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Abstract 

NK1.1+B220+ Cell Depletion Enhances the Rejection of Established Melanoma by TAA-

Specific CD4+ T Cells 

Kyle A. Wilson, Doctor of Philosophy, 2015 

Dissertation directed by: Paul A. Antony, MD, Assistant Professor, Department of 

Pathology, Program in Molecular Microbiology and Immunology 

 

Five-year survival rates for patients diagnosed with metastatic melanoma are less 

than 5%.  Adoptive cell transfer (ACT) has achieved an objective response of 50% by 

Response Evaluation Criteria in Solid Tumors (RECIST) in this patient population.  For 

ACT to be maximally effective, the host must first be lymphodepleted. It is hypothesized 

that lymphodepletion may remove regulatory elements and cytokine sinks, or increase the 

activation and availability of antigen presenting cells (APCs).  We use an in vivo model 

to study the ACT of tumor-associated antigen (TAA)-specific CD4+ T cells (TRP-1 

cells).  We have discovered that depletion of NK1.1+ and B220+ cells enhances the 

rejection of established melanoma tumors by adoptively transferred TRP-1 cells. Our data 

suggest that the most likely cell population responsible for suppressing the activity of 

adoptively transferred TRP-1 cells is premature natural killer (pre-mNK) cells. NK1.1+ 

cell depletion increases the number of TRP-1 cells, the serum concentration of pro-

inflammatory cytokines, and host survival after ACT. Our data suggest that NK1.1+ cells 

use an NKG2D- and programmed death-ligand 1 (PD-L1)- dependent mechanism to 

suppress the activity of adoptively transferred TRP-1 cells.  We believe that future ACT 



therapy designs should include a regimen to encourage an anti-tumor rather than pro-

tumor immune response from NK1.1+B220+ cells. 
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Chapter 1: Introduction 

Melanoma 

 Cancer is the number two cause of death in the United States. One in four US 

citizens will die of cancer—a projected 585,720 deaths in 2014.1 Of these deaths, 

melanoma of the skin represents a relatively small cause, despite the fact that skin cancer 

is one of the most common forms of cancer in the US.2 It is projected that 9,710 deaths 

will occur from melanoma in 2014. While prostate and breast cancer are the most 

common cancers for men and women, respectively, melanoma is one of only three 

cancers, the other two being thyroid and liver cancer, whose incidence is increasing (Fig. 

1-1), irrespective of sex, age, or race.1 It is estimated that an average of 15 years of 

potential life are lost (YPLL) for each melanoma death. The cost attributable to skin 

cancer morbidity and mortality is estimated to be between $1 billion and $3 billion.2 

 Melanoma represents the culmination in the stepwise transition from a normal 

melanocyte into a malignant cell (Fig. 1-2). During this transition, normal melanocytes 

proliferate, forming a benign lesion called a nevus. This is most frequently caused by 

aberrant activation of the mitogen-activated protein kinase (MAPK), usually due to 

mutations in N-RAS or BRAF. Next, the cells develop an aberrant growth pattern, and 

the nevus transitions from a benign lesion with uniform coloration into a dysplastic lesion 

with irregular borders and varied coloration. This is due to lesions in cell growth, 

deoxyribonucleic acid (DNA) repair, and cell death pathways. As the cells enter a radial 

growth phase (RGP), they begin to spread outward, through the epidermis. This 

represents the transition from random atypia into bona fide cancer. Next, the cells enter a 

vertical growth phase (VGP) and begin to invade the dermis and fat. Finally, the 
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Figure 1-1. The incidence of melanoma is increasing. Reproduced from the NCI’s SEER study. 
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Figure 1-2. Steps in the transition of a normal melanocyte to a malignant melanoma cell. Reprinted 
with permission from Zaidi, et al.3 
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malignant cells can metastasize to other sites—typically lung, liver, or brain—where they	  

can grow to establish secondary malignant foci. These later transitions are due to 

alterations in cell adhesion molecules and pathways.4 

 Melanoma, like other malignancies, is staged based on the degree of metastasis at 

the time it is discovered. Stage I and II melanomas have no evidence of metastasis, and 

are differentiated based upon the thickness of the primary lesion and its degree of 

ulceration. Stage III melanoma exhibits regional metastasis, and stage IV, distant 

metastasis.5 Five-year survival rates for localized melanoma are relatively high, around 

98% for stage I melanomas. The standard of care for localized melanoma is surgical 

resection.6 However, survival rates drop precipitously to around 16% in patients with 

distant melanoma metastases (stage IV), which highlights the need for new metastatic 

melanoma therapies.1 Furthermore, one third of melanoma patients develop recurrent 

disease.7 Five-year survival rates are 41.9% for a local recurrence, and only 11.9% for a 

distant recurrence. 

Presently, there are five FDA-approved therapies for metastatic melanoma: 

dacarbazine (DITC), high-dose interleukin (IL)-2, ipilimumab (anti-CTLA-4), 

pembrolizumab (anti-PD-1), and nivolumab (anti-PD-1).  The objective response rates 

(ORRs) for these therapies are 15%-25% for DITC, 16% for high-dose IL-2,8 11% for 

ipilimumab,9 and 26% for pembrolizumab and nivolumab.10 DITC is the only compound 

on this list that acts directly on the tumor, itself. DITC is an alkylating agent that leads to 

toxic DNA damage in rapidly dividing cells.11 Because tumor cells are one of the more 

rapidly dividing cell populations in the body, they are more sensitive than most other cell 

types to DITC. However, healthy rapidly dividing cells are also sensitive to DITC, and 
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their death results in some of the more common side-effects of DITC therapy: immune 

suppression, sterility, diarrhea, and birth defects, if a mother is pregnant while taking 

DITC. Unlike DITC, IL-2, ipilimumab, pembrolizumab, and nivolumab do not directly 

target the tumor. Rather, they target the immune system—the main mechanism leading to 

spontaneous regression of primary melanoma tumors.12 Physiologically, IL-2 supports 

the differentiation of cluster of differentiation (CD)4+ and CD8+ T cells into effector and 

memory cells. Thus, it was originally thought that exogenous IL-2 could stimulate CD4+ 

and CD8+ T cells to reject tumors.13 However, it has recently been suggested that IL-2 

may ultimately preferentially stimulate regulatory T cells (Tregs).14 The basis of this 

hypothesis stems from the fact that Tregs are one of the few immune cells that 

constitutively express CD25, a critical component of the high-affinity IL-2 receptor.14 

Ipilimumab, pembrolizumab, and nivolumab do not stimulate all T cell populations like 

IL-2 does. Rather, they block signaling through inhibitory receptors, preferentially 

stimulating those T cell populations that are actively responding to a perceived threat. 

Ipilimumab blocks signaling through cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4), an important inhibitory receptor that probably evolved to help restrain T cell 

responses and mitigate damage to normal host tissue.15 Both pembrolizumab and 

nivolumab block the programmed cell death 1 (PD-1)/PD-L1 signaling pathway.10, 16 

Like CTLA-4, when PD-L1 signals through PD-1, which is expressed on recently 

activated as well as exhausted tumor-specific T cells, the signal suppresses the activity of 

the T cell. Because they release the “brakes” on the immune system, IL-2, ipilimumab, 

pembrolizumab, and nivolumab can all cause off-target, immune-mediated toxicities. In 

the case of IL-2, since its activity is less specific, the toxicities are systemic, and include 
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malaise, and capillary leak syndrome.17 Ipilimumab can cause GI problems, rash, and 

immune-mediated conjunctivitis. Pembrolizumab and nivolumab can also cause GI 

problems and rash.18 

 

The Immune Response to Cancer 

The immune system functions as an external tumor suppressor when a cell’s 

intrinsic tumor-suppressor mechanisms have failed. However, by selecting for tumor cells 

with reduced immunogenicity, the immune system is also capable of promoting tumor 

growth. This complex and contradictory process is known as cancer immunoediting, and 

is broken into three phases: elimination, equilibrium, and escape.19 

The elimination phase (Fig. 1-3) was formerly called cancer immunosurveillance. 

The effectors necessary for elimination are dependent upon a tumor’s cellular and 

anatomic origin, cytokine production profile, and mechanisms of transformation and 

immune recognition. It is presumed that cancer immunosurveillance occurs in humans 

because: 1) immunosuppressed patients have a higher incidence of non-viral cancer, 2) 

cancer patients develop spontaneous innate and adaptive immune responses to their 

tumors, and 3) tumor-infiltrating lymphocytes (TILs) have a positive prognosis for 

patient survival.19  

Elimination begins when cells of the innate immune system are recruited to the 

tumor because of local stromal remodeling as the tumor promotes angiogenesis and 

tissue-invasive growth.20 IL-17D, expressed by some unedited tumor cells and 

representing an endogenous tumor surveillance mechanism,20 promotes the expression of 

chemokine (C-C motif) ligand (CCL) 2 by tumor endothelial cells.20 CCL2 enhances the  
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Figure 1-3. The elimination phase of cancer immunoediting. Reprinted with permission from Mittal, et 
al.21 
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recruitment of natural killer (NK) cells, which promote M1 macrophage differentiation 

and adaptive anti-tumor immune responses.20 While NK cells and recombination 

activating gene (RAG)-dependent cells are required for the protective activity of IL-17D, 

neutrophils and monocytes are not.20 

Once recruited, NK cells, natural killer T (NKT) cells, γδ T cells and 

macrophages begin responding to stress-induced molecules that have been upregulated by 

the malignant cells in response to genotoxicity, such as MHC class I polypeptide-related 

sequence (MIC)A/B.19, 22 γδ T cells and NKT cells may also recognize the newly-

transformed cells via their T cell receptors (TCRs). The stress-induced signals initiate the 

beginning of the immune response to the growing tumor by inducing these innate 

effectors produce interferon (IFN)-γ.22 IFN-γ has multiple roles during elimination, 

including 1) upregulating the major histocompatibility complex I (MHC I) antigen 

processing and presentation pathway, thereby enhancing a tumor’s immunogenicity, 2) 

exerting antiproliferative and proapoptotic effects on tumor cells, and 3) inducing 

chemokine (C-X-C motif) ligand (CXCL)-9 and CXCL-10 expression by malignant cells, 

which serve as chemoattractants for chemokine (C-X-C motif) receptor (CXCR) 3+ 

lymphocytes and can inhibit angiogenesis.19, 23 

Tumor-infiltrating macrophages produce small amounts of IL-12, which, in 

addition to stress-induced molecules, promotes IFN-γ production by tumor-infiltrating 

NK cells. The NK cell-derived IFN-γ induces further IL-12 production by macrophages, 

establishing a positive feedback loop. IFN-γ also induces the production of reactive 

oxygen species (ROS) and reactive nitrogen species by the macrophages. NK cells, upon 
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activation by IFN-γ or their activating receptors, can kill tumor cells with TNF-related 

apoptosis-inducing ligand (TRAIL) or perforin.19, 22, 23 

Local, immature dendritic cells (iDCs) become activated by the proinflammatory 

cytokine milieu. Activated, antigen-bearing dendritic cells (DCs) then travel to the tumor-

draining lymph nodes to induce an adaptive anti-tumor immune response. The DCs 

activate naïve, tumor-specific CD4+ T cells and induce their differentiation into T helper 

(TH)1 cells. TH1 cells promote the cross-presentation of tumor antigens on the MHC I 

molecules expressed by the activated DCs, thereby promoting the activation of tumor-

specific CD8+ T cells. The activated CD4+ and CD8+ T cells home along a chemokine 

gradient to the growing tumor. CD4+ T cells begin to produce IL-2, which, along with IL-

15, can maintain the CD8+ T cell-mediated anti-tumor response. CD8+ T cells can 

directly kill antigen-positive tumor cells and produce more IFN-γ. IFN-γ reinforces the 

TH1 differentiation of CD4+ T cells, as well as the activity of tumor-infiltrating 

macrophages and NK cells, all of which can promote tumor rejection.19, 23 

The tumor antigens that are recognized by T cells are divided into five classes: 

viral, mutational, melanoma-associated antigen (MAGE)-type, differentiation, and 

overexpressed (Fig. 1-4).24 By eliminating the cells that express these antigens, both 

CD4+ and CD8+ T cells are major contributors to the ultimate phenotype of an edited 

tumor.25 

Viral, mutational, and MAGE-type antigens are highly specific for the tumors that 

express them. These tumor-specific antigens (TSAs) are ideal candidates to be targeted 

by the immune system, since their tumor-specific expression patterns reduce off-target, 

autoimmune pathology. Tumors that express viral antigens arise after a virus infects a  
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Figure 1-4. Tumor antigens. Reprinted with permission from Coulie, et al.24 
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normal host cell. In these cases, some aspect of the viral life cycle—usually an 

integration event—leads to the transformation of the normal cell. Therefore, all of the 

cell’s malignant progeny express the viral antigen, whereas normal host tissues do not. 

