cells differentiate along a spectrum from antigen-inexperienced naïve cells on one end 

and terminal effector cells at the other (160). After antigen experience, responding T cells rapidly 

divide and produce high abundance of short-lived terminal effector T cells. A smaller portion of 

long-lived memory T cells persist long-term in the individual. Memory T cells can be further 

divided into additional categories including central memory, transitional memory, and effector 
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memory T cells. Each stage of T cell differentiation is defined by differential expression of 

various surface proteins such as CD45RO, CD127, and CD62L (160). Adoptive transfer of 

memory tumor-specific T cells is superior to terminal effector tumor-specific T cells at tumor 

clearance and resistance to tumor challenge due to the long-lived persistence of the adoptively 

transferred cells. In vitro culturing cytokines may alter the memory phenotypes of the resulting 

cells. To address whether MCPyV TAg T cell cultures in the enhanced culturing conditions are a 

suitable phenotype for adoptive transfer, memory and exhaustion marker expression was 

assessed on these cultures.  

Practical T cell manufacturing considerations such as donor applicability and feasibility 

also play a major role in ACT clinical trial success. To treat a broad number of patients, MCPyV 

TAg-specific T cells should be generated from a diverse set of donors (161). A retrospective 

analysis of the expanded MCPyV TAg donors were analyzed to identify whether biases in HLA 

or demographic patterns influenced the ability to generate MCPyV TAg products from donors. 

 

Results 

Expanded CD4+ MCPyV TAg T cells lack the terminal effector phenotype and are not exhausted 

Longevity and potency of adoptively transferred T cell products post-transplant is likely a 

function immune memory formation and lack of exhaustion. Several studies also indicate that 

less differentiated T cell products are associated with superior performance in vivo  (162–164). 

To determine whether the enhanced cytokine cocktail produced terminal effector cells, we 

determined the memory phenotype of expanded MCPyV TAg cells by the differential expression 

of the markers CCR7, CD27, CD45RO, and CD95 (165,166). We also assayed exhaustion 

marker expression of the expanded T cell cultures. On average, CD3+CD4+ gated expanded cell 



68 

 

cultures contained 4.03+/- 1.27% central memory, 36.2 +/- 1.27% transitional memory, and 35.2 

+/-5.66% effector memory cells (Figure 5.1A). The majority of cultured CD3+ cells did not 

express the canonical exhaustion markers PD-1, TIM3, or LAG3, but 18.4 +/-6.92% expressed 

PD-1 alone and 0.955 +/-0.567% expressed TIM3 alone. A minority of cells co-expressed 

LAG3+PD-1+ (1.87 +/- 1.75%) or TIM3+PD-1+ (0.999 +/- 0.775%). Frequency of other 

exhaustion marker co-expression combinations was <0.5% and no cells expressed all three 

exhaustion markers (Figure 5.1B). Taken together, these data demonstrate that the majority of 

expanded CD4+ MCPyV specific cells are not terminally differentiated and lack exhaustion 

markers, suggesting they would be suitable for ACT. Additionally, MCPyV TAg-specific cells 

gated on CD3+CD4+TNFα+ cells were polyfunctional for Th1 effector molecules IL-2, granzyme 

B, IFNγ, and TNFα (Figure 5.2), a feature associated with immune-mediated tumor clearance 

(167–169).  

 

Successful expansion of MCPyV TAg specific cells is associated with advanced donor age 

To determine if certain donor HLA alleles were associated with successful expansion of 

peptide derived MCPyV TAg specific T cells, 20 donors used in this study were HLA typed and 

analyzed. Donors who produced MCPyV TAg reactive T cells in at least two independent assays 

were classified as positive responders. TAg specific cells were produced with no bias for donor 

HLA-A, B, Cw, DR, or DQ alleles (Fisher’s exact test p >0.1; Figure 5.3). We then looked at 

whether additional donor characteristics such as age, sex, and race correlated with responder 

status. Of the 46 donors studied, 6 non-responder and 2 responders did not have donor age data 

available. Of the 38 evaluable donors, responders were older (median age 45.5 +/- 2.97 years) 

compared to non-responders (34.9 +/- 2.89 years); paired t test p = 0.01) (Figure 5.4A). Notably, 
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75% of donors over 50 years old were responders (n=12; Figure 5.4B). No significant trends in 

sex or race were identified.  
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Figure 5.1. MCPyV TAg specific T cells possess clinically relevant phenotypes. 