Mutational antigens arise when a gene mutation changes the amino acid sequence of a 

peptide. The number of mutational antigens expressed by a given tumor varies 

significantly depending on the tissue origin and mechanism of carcinogenesis (Fig. 1-5). 

It is estimated that about half of the spontaneous, anti-tumor T cell responses observed in 

cancer patients are against mutational antigens. The majority of these antigens result from 

passenger mutations that are unnecessary for oncogenesis. Therefore, expression of these 

passenger TSAs is easily selected against during the tumor-sculpting events of the 

equilibrium phase. MAGE-type antigens result from the expression of cancer-germline 

genes, which are expressed as a result of the demethylation of their promoter. The only 

other cells that express these genes are germline cells, which are immune-privileged, and 

do not express MHC I. Therefore, while they are not technically tumor-specific, the 

tumor is the only cell that both expresses the antigen and can be recognized by T cells.24 

However, cases have been reported in which T cells specific for MAGE-type antigens 

can cross-react with normal antigens present in other tissues. In one clinical trial of 

adoptive cell transfer, T cells engineered to be MAGE-A3-specific also recognized the 

striated-muscle antigen, titin, resulting in lethal cardiotixicity.26 

Differentiation and overexpressed antigens, while expressed by tumors, can also 

be expressed by normal tissue, and therefore have low tumor-specificity. Immune 

responses that target antigens of low tumor specificity frequently result in autoimmune 

pathology.24 Differentiation antigens are those expressed only in the tumor and normal 
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Figure 1-5. Somatic mutation frequencies of various malignancies. Malignancies with a higher somatic 
mutation rate are more likely to generate a mutation that can be targeted by the immune system. Reprinted 
with permission from Lawrence, et al.27 
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tissue of tumor origin. Interestingly, spontaneous anti-tumor T cell responses against 

differentiation antigens have been described in some melanoma patients. Consequently, 

these patients often develop vitiligo as the melanoma-specific T cells begin to target 

healthy melanocytes. Overexpressed antigens are usually growth factor receptors that the 

tumor upregulates for the benefit of receiving increased survival signals. Because a 

threshold level of antigen is required for T cells to recognize a target cell, T cells 

preferentially kill the tumor cells that overexpress these antigens.24  

If the adaptive immune response contains, but fails to completely eliminate the 

growing tumor, the malignancy is said to have reached equilibrium (Fig. 1-6).21 This 

phase is presumably the longest of the three phases of cancer immunoediting, and can 

take years to complete.17 During equilibrium, the genetic instability of the malignant cells 

produces thousands of mutations per cell, giving rise to a heterogeneous population, ripe 

for Darwinian selection by the immune system.17 The cells that survive and escape this 

phase are therefore the least immunogenic or most immunosuppressive of the population 

that began the equilibrium phase. Malignant cells at equilibrium proliferate poorly in vivo 

because they are immunologically restrained by a combination of cytostatic and cytolytic 

effects.25 This phase is characterized by relatively increased tumor cell apoptosis and 

decreased proliferation.19, 28, 29  

CD4+ and CD8+ T cells, as well as the cytokines, IL-12 and IFN-γ maintain the 

equilibrium state.21, 30 Wu, et al., sought to characterize the equilibrium state by 

examining the phenotypes of the cells in the tumor microenvironment of a murine 

sarcoma at equilibrium. They found that the equilibrium state is characterized by 

relatively high  
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Figure 1-6. The equilibrium phase of cancer immunoediting. Reprinted with permission from Mittal, et 
al.21 
  



	  

	   15	  

proportions of tumor-infiltrating effector and memory CD8+ T cells, effector γδ T cells 

and NK cells, and low proportions of effector and memory NKT cells, Tregs, memory γδ 

T cells, monocytic (MO)-myeloid derived suppressor cells (MDSCs), and memory TH 

cells.31 IL-4, IL-17, tumor necrosis factor (TNF), IFN-αβ, NK cells, DCs, neutrophils, 

NKG2D, and TRAIL do not contribute to equilibrium in presently defined mouse 

models.28, 29, 30 IL-23, in stark contrast to IL-12, with which it shares the IL-12p40 

subunit, promotes tumor escape.30 Macrophages also promote tumor survival during 

equilibrium.30 The higher the ratio of effector T cells (Teff):Treg in the TIL, the less likely 

that a tumor will progress from equilibrium to escape.32 As Teffs receive chronic antigen 

stimulation in the absence of costimulation or a proinflammatory milieu, they are 

eliminated by activation-induced cell death (AICD), thus reducing the ratio of Teff:Treg. 

This same microenvironment also promotes the conversion and expansion of Tregs, 

further reducing the ratio, and ultimately leading to escape.32 The majority of the 

immunologic sculpting probably occurs before histologically detectable tumors become 

clinically apparent, just before the malignant cell population enters the escape phase.19, 28, 

29  

After escaping equilibrium, the tumor may grow and metastasize, in an 

immunocompetent host. In order to thrive in such an environment, tumor cells must avoid 

recognition and destruction by both the innate and adaptive immune system. The extent 

of immunoediting of a tumor, and therefore its capacity to avoid immunologic 

recognition and destruction, is dependent upon the degree of immunocompetence of the 

host.21 This is because multiple tumor immunogenicity sculpting events must be rendered 

by multiple immune effector to yield the escape phenotype.12 The impairment of tumor-
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specific immunity in tumor-bearing hosts usually occurs without any other associated 

immune deficiencies, suggesting that tumors evolve to create a local site of immune 

privilege.32 Metastatic cells are subject to immune selection at both their sites of origin 

and metastasis.22 CD8+ T cells and NK cells restrain the growth of metastatic lesions. 

CD4+ T cells, on the other hand, play a minor role in restraining metastasis, but not to the 

same extent as these classical cytotoxic lymphocytes (CTLs).33 

In order to escape immune recognition, tumors secrete anti-inflammitory 

molecules, downregulate stress-induced and cell death signaling pathways, and coopt 

anti-inflammatory mechanisms that probably evolved to restrain autoimmune pathology 

(Fig. 1-7). To avoid recognition by the innate immune system, tumors may downregulate 

the production of stress-induced molecules. Some elaborate soluble MIC proteins, which 

downregulate the NKG2D signaling pathway on host immune effectors. Anti-

inflammatory molecules, such as transforming growth factor (TGF) β, IL-10, 

prostaglandin (PG) E2, are produced by tumors can inhibit DC maturation and function. 

To avoid recognition by the adaptive immune system, a tumor may downregulate either 

the specific antigen that is recognized or the antigen processing and presentation 

pathway.22 Tumor-elaborated anti-inflammatory molecules can also suppress the adaptive 

immune system. TGF-β, IL-10, PGE2 and galectin-1 downregulate CD3-ζ expression and 

inhibit the proliferation of TIL. Indoleamine 2,3-dioxygenase (IDO) recruits and 

promotes the differentiation of Tregs. Vascular endothelial growth factor (VEGF) prevents 

DC differentiation and maturation by interfering with nuclear factor κ-light-chain-

enhancer of activated B cells (NFκB) signaling in hematopoietic stem cells (HSCs). 

Soluble Fas ligand (FasL) inhibits Fas-mediated targeting of the tumor. Soluble  
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Figure 1-7. The elimination phase of cancer immunoediting. Reprinted with permission from Mittal, et 
al.21 
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phosphatidylserine promotes IL-10 and TGFβ production by tumor-associated 

macrophages (TAMs).23 Tumors and tumor-associated stromal cells have been observed 

to express PD-L1, B7-H3, B7x, human leukocyte antigen (HLA)-G, and HLA-E at their 

membrane to suppress adaptive effectors in the tumor microenvironment.32 Suppression 

of proinflammatory signals, such as IFN-γ, may also inhibit DC maturation.22 Tumors 

also coopt immune regulators such as Tregs, NKT cells and MDSCs in order to establish 

local immune privilege.32 Whereas Tregs, NKT cells, and MDSCs can all suppress the 

antitumor immune response by elaborating regulatory cytokine signals, MDSCs are 

unique in that they can also promote tumor growth by inducing angiogenesis and 

epithelial-to-mesenchymal transition (EMT).34 Finally, recognition by the immune 

system is irrelevant if the immune system is unable to kill a malignant cell. Thus, some 

tumors are known to dysregulate their IFN-γ signaling or extrinsic cell death pathways.19, 

22 

The establishment of a local site of immune privilege must necessarily extend 

beyond the tumor microenvironment. Plasmacytoid dendritic cells (pDCs) in the tumor 

draining lymph nodes express IDO, which activates Tregs and causes other DCs in the 

area to upregulate PD-L1, thus inhibiting the proliferation of Teffs in the lymph node.32 

 The slow evolution of a tumor from the elimination phase throughout equilibrium 

is only detectable upon histological examination. In many cases, patients won’t even 

recognize that they have a malignancy in one of these stages. The lesion does not become 

clinically apparent until after the tumor cell population has evolved into the escape phase. 

Thus, when a patient reports to their physician’s clinic, complaining about the symptoms 
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produced by their particular tumor type, the immune system has already failed to contain 

the growing cancer, and in many cases, is being actively suppressed by it. 

 

ACT for Melanoma 

ACT is an experimental therapy that has had much success in treating melanoma in mice 

and humans (Fig. 1-8). During ACT, either cytotoxic CD4+ or CD8+ T cells that 

recognize a melanoma antigen are infused into the host, where they hopefully kill the 

growing tumor cells.35, 36, 37, 38, 39, 40, 41, 42, 43, 44 It was observed that preconditioning of the 

host with a non-myeloablative regimen (such as a combination of total body irradiation, 

cyclophosphamide, and fludarabine) prior to ACT improved the outcome of therapy.43 

Lymphodepletion enhances ACT in multiple ways, including 1) the elimination of Tregs38, 

2) the elimination of cells that use the same resources as the adoptively transferred T 

cells, termed “cytokine sinks”,45 and 3) enhancing the availability and activation of 

APCs, presumably by allowing more pathogen associated molecular patterns (PAMPs) to 

cross the compromised gut endothelial barrier (Fig. 1-9).46, 47 A study in mice found a 

positive correlation between the dose of radiation prior to ACT and therapeutic 

efficacy.48 Another study in humans found that patients receiving only non-myeloablative 

therapy had an ORR of 49%, while patients receiving an additional 2 gray (Gy) or 12 Gy 

of total body irradiation (TBI) had ORRs of 52% and 72%, respectively. This implies a 

correlation between the intensity of the lymphodepletion regimen and the effectiveness of 

ACT,49 suggesting that the increased intensity removes another cell population involved 

in regulating the immune response. 

The earliest description of an animal model of adoptive cell transfer dates to 1964,  
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Figure 1-8. ACT of autologous, allogenic, and engineered T cells. Reprinted with permission from 
Muranski, et al.50 
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Figure 1-9. Lymphodepletion removes cytokine sinks and regulatory cells, and activates APCs. 
Reprinted with permission from Muranski, et al.50 
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when Delorme, et al., demonstrated that lymphocytes from immunized rats could be used 

to treat sarcomas in syngeneic hosts.51 The technology to culture lymphocytes from 

immunized hosts ex vivo allowed Eberlein, et al., to expand the cells in IL-2, before 

infusing them to treat mice with lymphoma.52 In 1986, it was discovered that TILs could 

be used in place of lymphocytes from immunized, syngeneic hosts.53 Today, it is more 

common to use transgenic T cells to treat tumors in syngeneic mouse models. Many labs 

use mouse models in which the transgenic T cells recognize an artificial, TSA (e.g. 

ovalbumin (OVA), E. coli β-galactosidase, the Ld MHC antigen, or influenza 

hemagglutinin (HA) or nucleoprotein (NP)) that the tumor has been transduced to 

express. While these experiments have been informative, one should exercise caution 

when interpreting the results, since the antigen recognized by the T cells is not a bona 

fide tumor antigen. Thus, at their best, these experiments demonstrate the immune 

response against an overexpressed, tumor-specific, and entirely foreign antigen—a 

scenario that is only true for certain virally induced malignancies. However, there are two 

mouse models of ACT that target bona fide tumor associated antigens. 

The premelanosome protein (pmel)-1 model involves the adoptive transfer of 

CD8+ T cells with a transgenic TCR specific for gp10025-33, presented in the context of H-

2Db. This peptide is derived from gp100, an enzyme involved in pigment synthesis in 

normal melanocytes, and overexpressed in B16 melanoma. Thus, gp100 represents an un-

mutated, tumor-associated differentiation antigen. Adoptive transfer of naïve pmel-1 cells 

can achieve complete resolution of tumor in wild-type hosts when co-administered with 

IL-2 and an “altered peptide” vaccine, derived from human gp100.39 
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The tyrosinase related protein (TRP)-1 model involves the adoptive transfer of 

CD4+ T cells with a transgenic TCR specific for TRP-1113-127, presented in the context of 

H-2IAb (Fig. 1-10). TRP-1113-127 is derived from TRP-1, an enzyme that, like gp100, is 

involved in pigment synthesis in normal melanocytes, and overexpressed in B16-F10 

melanoma. Thus, TRP-1 also represents an unmutated, tumor-associated differentiation 

antigen. It should be noted that attempts to isolate TRP-1-specific CD4+ T cells from 

wild-type C57BL/6 animals was unsuccessful, and so the investigators isolated the 

original clone from so-called, “cappuccino mice,” with an inversion in the first exon of 

the tyrp1 gene. Therefore, cappuccino mice do not express TRP-1 in their normal 

melanocytes or any other tissue. This suggests that, in a wild-type animal, these cells 

were negatively selected in the thymus. Thus, unlike pmel-1 cells, TRP-1 cells do not 

recognize a true self-antigen in their original hosts. However, this model still has benefits 

over the aforementioned foreign antigen models because, upon adoptive transfer, they 

encounter normal melanocytes that express their cognate antigen in addition to tumor 

cells. Interestingly, approximately 10% to 15% of the TRP-1-specific CD4+ T cells that 

develop in these animals are Tregs, and express CD25 and forkhead box (Fox) P3. The 

remaining CD4+ T cells that develop have the phenotype of a naïve CD4+ T cell. 

Adoptive transfer of naïve TRP-1 cells, without vaccination or IL-2, can achieve 

complete tumor resolution in lymphodepleted hosts.54, 55 

 

Cytotoxic CD4+ T Lymphocytes 

Upon activation, naïve CD4+ T cells can differentiate into multiple TH phenotypes 

characterized by their cytokine secretion and function. TH1 cells are induced by IL-12  
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Figure 1-10. A representation of the TRP-1 specific CD4+ T cell TCR interacting with the TRP-1113-

127 peptide, presented in the context of H-2IAb. 
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and IFN-γ, are dependent upon signal transducer and activator of transcription (STAT) 4 

signaling, and use T-bet as their master transcriptional regulator. TH1 cells coordinate 

immunity against intracellular pathogens and tumors as well as delayed-type 

hypersensitivity (DTH) reactions. They do so by secreting IFN-γ, TNF-α, and IL-2. TH2 

differentiation is induced by IL-4. They are dependent upon STAT6 signaling, and use 

GATA-3 as their master transcriptional regulator. TH2 cells coordinate humoral 

immunity, the anti-helminthic response, and eosinophilic inflammation through the 

production of IL-4, IL-5, IL-10, and IL-13. TH17 cells, which protect against extracellular 

bacteria and fungi, and play an important role in autoimmunity, are induced by IL-6 and 

TGFβ. TH17 cells are dependent upon RAR-related orphan receptor (ROR) γt as their 

master transcriptional regulator. They secrete IL-17, TNF-α, IL-6, IL-21, and IL-22. Tregs 

develop in response to TGFβ signaling, and are dependent upon Foxp3 as their master 

transcriptional regulator. Tregs protect the host from excessive inflammation by secreting 

IL-10 and TGFβ. Their suppressive functions are often coopted by growing malignancies 

and chronic viral infections.56  

In addition to these classical T helper phenotypes, CD4+ T cells can also 

differentiate into CTLs (Fig. 1-11). MHC II-restricted CD4+ CTL recognize a greater 

range of antigens as compared to those recognized by MHC I-restricted CD8+ CTL, 

providing an additional layer of immunosurveillance against infection and malignancy. 

CD4+ CTL may have evolved to target viral pathogens that cause a downregulation of 

MHC I.57 

CD4+ CTLs have been isolated from cancer patients. Nagaoka, et al.,58 describe a 

population of cytotoxic CD3+CD4+CD8-CD56-TCRαβ+ T cells, isolated from cancer  
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Figure 1-11. The phenotype of CD4+ CTLs. Reprinted from Martorelli, et al.56 
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patients who received a co-injection of a streptococcal preparation and fibrinogen as a 

local immunotherapy. These CD4+ CTL displayed non-specific cytotoxicity against a 

wide range of target cells. Killing was dependent upon the expression of the adhesion 

molecules, intercellular adhesion molecule (ICAM)-1 and lymphocyte function-

associated antigen (LFA)-1, and membrane-associated TNF-β. The cells also expressed 

IL-3 and IL-4, but were negative for IL-2, granulocyte macrophage colony-stimulating 

factor (GM-CSF), and TNF-α.58 Semino, et al., describe cytotoxic CD4+ T cells, isolated 

from the TIL of NSCLC patients.59 

Class II-restricted CD4+ CTLs have been shown to mount strong primary and 

secondary responses against influenza, polio, Epstein-Barr Virus (EBV), measles, and 

Herpes Simplex Virus (HSV), and can directly kill infected cells, independent of CD8+ 

effectors.55 In these cases, CD4+ T cells were shown to kill their targets via FasL, 

perforin, and granzyme. Historically, CD8+ T cells are presumed to eliminate virally 

infected cells, since intracellular viral peptides can easily be loaded into Class I. In these 

cases, peptides are loaded into Class II and become available for CD4+ T cell recognition 

as viral membrane proteins migrate into MHC class II loading compartments as part of 

the secretory pathway, or as an end result of macroautophagy. These infections result in 

an inflammatory cytokine milieu, which can induce the upregulation of Class II on 

epithelial and endothelial cells, providing targets for CD4+ CTL.60, 61 

Believing that they are a subset of one of the more classical helper phenotypes, 

some researchers have tested the cytotoxic activity of in vitro-differentiated of CD4+ T 

cells. CD4+ T cells activated in vitro, in the presence of antigen and IL-2, without any 

other polarizing signals (TH0), acquire the greatest granzyme B and perforin-mediated 
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cytolytic activity. Exogenous IL-2 is required for perforin-mediated cytotoxicity, but not 

for FasL-mediated cytotoxicity. The classical TH phenotypes display differential cytolytic 

activity, with TH0≥TH1>TH2>TH17. Human CD4+ CTL do not secrete IL-2, only IFN-γ 

and TNF-α, leading most scientists to think of them as a subset of highly differentiated 

TH1 cells. Despite Nagaoka’s, et al., observation that human CD4+ CTL produce IL-4 in 

vivo, IL-4 has been shown to inhibit the generation of CD4+ CTL from naïve transgenic 

mouse CD4+ T cells in vitro. While murine CD4+ CTL preferentially kill using FasL, 

human CD4+ CTL preferentially kill using perforin and granzyme. Some CD4+ CTL 

clones were also found to express TRAIL.56, 62, 63 APCs are required for the generation of 

CD4+ CTLs; anti-CD3 and anti-CD28 cannot be used to induce a cytotoxic phenotype. In 

vitro, CD4+ CTL can secrete IFN-γ, IL-2, and small amounts of IL-4 and IL-5.60 

Circulating CD4+ T cells with perforin and granzyme-containing granules can be 

found at low frequency in most healthy humans.64 These cells lack CD27, CD28, CCR7, 

and CD45RA expression.64 They express CD11a, CD11b, CD45RO, and CD45RB, 

suggesting that circulating CD4+ CTLs are memory population. These cells also express 

CD40L, which suggests some TH function. Human CD4+ CTLs are CCR7- and CD62L-.65 

However, they can still migrate into lymph nodes via CXCR3, where they are believed to 

kill APCs that present their cognate antigen, thus terminating the further activation of any 

more antigen-specific CD4+ T cells.66 They home to target tissues using chemokine (C-C 

motif) receptor (CCR) 5 and chemokine (C-X3-C motif) receptor (CX3CR) 1.67 CD4+ 

CTLs lack markers of activation or proliferation, including CD69, HLA-DR, and Ki67.64, 

68 However, they express high levels of B-cell lymphoma (Bcl)-2. Most human CD4+ 

CTL are CD25-, suggesting that they are not a subpopulation of Treg, although Tregs have 
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been found to display cytotoxic activity. Furthermore, despite expressing CD57+ and 

activating NK receptors of the immunoglobulin (Ig)-like and C type lectin receptor 

families, they lack expression of CD16, CD56, or CD161. Thus they do not belong to the 

NKT cell family.56, 62, 63 

Naïve CD4+ T cells, like other TH subsets, differentiate into CD4+ CTL in the 

secondary lymphoid tissue. During thymic development, ThPOK, which suppresses runt-

related transcription factor (Runx) 3 expression, is necessary for CD4+ T cell 

development. Runx3, which suppresses ThPOK, is necessary for CD8+ CTL 

development. In the periphery, CD4+ CTLs must lose the expression of ThPOK, and gain 

Runx3 in order to achieve a cytotoxic phenotype. The transcription factor, MAZR, may 

suppress the expression of ThPOK in the periphery by activating a Thpok silencer. T-bet 

could promote Runx3 expression. Finally, eomesodermin (Eomes), whose expression is 

also suppressed by ThPOK, may further contribute to the cytotoxic phenotype of CD4+ 

CTLs.63, 69 

While the scientific community is still working to properly define these cells, it is 

clear that both humans and mice have circulating CD4+ CTLs. In humans, these cells 

express IFN-γ and TNF-α and kill target cells with perforin and granzyme. In mice, they 

are thought to kill with FasL, although the CD4+ T cells used in our experiments are 

believed to use perforin and granzyme to mediate cellular cytotoxicity. 

 

Natural Killer Cells 

NK cells are cytotoxic lymphocytes of the innate immune system that do not 

require pre-stimulation of a recombined receptor for their effector function. Rather, they 
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recognize their targets with germline-encoded, invariant excitatory and inhibitory 

receptors. Excitatory receptors include natural cytotoxicity receptors. Inhibitory receptors 

include leukocyte inhibitory receptors. Certain receptor families, such as C type lectin 

receptors, and Ig-like receptors, contain both excitatory and inhibitory members. The 

balance of signals that the NK cell receives through these opposing receptors determines 

whether or not they kill a target cell. Inhibitory receptors recognize self MHC I 

molecules. When self MHC I molecules are absent after having been downregulated to 

avoid CD8+ T cell recognition, as in certain tumors or viral infections, or entirely 

missing, as in mismatched allogeneic transplant, the NK cells don’t receive an inhibitory 

signal, and are predisposed to kill. This is called the “missing-self hypothesis.” In other 

cases, virally infected or transformed cells may upregulate NKG2D ligands as a result of 

cell stress. In these situations, the excitatory stimuli overpower the inhibitory stimuli, and 

the NK cell is predisposed to kill the target. This is known as the “induced self 

hypothesis,” (Fig. 1-12). A given NK cell expresses between two and four inhibitory 

receptors and multiple excitatory receptors. The resulting heterogeneity of the total NK 

cell population allows for variable responses to different pathologies.  

Most circulating NKs are in a resting state, but can be activated by cytokines to 

infiltrate into peripheral tissues and kill neoplastic cells.70 NK cells also play an 

immunoregulatory role: certain populations secrete IFN-γ, or IL-10. NKs, like other 

cytotoxic lymphocytes, induce target cell death by FasL, TRAIL, or perforin and 

granzyme-dependent mechanisms.71 NK cells have been shown to suppress T cells by 

competing with them for cytokines, directly targeting and killing them, killing the DCs 

that would activate them, or producing immunoregulatory cytokines.72, 73, 74, 75, 76 
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Figure 1-12. Missing- and induced-self recognition of NK targets. Reprinted with permission from 
Raulet, et al.77 
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NK cells can compete with T cells for cytokines—i.e. they act as a cytokine sink. 