 

(A) MCPyV TAg expanded CD3+CD4+ T cells assayed for differentiation status based on 

memory markers CCR7, CD27, CD45RO, and CD95 by flow cytometry (n=6). Percentage of 

naïve (CCR7+CD27+CD45RO-CD95-), stem cell memory (CCR7+CD27+CD45RO-CD95+), 

central memory (CCR7+CD27+CD45RO+CD95+), transitional memory(CCR7-

CD27+CD45RO+CD95+), effector memory(CCR7-CD27-CD45RO+CD95+), and terminal 

effector (CCR7-CD27-CD45RO-CD95+) T cells are shown. (B) Expression of canonical 

exhaustion markers PD-1, TIM3, and LAG3 by expanded CD3+ cells (n=4). 
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Figure 5.2. MCPyV-specific CD4+ T cells are polyfunctional. 

 

Polyfunctional expression of IL-2 (red arc), Granzyme B (yellow arc), IFNγ (green arc), and 

TNFα (cyan arc) of MCPyV TAg stimulated CD3+CD4+TNFα+ cells (n=5). Each wedge color 

represents a unique combination of cytokines expressed by a cell population. 
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Figure 5.3. Expansion of MCPyV-specific T cells is not dependent on HLA genotype. 

 

Distribution of (A) MHC class II and (B) MHC class I alleles of negative (n=11) and positive 

(n=9) MCPyV TAg responding healthy donors (Fishers exact >0.1).  
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Figure 5.4. Age correlates with recovery of MCPyV TAg specific T cells. 

 

(A) Positive and negative donor status by age (n=38; p=0.0156). Significance determined by 

Student’s T-test. *= p value ≤0.05 (B) Prevalence of positive donors by age group. 
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Summary 

In this aim, the suitability of MCPyV TAg specific T cells for therapeutic use was evaluated. 

Expanded TAg-specific T cells are a favorable memory and cytokine secretion phenotype for 

direct adoptive T cell transfer. TAg-specific T cells have the capacity to express exhaustion 

markers, and in vivo activity may be improved by anti-PD-1 and anti-TIM3 therapeutics. 

Interestingly, donors over >50 years old are more reliable donors for TAg-specific T cells and 

may be preferred sources of MCPyV TAg reactive T cells. Lastly, this technique has broad 

applicability for potential donors and patients without HLA restrictions. 
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CHAPTER SIX: DISCUSSION 

 

In this study, we have developed a novel method to rapidly and reliably expand healthy 

donor T cells ex vivo targeting the primary oncogene of VP-MCC using a GMP-adaptable 

methodology. We produced MCPyV TAg specific T cells with phenotypic characteristics 

favorable for clinical cell products. Cells were polyfunctional CD4+ memory T cells minimally 

expressing PD-1. Peptide-expanded TAg specific T cells responded to natively processed 

MCPyV antigen and not to irrelevant antigens presented by autologous APCs, demonstrating 

specific on-target activation. Furthermore, multiple epitopes within the two TAg gene products 

were immunogenic in HLA-unrestricted healthy donors, demonstrating a broad diversity of 

tumor relevant epitopes for VP-MCC immunotherapy.  

Overlapping peptide libraries can recapitulate potential epitopes for an antigen of interest 

without the inefficiency of using whole protein and lack the clinical safety concerns of viral 

transfected APCs (170). However synthetic peptides may produce an epitope not readily 

presented in a native context. Thus, it is critical to validate that peptide reactive cells can also 

recognize naturally processed antigens. Our TAg overlapping peptide libraries produced T cells 

that recognized immunogenic epitopes presented across various HLA alleles, and we confirmed 

that these peptide-generated T cells readily recognize naturally processed antigens presented by 

transduced autologous APCs. These data strongly suggest that the TAg peptide libraries 

accurately represent clinically relevant epitopes. 

Our approach readily generated TAg specific CD4+ T cells from healthy donors that 

could be use in ACT. Although tumor eradication has classically been attributed to CD8+ 

cytotoxic T cells, it is increasingly recognized that CD4+T cells also play an important role in 

tumor control. Clinical trials have demonstrated that ACT and tumor infiltration by Th1 CD4+ T 
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cells can mediate regression of advanced solid tumors (171–174). Recently it was shown that 

MCPyV TAg-specific CD4+ T cells are enriched in VP-MCC tumors (80), demonstrating that 

MCPyV MHC class II restricted TAg epitopes are relevant to tumor immunity.  Th1 CD4+cells 

engage in canonical activation and recruitment of innate immune cells and CD8+ cells to direct 

anti-tumor immunity (155,175). They also directly kill MHC class II bearing tumor or stromal 

cells and rescue ICI refractory anti-tumor CD8+ cells in vivo to clear tumors (155,176,177). 

Murine models also demonstrated Th17 CD4+cells are capable of tumor eradication (144). 