In a mouse study, lymphodepletion enhanced effector cytokine production by adoptively 

transferred CD8+ T cells, an effect that was abrogated in IL-15-/- and IL-15-/-IL-7-/- 

hosts.45 In a mouse model of allograft rejection, NK cells have been demonstrated to 

decrease homeostatic proliferation and central memory differentiation of CD8+ T cells by 

competing for IL-15.78 Given these findings, it is unsurprising that, in the common 

gamma chain (γC)-/- host, which lacks NK cells, IL-15 can induce rapid expansion and 

central memory differentiation of adoptively transferred γC
+CD8+ T cells.79 

Furthermore, NK cells may directly target T cells. Human NK cells are capable of 

degranulating and killing activated, but not resting CD4+ T cells. NKG2D, LFA-1, and 

TRAIL are all required for this process.80 Effector and memory T cells under chronic 

antigen stimulation are also targets of NK cells in mice.74 Multiple mechanisms have 

been described.  In a chronic infection model, activated CD4+ T cell lysis is perforin-

dependent, but NKG2D-, Fas- and TNF- independent.75 Conversely, another group found 

that, in a graft-versus-host disease (GVHD) model, CD4+ T cell lysis is NKG2D-

dependent, Fas-dependent, and perforin-independent.73 Finally, in a model of type 1 

diabetes mellitus, NK cell lysis of insulin-specific CD8+ T cells is PD-L1-dependent.81 In 

vitro and in vivo experiments have demonstrated that surface expression of the non-

classical MHC class I molecule, HLA-E, in humans (Qa-1 in mice) on activated CD4+ T 

cells activates the inhibitory NKG2A receptor on NK cells. This cross-talk mechanism 

thus spares the CD4+ T cells, allowing them to expand and form memory populations.72, 

76, 80 
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 NK cells may also directly target DCs. As with T cells, the mechanism by which 

NK cells kill DCs is contested.  PAMP stimulation of toll-like receptor (TLR) 3 and 

TLR9 can activate human NK cells, allowing them to kill iDCs in vitro.82 According to 

other authors, NKp30 stimulation83, 84, 85 and granule exocytosis86 are required for DC 

lysis by NK cells. In humans, iDC are selectively targeted and eliminated by activated87 

NKG2A+ killer-cell immunoglobulin-like receptor (KIR)-88 NK cells in vivo because 

HLA-E is downregulated on the surface of iDC. Some NKG2A+KIR- NK cells that 

express particularly low levels of the inhibitory NKR, NKG2A can also kill mature DC 

(mDC), despite the upregulation of HLA-E on the mDC surface.88 DC lysis is perforin-

dependent.87 In mice, iDC are eliminated by TRAIL+89 NK cells.  In an allograft model, 

blockade of CD40L, which prevents the maturation of DCs, allows NK cells to induce 

tolerance to the allograft in a perforin-dependent manner.90 

Finally, NK cells can produce immunoregulatory cytokines.  In ex vivo cultures of 

human NK cells, IL-2 induces the expansion and activation of an immunoregulatory 

subset of CD56bright NK cells.91 IL-2 signaling stimulates NK cells to produce the 

immunoregulatory cytokine, IL-10—an effect that is enhanced by IL-12.92, 93 Others have 

shown that a combination of IL-15 and IL-12 induces IL-10 production by these cells.94 

Ex vivo experiments have also demonstrated that IL-10-secreting NK cells can suppress 

the proliferation of antigen-specific CD4+ T cells.95 NK cells have also been shown to 

suppress IL-12-secreting dendritic cells96 and antigen-specific CD8+ T cells97 during 

systemic infections in mice.  This activity requires IL-10 secretion by the NK cells. It has 

recently been shown that removal of NK cells prevents CD8+ T cell exhaustion, as 

measured by PD-1 expression, during a chronic virus infection98.  This observation may 
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be attributable to IL-10 production by NK cells, since IL-10 is known to induce the 

chronic exhaustion of antigen-specific T cells.99, 100, 101 

 

ILCs 

Innate lymphoid cells (ILCs) are broadly defined as a cell of lymphoid 

morphology that lacks both RAG-dependent rearranged antigen receptors and lineage 

markers. They depend on γc cytokine receptors and the transcription factor, inhibitor of 

DNA-binding (ID) 2, for their development. Signaling through IL-7Rα is necessary for 

ILC development and maintenance. ILCs are presently divided into three groups. ILC1s 

include NK cells, as well as other ILCs that produce IFN-γ. ILC2s include ILCs that 

produce TH2 cytokines and depend on GATA3 and RORα for their development and 

function. ILC3s include lymphoid tissue-inducer (LTi) cells, as well as any ILCs that 

produce IL-17 or IL-22 and depend on RORγt for their development and function (Fig. 1-

13).102, 103, 104 Despite the expression of ITAM-containing receptors, ILCs do not directly 

recognize threats, but rather, respond to changes in the local cytokine milieu.103 

 ILC2s and ILC3s are well documented to interact with CD4+ T cells. ILC2s are 

known to express MHC II.105 Mirchandani, et al., and Oliphant, et al., both describe a 

population of ILC2s that present peptide antigens, thereby inducing TH2 differentiation 

and proliferation of CD4+ T cells.106, 107 Furthermore, they suppress TH1 differentiation, 

even in the presence of TH1-polarizing conditions. ILC2s’ ability to induce CD4+ T cell 

proliferation is MHC II-dependent; however, they can induce the TH2 differentiation of a 

polyclonal population of cells in a contact dependent, but MHC II independent manner. 

Lung ILC2s enhance CD4+ T cell proliferation and TH2 differentiation via their  
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Figure 1-13. ILC Subsets. Reprinted with permission from Spits, et al.102 
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expression of OX40L and IL-4.108 The interaction between ILC2s and CD4+ T cells leads 

to a positive feedback loop, as IL-2, produced by activated T cells, can also induce the 

proliferation of ILC2s and augment their ability to produce TH2 cytokines.106, 107  

Lamina propria ILC3s express MHC II and can process and present antigen.109 In 

doing so, they were found to limit the activity of commensal bacteria-specific CD4+ T  

cells, thus limiting pathological intestinal inflammation. This mechanism is independent 

of effector cytokines or Treg function.109 IL-1β can activate peripheral ILC3s, causing 

them to upregulate MHC II and express CD80, CD86, CD40, and CD69. These ILC3s 

can acquire and process antigen and use it to prime CD4+ T cells and downstream T cell-

dependent B cell responses.110 LTi cells, like lung ILC2s, constitutively express OX40L 

and can help maintain OX40+ memory CD4+ T cells.105, 111 ILC3s produce large amounts 

of IL-2, suggesting that they may be responsible for the maintenance of T cells, 

specifically Tregs, at effector sites.111 

 The relationship between ILCs and cancer is less well described. On the one hand, 

ILC3s appear to be decreased in the intestines of patients with Crohn’s disease.105 It 

stands to reason that, if a reduction of a certain cell population is related to autoimmunity, 

an overabundance of that population may be pro-tumorigenic. In fact, in a model of 

bacteria-induced colon cancer, ILC3s accumulate in the colon and their depletion blocks 

the development of cancer. Their pro-tumorigenic activity is dependent upon the 

elaboration of IL-22, which induces STAT3 phosphorylation, epithelial cell proliferation, 

and myeloid cell recruitment.112 STAT3 signaling within tumor cells can also induce 

survival and angiogenic signals.113 On the other hand, when stimulated ex vivo with IL-12 
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and IL-7, a population of NKp46+ ILC3s have been demonstrated to secrete IFN-γ and 

protect against B16 melanoma.114 

 

Pre-mNKs (previously known as IKDCs) 

Pre-mNK cells (interferon-producing killer dendritic cells (IKDCs)) are a 

population of B220+ cells (Fig. 1-14) that were originally characterized by their ability to 

kill tumor cells.115, 116 Taieb, et al., describe IKDCs (pre-mNK cells) as the main source 

of IFN-γ in their mouse model of melanoma.  They found that treatment with imatinib 

mesylate (IM) and IL-2 induced the expansion of pre-mNKs in the spleen.  Pre-mNKs 

from mice receiving IM and IL-2 therapy could kill tumor ex vivo and reduce tumor 

burden in vivo, via a TRAIL-dependent mechanism. Chan, et al., observed that splenic 

pre-mNK cells could lyse the classical NK targets, YAC-1 and Ba/F3 in an NKG2D- and 

Ly49h- dependent manner, respectively, after they had been activated with the TLR-9 

ligand, CpG oligodeoxynucleotide (ODN). Lytic activity and surface expression of 

NKG2D decreases between 14 and 36 hours following CpG ODN stimulation.  At the 

same time, pre-mNKs upregulate MHC II and induce CD4+ T cell proliferation. They 

also report that IL-15 and IL-12 can induce IFN-γ production by pre-mNKs.116 

Intraperitoneal (IP) injection of the TLR-3 agonist, poly I:C, has been shown to induce 

the expansion of and IFN-γ production by pre-mNK cells. Poly I:C-stimulated pre-mNKs 

were observed to delay melanoma progression in a murine model of lung metastasis.117 

Finally, bone marrow (BM)-derived pre-mNK cells cultured in the presence of GM-CSF 

and stimulated with lipopolysaccharide (LPS) could delay tumor progression after 

adoptive transfer into a mouse model of rhabdomyosarcoma.  This tumoricidal activity  
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Figure 1-14. Pre-mNK cell phenotypes. Reprinted from Guimont-Desrochers, et al.118 
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was dependent upon recognition of NKG2D ligands, IFN-γ production, and host effector 

cells.119 

In each of the aforementioned models, pre-mNK cells were activated prior to the 

observation of their tumoricidal activity. To my knowledge, Himoudi, et al., was the only 

group to have previously examined the activity of un-activated pre-mNKs during tumor 

growth.  They found that injection of freshly isolated BM-derived pre-mNKs delayed the 

growth of rhabdomyosarcoma tumors in beige mice.120 However, beige mice lack 

functional CTLs.121 The anti-tumor behavior of un-activated pre-mNKs in the context of 

a CTL response is, as of yet, undocumented. 

Pre-mNKs can present antigen to CD4+ T cells in vitro and in vivo.122, 123 This 

process requires direct contact between the pre-mNK and a tumor cell or infected 

fibroblast, and subsequent upregulation of MHC II as well as IFN-γ, and PD-L1. 

Chronic viral infection and cancer have similar immunosuppressive effects.124, 125 

Human immunodeficiency virus (HIV)-1 infection leads to the TRAIL-mediated 

apoptosis of uninfected CD4+ T cells in NOD-SCID mice reconstituted with human 

PBLs.126 Human pDC can be transformed into IFN-producing killer pDC (IKpDC; a 

population with many similarities to murine pre-mNK cells) by exposure to HIV-1.  HIV-

1 stimulation of TLR-7 induces the upregulation of TRAIL.  TRAIL expression renders 

IKpDC competent to lyse CD4+ T cells. Notably, IKpDC do not appear to express CD56, 

which defines a population of suppressive human NK cells, nor IFN-γ, which is 

expressed by murine pre-mNK cells.  However, this could represent a difference between 

human and murine homologous cell types, or a differential response by these cells to 

viruses and malignancies.127 Finally, Schuster, et al., report that an NK1.1+NKp46+ 
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population of cells kill activated CD4+ T cells in a TRAIL-dependent manner in a mouse 

model of chronic murine cytomegalovirus (MCMV) infection.128 

Pre-mNK cells have been suggested to protect the host from autoimmunity. 

Activated pre-mNK cells have been shown to suppress autoimmunity in an experimental 

autoimmune encephalitis (EAE) model of multiple sclerosis.129 Huarte, et al., observed 

that, after administration of a tolerogenic agent, pre-mNK cells protect against EAE by 

killing activated CD4+ T cells and mature DCs. In this model, pre-mNKs upregulated 

PD-L1, and granzyme B. CD4+ T cell lysis was found to be perforin-dependent.129 Pre-

mNK cells also recruited Treg cells into the CNS and produced IL-10. 

 Furthermore, it has been shown that autoimmune prone non-obese diabetic 

(NOD) mice, which are susceptible to diabetes due to genetic mutations linked to the 

distal end of chromosome 7,130 have reduced numbers of pre-mNK cells. NOD-Lc7 mice, 

which have a WT distal end of chromosome 7, are not prone to diabetes and have 

significantly higher numbers of pre-mNK cells.118 These findings suggest that pre-mNK 

cells may dampen autoreactive immune responses. 

Pre-mNK cells, like other APCs, seem to integrate the signals they have received 

to influence the ensuing immune response. If part of the initial signal is proinflammatory 

(e.g. IM, IL-2, CpG ODN, poly I:C, GM-CSF, or LPS), then pre-mNK cells can produce 

IFN-γ, kill tumor targets with TRAIL, cross-present antigen, and stimulate CD4+ T cell 

proliferation. However, if the initial signal is anti-inflammatory (e.g. MOG-pσ1, or anti-

inflammatory cytokines induced by a tumor or chronic viral infection), then the pre-mNK 

cells upregulate PD-L1 and IL-10 alongside MHC II, and kill responding CD4+ T cells 

with TRAIL or perforin. 
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Specific Aims 

Previously, we showed that ACT of naïve, tumor-specific CD4+ T cells into 

lymphopenic hosts could treat large, established tumors.37 The naïve CD4+ T cells 

differentiated in vivo to TH1 cytotoxic T cells and rejected established melanoma in both 

irradiated wild-type (WT)36 and RAG-/- mice.55 To determine the mechanism of tumor 

rejection, we used genetic knockout animals and sought to deplete specific cell subsets 

with antibodies. We were particularly interested in NK cells because these cells have 

been shown to synergize with CD4+ T cells to reject tumors.131 However, our previous 

data suggested that depletion of NK cells, pre-mNK cells, and ILCs with antibodies to 

NK1.1 had no affect on tumor immunity37 except for anecdotal evidence that the mice 

acquired autoimmune vitiligo faster than animals that only received CD4+ T cells. In 

contrast to these observations, ACT of TRP-1-specific CD4+ T cells did not efficiently 

reject tumors in RAG-/-γc
-/- hosts, which lack NK cells, pre-mNK cells, and ILCs.55 This 

was due to interrupted γc-signaling on the host DCs, resulting in decreased IL-12 

production by the DCs132 and inefficient TH1 differentiation of the infused, naïve CD4+ T 

cells, as shown by a loss of Tbet expression.37  

Because γc-signaling on DCs in RAG-/-γc
-/- hosts is defective, TRP-1 cells are not 

properly activated in these mice. Therefore, despite the fact that RAG-/-γc
-/- hosts lack NK 

cells, pre-mNK cells, and some populations of ILCs, it was impossible to determine the 

effect of NK cells, ILCs, or pre-mNK cells on TRP-1-specific CD4+ T cells in this model. 

While RAG-/-γc
-/- hosts lack pre-mNK and NK cells, owing to their dependence on IL-

15,118 as well as ILCs, owing to their dependence on IL-7,103 all three are present in RAG-

/- hosts. Thus, we sought to dissect the contribution of these cellular populations on anti-
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tumor immunity by using antibodies and genetic knockouts to specifically target each cell 

population within RAG-/- mice. Furthermore, we wondered if we were unable to detect a 

difference in tumor rejection between animals receiving ACT alone and animals 

receiving ACT and anti-NK1.1 antibody therapy because the dose of CD4+ T cells was 

too high in our previous experiments. Therefore, for these experiments, we titrated the 

dose of CD4+ T cells and tumor cells, such that tumor rejection was suboptimal with 

ACT alone. 

 For Aim 1 of our study, we hypothesized that, if we appropriately titrated the dose 

of TRP-1 cells, anti-NK1.1 antibody therapy would improve tumor rejection and survival 

after TRP-1 cell ACT. We sought to confirm that this was the case, and if so, determine 

which of three NK1.1+ populations of cells—NK cells, ILCs, or pre-mNK cells—were 

suppressing the anti-tumor immune response of adoptively transferred tumor-specific 

CD4+ T cells. We approached this question by targeting NK cells, ILCs, and pre-mNK 

cells with anti-Asialo GM1, anti-Thy1.2, and anti-B220 antibodies, respectively. 

 For Aim 2 of our study, we sought to determine which of several candidate 

molecular pathways were involved in the suppression of adoptively transferred tumor-

specific CD4+ T cells by the NK1.1+ cell population. We hypothesized that the NK1.1+ 

cells might require FasL, NKG2D, or PD-L1 to mediate this suppression. To test this 

hypothesis, we performed ACT with and without NK1.1+ cell depletion in hosts that were 

genetically deficient in FasL, NKG2D, and PD-L1. 
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Chapter 2: Materials and Methods 

Ethics Statement 

 This research was performed in accordance with the recommendations in the 

Guide for the Care and Use of Laboratory Animals from the National Research Council 

of the National Academies. All mice used for this study were treated per the guidelines of 

the Institutional Animal Care and Use Committee (IACUC) of the University of 

Maryland School of Medicine. Animals were euthanized if their tumors grew above 

approved dimensions or if their clinical symptoms warranted euthanasia, per our IACUC 

protocols (numbers 1210010 and 1013001). 

 

Mouse Strains 

 Tyrp1B-wRAG-/- TRP-1-specific CD4+ TCR transgenic mice (B6.Cg-Rag1tm1Mom 

Tyrp1B-w Tg(Tcra,Tcrb)9Rest/J) have been previously described.54 Tyrp1B-wRAG-/- TRP-

1-specific CD4+ TCR transgenic mice were bred with RAG-/-Thy1.1+/+ congenic animals 

to create a strain of Tyrp1B-wRAG-/-Thy1.1+/+Thy1.2-/- TRP-1-specific CD4+ TCR 

transgenic mice, which served as the T cell donors for the duration of this research. 

RAG-/- mice were purchased from Jackson Laboratories (Bar Harbor, ME; stock 

number 002216). 

IL-15-/-RAG-/- mice were generously provided by James P. DiSanto.133  

FasL-/- were obtained from Jackson Laboratories (stock number 000482) and bred 

with RAG1-/- animals to create FasL-/-RAG-/- mice. 

NKG2D-/- mice were generously provided by David Raulet, and bred with RAG1-

/- animals to create NKG2D-/-RAG-/- mice. 



	  

	   44	  

PD-L1-/-RAG-/- mice were generously provided by Koji Tamada. 

When new strains were bred, they were genotyped using the Transnetyx, Inc., 

automated genotyping service (Cordova, TN). Briefly, 2 mm tail snips were collected 

from each animal and sent via Federal Express to Transnetyx, along with their parental 

Jackson Laboratory strain information, when available, or polymerase chain reaction 

(PCR) primer information, if not. The forward and reverse primers submitted for the 

FasL-/- are as follows: 5’-ATTGCTCCCTGTCTCATTGTCTT-3’ and 5’-

CAAGTAGTGTGCATTTCATTCAG-3’. The forward and reverse primers submitted for 

the IL-15-/- are as follows: 5’-GAGGGCTAAATCTGATGCGTGTG-3’ and 5’-

GAGCTGGCTATGGCGATGGGC-3’. Transnetyx returned the genotype information 

via e-mail within 72 hours, selected animals were bred, and their progeny used for the 

described experiments. 

All mice were housed under pathogen-free conditions in microisolater cages at the 

animal facilities of the University of Maryland, Baltimore. Experiments were initiated 

when the animals were between eight and twelve weeks of age. Animals were euthanized 

by CO2 poisoning, followed by cervical dislocation. 

 

B16-F10 Melanoma 

 B16-F10 was purchased from the American Type Culture Collection (ATCC; 

Manassas, VA; product number CRL-6475) and maintained in complete medium (CM), 

consisting of RPMI 1640 (Invitrogen, Grand Island, NY; catalog number 21870-076), 

10% fetal bovine serum (Sigma-Aldrich Corp., St. Louis, MO; product number F4135), 

1% Pen Strep (Gibco, Grand Island, NY; catalog number 15140-122), 1% sodium 
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pyruvate (Gibco; catalog number 11360-070), 1% MEM non-essential amino acids 

(Gibco; catalog number 11140-050), and 1% L-glutamine (Invitrogen; catalog number 

25030-081), vacuum filtered through a 0.22 µm Stericup filter (Millipore, Billerica, MA; 

catalog number SCGPU05RE). The culture was maintained in a T-75 culture flask 

(Corning, Corning, NY; catalog number 430641) at 37° C with 5% CO2. 

 

Melanoma Inoculation 

 B16-F10 melanoma was resuspended in PBS (Corning; catalog number 21-040-

CV) at a concentration of 3x106 cells per mL (cpm). Mice were shaved to allow for 

accurate placement of the tumor inoculum. Each mouse received a dose of 3x105 B16-

F10 melanoma cells, injected subcutaneously onto the shaved abdomen, on day 0 (Fig. 1-

2). 

 

Spleen Harvest 

Spleens were harvested upon necropsy and made into a single cell suspension in 

CM by grinding the tissue with the back of the plunger of a 3 mL syringe through a 100 

µm mesh filter (Fisher Scientific, Pittsburgh, PA; catalog number 22363549). Thereafter, 

the cells were centrifuged for a minimum of 5 minutes at 400 xg at 4° C before being 

resuspended in 1 mL of ACK lysis buffer (Quality Biological, Inc., Gaithersburg, MD; 

catalog number 118-156-101) per spleen. After two minutes of ACK lysis, at least 20 mL 

of CM was added to stop the reaction. Thereafter, the cells were once more centrifuged at 

400 xg. 
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Adoptive Cell Transfer 

 TRP-1-specific CD4+ T cells were sorted from spleens of donor Tyrp1B-wRAG-1-/-

Thy1.1+/+Thy1.2-/- TRP-1-specific TCR-transgenic male mice. Subsequently, cells were 

counted with a hemocytometer and enriched for CD4+ T cells by magnetic bead sorting, 

using a negatively selecting CD4+ T cell enrichment kit from Miltenyi Biotech (Bergisch 

Gladbach, Germany; order number 130-104-454). Briefly, cells were resuspended in 

MACS buffer (PBS, 0.5% bovine serum albumin (BSA; Sigma-Aldrich Corp., St. Louis, 

MO; product number A2153), 2 mM ethylenediaminetetraacetic acid (EDTA; Quality 

Biological; catalog number 351-027-101)) at a concentration of 40 µL per 107 cells. 10 

µL of Biotin-Antibody cocktail was added per 107 cells, and then the cells were incubated 

at 4° C for 10 minutes. 30 µL more of MACS buffer per 107 cells was added followed by 

20 µL of Anti-Biotin MicroBeads per 107 cells. The cells were incubated for 15 more 

minutes at 4° C, washed with 1 mL of MACS buffer per 107 cells, and resuspended in 

500 µL of MACS buffer. The cells were run over a pre-washed Miltenyi LS column 

(order number 130-042-401) and rinsed three times with 3 mL of MACS buffer. The 

enriched CD4+ T cells were collected as part of the eluent, counted with a 

hemocytometer, and resuspended in PBS at a concentration of 5x105 cpm. TRP-1-

specific TCR transgenic CD4+ T cells were adoptively transferred on day 7, at a dose of 

5x104 cells per mouse (Fig. 2-1). T cells were injected intravenously through the tail 

vein. 

 

 



	  

	   47	  

 
Figure 2-1. A schematic of the treatment schedule for the experiments described in this dissertation. 
  

Day 0: 
B16-F10 
± Antibody 

Day 14: 
± Antibody 
 
Day 14-28: 
Harvest spleens, 
lymph nodes, and 
serum for analysis 

Day 7: 
ACT 
± Antibody 
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Antibody Depletion 

Anti-NK1.1 (PK136; catalog number BE0036), anti-B220 (HB220; catalog 

number BE0019), and anti-Thy1.2 (30H12; catalog number BE0066) were purchased 

from BioXCell (West Lebanon, NH). Where indicated, 200 µg of antibody diluted to 500 

µL in phosphate buffered saline (PBS) was injected IP on days 0, 7, and 14 (Fig. 1-2). 

Anti-Asialo GM1 was purchased from Wako Chemicals USA, Inc. (Richmond, VA; 

catalog number 986-10001), and reconstituted per the manufacturer’s instructions. Where 

indicated, 20µL of antibody diluted to 500 µL in PBS was injected intraperitoneally on 

days -2, 0, 7, and 14. 

 

Tumor Measurement 

Tumors were measured blindly with digital calipers. The perpendicular diameters 

were determined and multiplied to generate the area in mm2. Per our IACUC protocol, 

animals were euthanized if their tumors grew to be greater than 400 mm2. 

 

Lymph Node and Serum Harvest 

Similarly to spleens, inguinal lymph nodes were harvested and made into a single 

cell suspension in CM by grinding the tissue with the back of the plunger of a 3 mL 

syringe through a 100 µm mesh filter. Thereafter, the cells were once more centrifuged at 

400 xg and resuspended in CM. Following a second filtration through a second 100 µm 

mesh filter, the cells were counted with a hemocytometer, centrifuged, and resuspended 

in fluorescence-activated cell sorting (FACS) buffer for flow cytometric analysis. 
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Serum was harvested immediately after necropsy from the inferior vena cava with 

a 1 mL syringe. Samples were centrifuged for 10 minutes at 8000 xg at room 

temperature. Serum was removed from the blood clots by pipette and stored at -20° C. 

 

Flow Cytometric Analysis  

If intracellular cytokine staining was performed, cells were stimulated with a 

Leukocyte Activation Cocktail with BD GolgiPlug from BD biosciences (San Jose, CA; 

catalog number 550583). Briefly, the cells were incubated with 2 µL of cocktail per 106 

cells at 37° C for 4-6 hours. Thereafter, cells were washed twice with FACS buffer (PBS, 

0.5% BSA). 