Lastly, since VP-MCC immune evasion to MCPyV TAg specific CD8+ can occur in VP-MCC 

tumors treated with checkpoint inhibitors and HLA class I restricted transduced TCRs (103), the 

ACT of VP-MCC-specific CD4+ T cell could be beneficial in reversing such evasion.  

The hallmarks of successful T cell products for ACT are T cell persistence, 

polyfunctionality, and on-target specificity (161). T cell persistence is a function of memory 

status, exhaustion, and to some degree proliferative capacity. In clinical and murine models, 

ACT of central and effector memory cells are superior to terminal effector T cells. In addition, 

expression and engagement of exhaustion immune checkpoints prevent anti-tumor T cell 

activation and subsequent proliferation in vivo. Our expanded TAg specific T cells lack terminal 

effector phenotypic markers and infrequently express canonical immune checkpoints, 

demonstrating a favorable persistence phenotype that is suitable for ACT. 

In our work, we successfully generated CD4+ T cells specific for MCPyV TAg and little 

response in the CD8+ compartment, possibly due to inherent properties of our system. This 

preference for CD4+ T cells may be due to the 15mer length of the peptide libraries, however this 

peptide library format has readily produced antigen-specific CD8+ T cells for other viral targets, 

such as adenovirus and Epstein-Barr virus (178).  Shorter peptide libraries may efficiently 
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stimulate some CD8+ restricted epitopes that longer peptides fail to induce (179). It is therefore 

possible that cryptic HLA class I epitopes exist in the T cell repertoire of heathy individuals. 

Electroporated APCs and several rounds of stimulation produced MCPyV TAg-specific CD8+ T 

cells from healthy donors (180). However, several studies using HLA class I tetramers and 

multimers also failed to isolate CD8+ MCPyV TAg restricted epitopes from healthy donors, 

suggesting CD8+ TAg specific T cells may be low frequency in the healthy donor T cell 

repertoire (73,77,79,80).  

Clinical implementation of MCPyV directed ACT could be combined with additional 

immunotherapies to tailor the needs of each patient. In this proof of concept study, we used 

blood from a diverse set of healthy donors to produce T cells ex vivo that are specific to antigens 

present in all VP-MCC tumors. By selecting HLA-matched donors, MCPyV antigens expressed 

through the entire class II HLA array could be targeted by the T cell product. This approach 

could also be adapted for autologous material from VP-MCC patients, who often maintain a 

higher MCPyV antigenic burden (72). Alternatively, off-the-shelf donor derived MCPyV CD4+ 

T cells sharing at least one HLA allele with the recipient could be used.  Potency of these 

products targeting TAg MCC could be further enhanced by including CD8+ T cells with 

alternative tumor specificities such as MAGE-A3, survivin, and SPA17 expressed by VP-MCC 

(181–183). Although MCPyV TAg cells minimally express the exhaustion markers PD-1 and 

TIM3 after production, co-administration with ICIs could potentially improve potency and 

persistence of the adoptively transferred cells. 

In conclusion we have discovered that heathy donors frequently have circulating CD4+ T 

cells specific for MCPyV TAg, that these cells are present across most HLA types, and they can 

be efficiently expanded using peptide libraries under enhanced cytokine culture conditions. This 
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study identifies a practical strategy for treating patients with adoptively transferred TAg specific 

CD4+ T cells for immunotherapy of VP-MCC.  

 

Future directions 

These findings provide a framework to create MCPyV TAg-specific T cells from broad 

sources of T cells. In this study, we focused on healthy donors as a source of MCPyV TAg-

specific T cells, however our approach may also be applied to immunocompetent patient samples 

as well. This robust system to produce MCPyV TAg specific T cells may also lay the 

groundwork to sequence MCPyV TAg-specific TCRs specific for a variety of HLA alleles to 

create a bank of TCRs. These TCRs may be used therapeutically as an “off-the shelf” treatment 

or in research to better understand the relationship between CD4+ T cells and VP-MCC.  

To create an off-the-shelf therapy, expanded T cells could be isolated by a surface 

activation marker such as CD137 then the TCR alpha and beta V(D)J genes can be sequenced 

using high throughput single cell RNA sequencing. Using this approach, the alpha and beta 

chains can be paired correctly can be used to clone and subsequently validate individual MCPyV 

TAg specific TCRs. The epitope restrictions of the individual TCRs can then be determined by 

challenging the T cells with individual peptides represented in the pools. These cloned TCRs 

then could be used for future clinical use or research purposes.  

 

Summary and conclusions  

Using our novel expansion technique, we enhanced production of MCPyV TAg reactive 

T cells from healthy donors that are appropriate for direct clinical use. This investigational 
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therapeutic can be easily adapted to a clinical protocol to treat VP-MCC patients either alone or 

in combination with additional immunotherapies.  
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