The antibodies used for flow cytometric analysis are listed in Table 2-I. Flow 

cytometric analysis was performed on splenocytes and lymph node cells. Briefly, cells 

were resuspended in FACS buffer at a concentration of 107 cpm. Cells were distributed 

into a 96-well plate at 106 cells per well, and washed once with 100 µL of FACS buffer, 

and again with 200 µL of FACS buffer. After the second wash, cells were blocked with 

10 µL of CD16/32 (clone 93; BioLegend, San Diego, CA; catalog number 101302) at a 

concentration of 50 µg/mL for 5 minutes at room temperature. Thereafter, 1 µL of each 

labeled antibody diluted to 80 µL in PBS was added to each well, and the cells were 

incubated for 30 minutes at 4° C, protected from light. After incubation, cells were 

washed with 100 µL of FACS buffer, then 200 µL of FACS buffer. 

When indicated, intracellular staining for cytokines was performed with the BD 

Biosciences Cytofix/Cytoperm intracellular staining kit (San Jose, CA; catalog number 

554714). Briefly, cells were resuspended in 100 µL of Fixation/Permeabilization solution   
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Table 2-I. Antibodies used for flow cytometric analysis. eBioscience is located in San Diego, CA; 
Molecular Probes is located in Grand Island, NY. 

Antigen Clone Fluorochrome Company Catalog Number 
B220 RA3-6B2 PE BD Biosciences 553090 
CD11c N418 APC BioLegend 117310 
CD4 RM4-5 PerCP-Cy5.5 BD Biosciences 550954 
CD44 IM7 APC eBioscience 17-0441-81 
CD62L MEL-14 PE BD Biosciences 553151 
CD86 GL-1 FITC BioLegend 105006 
DX5 DX5 eFluor 710 eBioscience 46-5971-82 
Gr-1 Gr-1 FITC BioLegend 108406 
IFN-γ XMG1.2 APC eBioscience 17-7311-82 
NK1.1 PK136 PE Molecular Probes A26000 
NKG2D CX5 APC eBioscience 17-5882-82 
NKp46 29A1.4 PE eBioscience 12-3351-82 
TNF-α MP6-XT22 PE BD Biosciences 554419 
Vβ14 14-2 FITC BD Biosciences 553258 
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and incubated for 20 minutes at 4° C. Thereafter, they were washed twice with 250 µL of 

Perm/Wash buffer and resuspended in 1 µL of each indicated flurochrome-conjugated 

anti-cytokine antibody, diluted to 100 µL with Perm/Wash buffer. The cells were 

incubated at 4° C for 30 minutes, protected from light and then washed twice with 250 

µL of Perm/Wash buffer.When indicated, intracellular staining for cytokines was 

performed with the BD Biosciences Cytofix/Cytoperm intracellular staining kit (San 

Jose, CA; catalog number 554714). Briefly, cells were resuspended in 100 µL of 

Fixation/Permeabilization solution and incubated for 20 minutes at 4° C. Thereafter, they 

were washed twice with 250 µL of Perm/Wash buffer and resuspended in 1 µL of each 

indicated flurochrome-conjugated anti-cytokine antibody, diluted to 100 µL with 

Perm/Wash buffer. The cells were incubated at 4° C for 30 minutes, protected from light 

and then washed twice with 250 µL of Perm/Wash buffer. 

Cells were resuspended in 300 µL of FACS buffer and transferred to 5 mL 

polystyrene round-bottom tubes (Corning; catalog number 352052). All samples were run 

on a BD FACSCalibur (Department of Surgery, University of Maryland School of 

Medicine, Baltimore, MD) and analyzed by FlowJo 887 Software (Tree Star, Inc., 

Ashland, OR). All flow cytometry scales are log scales, if not otherwise specified. 

 

Serum Cytokine Analysis 

 Serum was analyzed by MILLIPLEX 32-Plex assay at the University of 

Maryland, Baltimore Cytokine Core Lab. Serum analysis was conducted by Lisa Hester. 
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Statistics 

Representative tumor area curves were determined by nonlinear regression and 

compared with an F test. Survival curves were compared with a log-rank test. A student’s 

unpaired t test was used to compare the differences between cytokines and chemokines as 

indicated. p values of 0.05 or less were considered significant. PRISM 5.0 software was 

used to analyze the data (GraphPad, La Jolla, CA). 

 

Support 

This work was supported by a Department of Defense Cancer Idea Award, the 

Harry Lloyd Charitable Trust Fund, the Cancer Research Institute, the University of 

Maryland Cancer Center and the American Cancer Society Research Scholars Grant, 

RSG-14-054-01-LIB. KA Wilson was a trainee under Institutional Training Grant 

T32AI007540 from the National Institute of Allergy and Infectious Diseases (NIAID). 

The content is solely the responsibility of the authors and does not necessarily represent 

the official views of NIAID or the National Institutes of Health. 

  



	  

	   53	  

Chapter 3: NK1.1+B220+ cell depletion enhances rejection of established melanoma 

by adoptively transferred, tumor-specific CD4+ T cells 

NK1.1+B220+ cell depletion enhances rejection of established melanoma by 

adoptively transferred, tumor-specific CD4+ T cells 

Introduction 

The Antony lab uses a mouse model to study ACT of TAA-specific CD4+ T cells 

for the treatment of established melanoma tumors. Previously, we have shown that ACT 

of 2x105 naïve, TRP-1-specific CD4+ T cells can treat RAG-/- animals that had been 

intradermally inoculated with 2x105 B16-F10 melanoma cells a week earlier. In addition 

to eradicating the tumor cells, the adoptively transferred CD4+ T cells induce 

autoimmune vitiligo by targeting normal melanocytes, which also express TRP-1. 

Because our tumor bearing hosts are deficient in RAG, they lack all RAG-dependent cell 

types, including CD4+ and CD8+ αβ T cells, γδ T cells, NKT cells, and B cells. Thus, 

lymphodepletion prior to ACT is superfluous in this model. However, these tumor-

bearing hosts still have a population of RAG-independent NK cells. Despite the fact that 

they are known to lyse tumor cell targets, some authors have found a benefit to NK 

depletion prior to ACT of TAA-specific CD8+ T cells. We were curious if NK depletion 

could yield a similar increase in efficacy in the setting of ACT of TAA-specific CD4+ T 

cells. 

Previously we and others have published that NK cell depletion by anti-NK1.1 

antibodies had no effect on tumor immunity36, 37 after ACT of TRP-1-specific CD4+ T 

cells into lymphopenic hosts. However, anecdotally, the animals appeared to develop 

autoimmune vitiligo at a faster rate than animals that hadn’t received anti-NK1.1 
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antibodies. We modified our ACT model such that tumor rejection was suboptimal. To 

do this, we increased the dose of tumor cells given to each mouse from 2x105 cells per 

animal to 3x105 cells per animal and decreased the number of TRP-1 cells transferred 

from 2x105 cells per animal to 5x104 cells per animal. In a RAG-/- host, under these 

conditions, ACT of TRP-1 cells delays tumor growth, but is unable to completely reject 

tumor, as it does when a ratio of 2x105 tumor cells to 2x105 TRP-1 cells is used. These 

new conditions allowed us to determine if NK1.1+ cell depletion would enhance tumor 

rejection and survival in addition to autoimmunity. 

Previously, we had also observed that melanoma recurred about 50% of the time 

in this model.35, 125 During recurrence, the CD4+ T cells had become exhausted, and 

expressed high levels of PD-1, LAG-3, and TIGIT than CD4+ T cells in the “cured” 

mice.35 Tumor-specific Tregs also increased in number and proportion during 

recurrence.35 Since NK1.1+ cell depletion has been shown to decrease chronic exhaustion 

of CD8+ T cells,98 we wondered if NK1.1+ cell depletion would prevent exhaustion of 

CD4+ T cells and thus prevent recurrence. 

 

Results 

NK1.1+ cells were depleted by administering anti-NK1.1 antibody (PK136) on 

days 0, 7, and 14 after tumor inoculation. Adoptive transfer of 5 x 104 naïve TRP-1-

specific CD4+ T cells into lymphopenic RAG-/- tumor-bearing hosts was performed by 

tail vein injection on day 7, as previously described.35, 37 Individual mice were followed 

and each replicate is shown with controls (Fig. 3-1). Animals receiving ACT alone 

experienced delayed tumor growth relative to untreated animals. Administration of anti-  
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Figure 3-1. NK1.1+ cell depletion enhances survival after ACT. RAG-/- mice were inoculated 
subcutaneously with 3x105 B16-F10 on day 0 and left untreated, received ACT of 5x104 TRP-1-specific 
CD4+ T cells intravenously on day 7, or received ACT on day 7 plus 200 µg of anti-NK1.1 intraperitoneally 
on days 0, 7, and 14. Tumor area as a function of time (A, C, E) and survival curves (B, D, F) of animals 
receiving no treatment (A, B), TRP-1 ACT (C, D), or TRP-1 ACT plus anti-NK1.1 antibody therapy (E, F) 
demonstrate that anti-NK1.1 antibody therapy enhances survival after ACT. Tumor curves and survival 
curves for each experimental group are statistically significantly different (p < 0.0001 and p = 0.0051, 
respectively). 
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NK1.1 antibody further enhanced tumor rejection, and the tumors completely resolved 

(Fig. 3-1, E). Mice were followed for at least 100 days post tumor inoculation. Those 

treated with anti-NK1.1 antibodies had fewer tumor relapses relative to animals receiving 

ACT alone. The majority of animals receiving anti-NK1.1 antibody therapy in addition to 

ACT were essentially cured for the duration of this study with few relapses occurring past 

100 days post tumor inoculation. Mice receiving anti-NK1.1 antibody in addition to ACT 

experienced improved overall survival (Fig. 3-1, F). These results can be attributed to a 

synergistic rather than additive effect of ACT plus anti-NK1.1 antibodies because 

animals receiving anti-NK1.1 antibodies alone experienced tumor growth at a similar rate 

to untreated animals, despite the fact that anti-NK1.1 antibodies successfully depleted 

NK cells (Fig. 3-2). 

Congruent with these results, there were increased absolute numbers and 

frequency of TRP-1-specific CD4+ T cells present in mice receiving anti-NK1.1 

antibodies plus TRP-1 CD4+ T cells (Fig. 3-3). The TRP-1-specific CD4+ T cells also 

expressed higher amounts of IFN-γ and TNF-α when compared to control groups (Fig. 3-

3, B). “Double producers” of IFN-γ and TNF-α are presumed to be more suited to tumor 

rejection than single producers of IFN-γ.134 

Since TRP-1 is expressed in normal melanocytes as well as B16-F10 melanoma, 

all animals receiving ACT of TRP-1-specific CD4+ T cells eventually experienced some 

autoimmune vitiligo, characterized by a patchy, irregular loss of pigmentation (Fig.  3-

4).37 However, as we had previously observed, mice receiving anti-NK1.1 therapy in 

addition to ACT experienced more vitiligo by day 35 after treatment (Fig. 3-4, B). 

To further investigate the effects of NK1.1+ cell depletion on the adoptively  
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Figure 3-2. Anti-NK1.1 antibody depletes NK cells, but has no effect on tumor rejection by itself. (A) 
RAG-/- mice were inoculated subcutaneously with 3x105 B16-F10 on day 0 and received 200 µg of anti-
NK1.1 intraperitoneally on days 0, 7, and 14. Tumor area curves as a function of time are shown. (B) 
Splenocytes were harvested at day 21 post tumor inoculation from animals receiving ACT of 5x104 TRP-1-
specific CD4+ T cells intravenously on day 7, or ACT plus 200 µg of anti-NK1.1 intraperitoneally on days 
0, 7, and 14. Splenocytes were analyzed for the presence of NK cells (DX5+CD86-). 
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Figure 3-3. NK1.1+ cell depletion increases the proportion and frequency of TRP-1-specific CD4+ T 
cells after ACT. RAG-/- mice were inoculated subcutaneously with 3x105 B16-F10 on day 0 and left 
untreated, received ACT of 5x104 TRP-1-specific CD4+ T cells intravenously on day 7, or received ACT on 
day 7 plus 200 µg of anti-NK1.1 intraperitoneally on days 0, 7, and 14. 21 days post tumor inoculation, 
spleens were harvested from each experimental group, made into a single cell suspension, and stained for 
CD4, Vβ14, IFN-γ, and TNF-α expression. (A) The absolute number of CD4+Vβ14+ cells isolated from the 
spleens of the indicated experimental groups. (B) Flow cytometry plots demonstrating the proportion of 
CD4+Vβ14+ cells and CD4+Vβ14+IFN-γ+TNF-α+ cells isolated from the spleens of the indicated 
experimental groups. 
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Figure 3-4. NK1.1+ cell depletion enhances the development of autoimmune vitiligo after ACT. RAG-/- 
mice were inoculated subcutaneously with 3x105 B16-F10 on day 0 and left untreated, received ACT of 
5x104 TRP-1-specific CD4+ T cells intravenously on day 7, or received ACT on day 7 plus 200 µg of anti-
NK1.1 intraperitoneally on days 0, 7, and 14. (A) Mice receiving TRP-1 ACT experienced patchy, irregular 
vitiligo. (B) Percent of body area affected by vitiligo was determined for each experimental group 21 days 
post tumor inoculation. 
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transferred TRP-1-specific CD4+ T cells, we measured the serum concentration of the 

pro-inflammatory cytokines IFN-γ, TNF-α, CXCL9, CXCL10, IL-2, IL-7, and IL-15. As 

we have noted, mice receiving anti-NK1.1 antibodies have an increased frequency of 

IFN-γ+TNF-α+ TRP-1-specific T cells (Fig. 3-3, B). Consistent with this observation, 

NK1.1+ cell depletion leads to higher concentrations of TNF-α and IFN-γ, the pro-

inflammatory chemokines, CXCL9 and CXCL10, and homeostatic cytokines, IL-2 and 

IL-15, in the serum of host animals (Fig. 3-5). The increased concentrations of TNF-α 

and IFN-γ are indicative of a more TH1-polarizing environment.135 This is beneficial for 

tumor rejection, because it is known that TRP-1 cells differentiate into TH1 cells during 

an anti-tumor response in vivo and TH1 cells are regarded as one of the most efficient 

CD4+ T cell subtypes for tumor rejection.136 The increased concentrations of CXCL9 and 

CXCL10 were consistent with previous results37 and presumably serve to help traffic 

TRP-1-specific CD4+ T cells into the tumor bed. Finally, the elevated IL-2 and IL-15 

concentrations may indicate that anti-NK1.1 antibody depleted a population of cytokine 

sinks. This population is most likely NK cells, which express the IL-2/15Rβγ chains, and 

have been demonstrated by others to sink IL-15 from CD8+ T cells.45 IL-7 was 

universally low, which may reflect the consumption of this cytokine by CD4+ T cells.137 

 

Discussion 

These data demonstrate that the depletion of NK1.1+ cells synergistically 

enhances the rejection of established melanoma by adoptively transferred TRP-1 specific 

CD4+ T cells. NK1.1+ cell-depletion increases survival and autoimmune vitiligo after 

ACT. We also observe a reduction in the recurrence of melanoma when NK1.1+ cells are 
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Figure 3-5. NK1.1+ cell depletion increases the serum concentration of proinflammatory cytokines 
after ACT. On day 14 post tumor inoculation, serum was harvested from each experimental group, and 
analyzed by Milliplex for the concentration of (A) IFN-γ and TNF-α, (B) CXCL9 and CXCL10 and (C) IL-
2, IL-7, and IL-15 (C). Serum concentration between animals receiving TRP-1 ACT and animals receiving 
ACT plus anti-NK1.1 antibody therapy is statistically significantly different in all cases except for IL-7 (p < 
0.05). 
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depleted. Furthermore, we have demonstrated that NK1.1+ cell depletion leads to an 

increase in the serum concentration of proinflammatory and homeostatic cytokines. We 

believe that this reflects an enhanced activation state of TRP-1-specific CD4+ T cells in 

these hosts. 

The data presented in this chapter suggest that RAG-/- hosts, despite lacking all T 

and B cell populations, still harbor an NK1.1+ cell population that can serve as a 

regulatory cell type (either by interacting directly with the TRP-1-specific CD4+ T cells) 

or a cytokine sink (presumably by sinking IL-2 or IL-15). This cell population may 

include NK cells, pre-mNK cells, ILCs, or some combination thereof. We attempt to 

dissect the specific contribution of each of these populations later in this chapter. 

Finally, the data also lend credence to the as of yet unproven suspicion that TRP-

1-specific CD4+ T cells are capable of differentiating into CTLs. When the model was 

initially described, its authors were unsure if the TRP-1 cells were, in fact, differentiating 

into CTLs or if the TRP-1 cells were differentiating into a more classical TH phenotype, 

and providing cytokine signals to NK cells, which were ultimately killing the tumor. 

Experiments in RAG-/-γC
-/- animals seemed to suggest that NK cells were required for the 

anti-tumor activity of TRP-1 cells. However, when NK cells were added back to these 

hosts, ACT of TRP-1 T cells still failed to reject the melanoma tumors, suggesting that 

the loss of γC
-/- resulted in the aberrant activation of TRP-1 cells, and rendering the results 

uninterpretable. Here, we have depleted NK cells with an antibody, and observed that 

ACT of TRP-1 cells still induces tumor rejection. Thus, we can be sure that NK cells are 

not necessary for tumor rejection in this model. 
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The absence of IL-15-dependent cell populations explains the activity of anti-NK1.1 

antibody in our model 

Introduction 

The experiments presented in chapter three relied on a depleting antibody to target 

NK1.1+ cells. Previous experiments to target these populations with a genetic knockout—

the deletion of γC—were confounded by the apparent requirement of γC signaling on host 

cells for full and efficient TRP-1 cell activation.  However, it could also be that the Fc 

region of the anti-NK1.1 antibodies stimulated Fc receptors on APCs,138 thus enhancing 

anti-tumor inflammation. This, alone, could have led to an enhanced activation of the 

TRP-1-specific CD4+ T cells. If that were the case, the fact that the antibodies also lead to 

the depletion of NK1.1+ cells would be irrelevant, and it would be incorrect to assume 

that NK1.1+ cells were behaving as cytokine sinks or regulators of the immune response. 

Therefore, we repeated our ACT experiment in RAG-/-IL-15-/- hosts. IL-15 

controls the homeostasis of CD8+ memory T cells and NK cells. We acquired IL-15-/-

RAG-/- mice because these animals lack all B and T cell populations, owing to their RAG 

deficiency, as well as NK and pre-mNK cells, owing to their dependence on IL-15. 

Because these populations are absent in RAG-/-IL-15-/- mice, antibody depletion is 

superfluous. Thus, we could observe the anti-tumor activity of our adoptively transferred, 

TAA-specific CD4+ T cells without the influence of NK cells, pre-mNK cells, or the 

confounding effects of Fc receptor activation. 

 

Results 

First, we confirmed that RAG-/-IL-15-/- mice lacked both NK and pre-mNK cells 
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(Fig. 3-6). Next, we repeated ACT of TRP-1-specific CD4+ T cells in tumor-bearing IL-

15-/-RAG-/- hosts. ACT of 5x104 naïve TRP-1-specific CD4+ T cells into IL-15-/-RAG-/- 

hosts that had been inoculated with 3x105 B16-F10 melanoma cells seven days before 

leads to complete rejection of established tumors (Fig. 3-7). When compared to RAG-/- 

animals that received ACT alone, RAG-/-IL-15-/- animals survived longer after ACT (Fig. 

3-7, D). As when ACT was performed with NK1.1+ cell depletion in RAG-/- hosts (Fig. 

3-3), RAG-/-IL-15-/- hosts had an increased number and proportion of TRP-1 specific 

CD4+ T cells (Fig. 3-8). 

 

Discussion 

These results show that, when NK and pre-mNK cells are absent, the anti-tumor 

immune response of adoptively transferred TRP-1-specific CD4+ T cells is improved. 

This lends further evidence to the idea that NK cells or pre-mNK cells are behaving as a 

cytokine sink or a regulatory population. It also supports the idea that TRP-1 cells can 

differentiate into CTLs. Furthermore, it suggests that the benefit of anti-NK1.1 antibodies 

to ACT efficacy is not the result of Fc receptor activation. 

 

Asialo GM1+ cell depletion does not enhance tumor rejection to the same extent as 

NK1.1+ cell depletion 

Introduction 

The experiments in chapter three relied on the use of anti-NK1.1 antibody to 

deplete NK1.1+ cells. While we designed those experiments with the intention of 

targeting NK cells, other cells also express NK1.1 and are depleted by anti-NK1.1  
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Figure 3-6. RAG-/-IL-15-/- mice lack NK cells and pre-mNK cells. Splenocytes were harvested from 
RAG-/-IL-15-/- hosts and analyzed for the presence of (A) NK cells (DX5+NKG2D+) and (B) pre-mNK cells 
(B220+DX5+CD11cloGR1-). Spleens from RAG-/- animals are shown as controls. 
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Figure 3-7. ACT is more efficient in RAG-/-IL-15-/- mice. RAG-/-IL-15-/- mice were inoculated 
subcutaneously with 3x105 B16-F10 on day 0 and left untreated, or received ACT of 5x104 TRP-1-specific 
CD4+ T cells intravenously on day 7. Tumor area as a function of time (A, C) and survival curves (B, D) of 
animals receiving no treatment (A, B) or TRP-1 ACT (C, D) demonstrate that anti-NK1.1 antibody therapy 
is superfluous in RAG-/-IL-15-/- hosts. Tumor curves and survival curves for each experimental group are 
statistically significantly different (p < 0.0001 and p = 0.0007, respectively). 
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Figure 3-8. RAG-/-IL-15-/- mice have an increased frequency of TRP-1-specific CD4+ T cells after 
ACT. RAG-/- and RAG-/-IL-15-/- mice were inoculated subcutaneously with 3x105 B16-F10 on day 0 and 
left untreated or received ACT of 5x104 TRP-1-specific CD4+ T cells intravenously on day 7. 21 days post 
tumor inoculation, spleens were harvested from each experimental group, made into a single cell 
suspension, and stained for CD4 and Vβ14 expression. (A) The absolute number of CD4+Vβ14+ cells 
isolated from the spleens of the indicated experimental groups. (B) Flow cytometry plots demonstrating the 
proportion of CD4+Vβ14+ cells isolated from the spleens of the indicated experimental groups. 
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antibodies. These cells include pre-mNK cells and ILCs. Therefore, it was necessary to 

repeat the previous experiments using antibodies that would target each of these cells 

independently, with the ultimate goal of determining which of these three populations 

was responsible for suppressing the activity of the adoptively transferred, TAA-specific 

CD4+ T cells. 

It has been shown that depletion of NK cells can enhance tumor-specific CD8+ T 

cell rejection of B16 tumors45 and prevent chronic exhaustion of CD8+ T cells in a viral 

model.98 Furthermore, depletion of NK cells is known to enhance pathogenic CD4+ T cell 

activity in a graft versus host disease model. It could be that NK depletion removes a 

cytokine sink, and liberates IL-2, IL-7, or IL-15—all of which could alleviate T cell 

exhaustion and help expand CD4+ T cells in vivo. Alternatively, NK cells could be killing 

activated CD4+ T cells using a death receptor such as FasL, TRAIL, or an NKG2- type 

ligand.73, 76, 128 We chose to target NK cells with an antibody that recognizes asialo GM1. 

Asialo GM1 is a ganglioside that is known to be expressed on NK cells.139 It is also 

expressed on a subset of monocytes and macrophages in the spleen and in the brain. 

Finally, asialo GM1 is expressed in the fetal liver and in fetal immature thymocytes. Its 

expression was also reported on pre-mNK cells, although these data has never been 

published. Therefore, anti-asialo GM1 is, at best, an imperfect antibody to use for these 

experiments. However, to these authors’ knowledge, there are no antibodies that 

specifically target NK cells, and so we are forced to integrate our observations of anti-

NK1.1 and anti-asialo GM1 antibody therapy in addition to ACT. 
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Results 

RAG-/- animals were inoculated with 3x105 B16-F10 on day 0 and treated with 

ACT of 5x104 TRP-1-specific CD4+ T cells on day 7. 20 µL of polyclonal anti-asialo 

GM1 antibody was injected interperitoneally on days -2, 0, 7, and 14. Mice receiving 

anti-Asialo GM1 antibody in addition to ACT still experienced tumor recurrence, 

although to a lesser extent than animals receiving TRP-1-specific CD4+ T cells alone 

(Fig. 3-9, C and E). Survival was not enhanced over ACT alone (Fig. 3-9, D and F). 

Flow cytometric analysis of the splenocytes from anti-asialo GM1-treated animals 

revealed that NK cells had been depleted (Fig. 3-10, A). Pre-mNK cells were also 

depleted, although to a lesser extent than NK cells (Fig. 3-10, B). 

 

Discussion 

 These data demonstrate that depletion of asialo GM1+ cells in addition to ACT 

yields little improvement in the anti-tumor immune response over ACT alone. Animals 

receiving anti-asialo GM1 antibody experienced slightly delayed tumor growth and 

recurrence but no survival benefit relative to animals receiving ACT alone. 

These results suggest that the NK1.1+ cell population responsible for suppressing 

the activity of adoptively transferred TAA-specific CD4+ T cells is not NK cells. If NK 

cells were responsible, anti-asialo GM1 antibody should have been able to recapitulate 

the results we observed when we had used anti-NK1.1 antibody. However, since anti-

asialo GM1 antibody does not enhance tumor rejection and survival to the same extent as 

anti-NK1.1 antibody when coupled with ACT, we conclude that the contribution of NK 

cells to the suppression of TRP-1 cells is negligible.  
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Figure 3-9. Asialo GM1+ cell depletion does not enhance survival after ACT. RAG-/- mice were 
inoculated subcutaneously with 3x105 B16-F10 on day 0 and left untreated, received ACT of 5x104 TRP-1-
specific CD4+ T cells intravenously on day 7, or received ACT on day 7 plus 20 µL of anti-asialo GM1 
intraperitoneally on days -2, 0, 7, and 14. An historical comparison of tumor area as a function of time (A, 
C, E) and survival curves (B, D, F) of animals receiving no treatment (A, B), TRP-1 ACT (C, D), or TRP-1 
ACT plus anti-asialo GM1 antibody therapy (E, F) demonstrate that anti-asialo GM1 antibody therapy does 
not enhance survival after ACT. Tumor curves and survival curves for animals receiving ACT or ACT plus 
antibody therapy are not statistically significantly different (p = 0.1450 and p = 0.4136, respectively). 
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Figure 3-10. Anti-asialo GM1 antibody depletes NK cells and, to a lesser extent, pre-mNK cells. RAG-

/- mice were inoculated subcutaneously with 3x105 B16-F10 on day 0 and received ACT of 5x104 TRP-1-
specific CD4+ T cells intravenously on day 7, or received ACT on day 7 plus 20 µL of anti-asialo GM1 
intraperitoneally on days -2, 0, 7, and 14. Splenocytes were harvested from each experimental group on day 
21 and analyzed for the presence of (A) NK cells (DX5+NKG2D+) and (B) pre-mNK cells 
(B220+DX5+CD11cloGR1-). 
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 Unfortunately, these results are confounded by the fact that anti-asialoGM1 also 

targets pre-mNK cells to some extent. It is interesting to note that, while it did not work 

as efficiently as anti-NK1.1 antibody, the anti-asialo GM1 antibody still delayed tumor 

growth and tumor recurrence relative to animals receiving ACT alone. Assuming that 

pre-mNK cells are responsible for suppressing the CD4+ T cell response, the slightly less 

efficient depletion of this cell type by anti-asialo GM1 may explain the relative delay in 

tumor growth. The contribution of pre-mNK cells will be more thoroughly explored in 

chapter seven. 

 

Thy1.2+ cell depletion does not enhance tumor rejection following ACT 

Introduction 

Some authors have observed that ILCs express NK1.1. Thus, the anti-NK1.1 

antibody used in chapter three may also have depleted this cell population. Therefore, we 

sought to repeat those experiments with an antibody that targets ILCs. 

ILCs are known to regulate the innate immune response at mucosal barriers, 

lymphoid tissue formation, and tissue remodeling in response to damage.111 ILC2s and 

ILC3s can express MHC II and present antigen to CD4+ T cells.105, 109 The only 

description of an ILC response to melanoma demonstrated that ILC3-derived IFN-γ is 

protective against B16 melanoma.114 This suggests that, instead of improving ACT, ILC 

depletion may reduce survival after ACT. 

We sought to deplete ILCs with anti-Thy1.2 antibodies. Thy1.2 is a GPI-linked 

member of the immunoglobulin family.140 In addition to being expressed on ILCs, it is 

also expressed on neurons, MSCs, HSCs, endothelial cells, FDCs, a subset of NK cells, 
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as well as thymocytes and T cells.140 Thus, for these experiments, Thy1.1+ TRP-1 cells 

were used to avoid depletion of TRP-1 cells by anti-Thy1.2 antibody. 

 

Results 

RAG-/- animals were inoculated with 3x105 B16-F10 on day 0 and treated with ACT of 

5x104 TRP-1-specific CD4+ T cells on day 7. 200 µg of anti-Thy1.2 antibody was 

injected interperitoneally on days 0, 7, and 14. Mice receiving anti-Thy1.2 antibody in 

addition to ACT still experienced tumor recurrence (Fig. 3-11, E). Survival was not 

enhanced over ACT alone (Fig. 3-11, F). We failed to detect any CD45+MHC 

II+CD127+Thy1.2+ cells in any tissues that we stained (data not shown), even in animals 

that had not been treated with antibody. Thus, we could not verify that the anti-Thy1.2 

antibody had depleted the ILCs. 

 

Discussion 

 These data demonstrate that depletion of Thy1.2+ cells in addition to ACT yields 

no improvement in the anti-tumor immune response over ACT alone. Animals receiving 

anti-asialo GM1 antibody experienced similar tumor growth and no survival benefit 

relative to animals receiving ACT alone. 

These data suggest that ILCs are not the NK1.1+ cell population responsible for 

suppressing the anti-tumor activity of adoptively transferred TRP-1-specific CD4+ T 

cells. If ILCs were responsible, anti-Thy1.2 antibody therapy should have been able to 

recapitulate the benefits of anti-NK1.1 antibody therapy.  

Unfortunately, we could not verify that the anti-Thy1.2 antibody had successfully  
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Figure 3-11. Thy1.2+ cell depletion does not enhance survival after ACT. RAG-/- mice were inoculated 
subcutaneously with 3x105 B16-F10 on day 0 and left untreated, received ACT of 5x104 TRP-1-specific 
CD4+ T cells intravenously on day 7, or received ACT on day 7 plus 200 µg of anti-Thy1.2 
intraperitoneally on days 0, 7, and 14. An historical comparison of tumor area as a function of time (A, C, 
E) and survival curves (B, D, F) of animals receiving no treatment (A, B), TRP-1 ACT (C, D), or TRP-1 
ACT plus anti-Thy1.2 antibody therapy (E, F) demonstrate that anti-Thy1.2 antibody therapy does not 
enhance survival after ACT. Tumor curves and survival curves for animals receiving ACT or ACT plus 
antibody therapy are not statistically significantly different (p = 0.3468 and p = 0.2115, respectively). 
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depleted the ILCs. Because ILCs are tissue-resident, it stands to reason that antibody 

depletion of these cells is less efficient than for circulating cell populations. However, 

this would be as true for anti-NK1.1 antibody as for anti-Thy1.2 antibody. Furthermore, 

to these authors’ knowledge, ILCs are not dependent on IL-15, and therefore, should still 

be present in RAG-/-IL-15-/- mice. Thus, the data presented in chapter four would also 

argue against ILCs as the population responsible for suppressing the anti-tumor activity 

of TRP-1 cells. 

 

B220+ cell depletion enhances tumor rejection following ACT 

Introduction 

The anti-NK1.1 antibodies used in chapter three could theoretically target three 

cell populations in our RAG-/- hosts: NK cells, ILCs, and pre-mNK cells. The data 

presented in chapters five and six suggest that NK cell and ILC depletion, respectively, 

cannot recapitulate the benefits of anti-NK1.1 antibody therapy to ACT. Furthermore, the 

data presented in chapter four are confounded by the fact that pre-mNK cells, like NK 

cells, are dependent upon IL-15 for their development. Thus, we sought to target pre-

mNK cells with a different antibody. We reasoned that pre-mNK cells might have a 

potential role in suppressing anti-tumor immunity. While initially observed to target 

neoplastic cells, pre-mNK cells have also been documented to reduce autoimmune 

pathology and express MHC class II.129 Thus, it may be possible that naïve TRP-1 CD4+ 

T cells are interacting with pre-mNK cells and receiving a signal that blocks their anti-

tumor activity. 
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We chose to target pre-mNK cells with anti-B220 antibody. B220 is a receptor 

protein tyrosine phosphatase and a regulator of BCR signaling. B220 is also expressed on 

B cells, and a subset of T cells. 

 

Results 

In an effort to determine whether pre-mNKs were responsible for the tumor 

growth and survival discrepancies between RAG-/- animals receiving ACT alone or anti-

NK1.1+ cell depletion in addition to ACT, we performed ACT in combination with anti-

B220 therapy. RAG-/- animals were inoculated with 3x105 B16-F10 on day 0 and treated 

with ACT of 5x104 TRP-1-specific CD4+ T cells on day 7. 200 µg of anti-B220 antibody 

was injected interperitoneally on days 0, 7, and 14. Animals receiving anti-B220 

antibodies in addition to ACT experienced enhanced tumor immunity, increased survival, 

and fewer recurrences (Fig. 3-12, E and F). Flow cytometric analysis of the spleens from 

animals that received anti-B220 antibodies demonstrated a decrease in the proportion of 

pre-mNK cells (Fig. 3-13). 

 

Discussion 

These data demonstrate that depletion of B220+ cells in addition to ACT enhances 

the anti-tumor immune response over ACT alone. Animals receiving anti-B220 antibody 

experienced delayed tumor growth and improved survival relative to animals receiving 

ACT alone. 

These results suggest that a B220+ cell population is responsible for the 

suppression of the rejection of established melanoma tumors by TRP-1-specific CD4+ T  
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Figure 3-12. B220+ cell depletion enhances survival after ACT. RAG-/- mice were inoculated 
subcutaneously with 3x105 B16-F10 on day 0 and left untreated, received ACT of 5x104 TRP-1-specific 
CD4+ T cells intravenously on day 7, or received ACT on day 7 plus 200 µg of anti-B220 intraperitoneally 
on days 0, 7, and 14. An historical comparison of tumor area as a function of time (A, C, E) and survival 
curves (B, D, F) of animals receiving no treatment (A, B), TRP-1 ACT (C, D), or TRP-1 ACT plus anti-
B220 antibody therapy (E, F) demonstrate that anti-B220 antibody therapy enhances survival after ACT. 
Tumor curves and survival curves for each experimental group are statistically significantly different (p < 
0.0001 in each case). 
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Figure 3-13. Anti-B220 antibody depletes pre-mNK cells and, but not NK cells. RAG-/- mice were 
inoculated subcutaneously with 3x105 B16-F10 on day 0 and received ACT of 5x104 TRP-1-specific CD4+ 
T cells intravenously on day 7, or received ACT on day 7 plus 20 µL of anti-asialo GM1 intraperitoneally 
on days -2, 0, 7, and 14. Splenocytes were harvested from each experimental group on day 21 and analyzed 
for the presence of (A) NK cells (DX5+NKG2D+) and (B) pre-mNK cells (NK1.1+DX5+CD11cloGR1-). 
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cells in our model. RAG-/- hosts lack B cell populations. Pre-mNK cells are NK1.1+ and 

IL-15 dependent. In combination with the data we presented in chapters three and four, 

we believe that these data strongly imply that NK1.1+B220+ pre-mNK cells are 

suppressing the TRP-1 cells. 

 

Neither anti-NK1.1 nor anti-B220 antibody therapy improves the outcome of ACT 

in irradiated wild-type hosts 

Introduction 

 All of the experiments presented in chapters three through seven were performed 

in RAG-/-, tumor-bearing hosts. RAG-/- mice are a convenient model for ACT, because, 

since they lack all B and T cell populations, it is unnecessary to perform any additional 

lymphodepletion steps prior to transferring T cells. However, in an effort to determine if 

our results could be translated to a human system, we wanted to determine if NK1.1+ or 

B220+ cell depletion could improve ACT in a wild type animal that received 

lymphodepletion in the form of total body irradiation (TBI) prior to ACT. A wild type 

animal that has received TBI represents a different environment for TRP-1 cells than a 

RAG-/- animal. Unlike a RAG-/- mouse, a wild type animal begins to repopulate its B and 

T cell populations after TBI. Furthermore, TBI damages normal host tissue, and 

potentially exposes PAMPs and DAMPs that are not exposed in RAG-/- mice. 

 

Results 

 Wild type mice were inoculated with 3x105 B16-F10 on day 0 and treated with 

650 Gy TBI, followed by ACT of 5x104 TRP-1-specific CD4+ T cells on day 7. 200 µg of 
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anti-NK1.1 or anti-B220 antibody was injected interperitoneally on days 0, 7, and 14 

(Fig. 3-14). Animals receiving ACT in addition to TBI experienced a delay in tumor 

growth and increased survival relative to animals receiving TBI alone. Animals receiving 

either anti-NK1.1 or anti-B220 antibody therapy in addition to TBI and ACT experienced 

no further delay in tumor growth or increased survival relative to animals receiving TBI 

and ACT. 

 

Discussion 

 These results demonstrate that, in wild type animals, NK1.1+ or B220+ cell 

depletion do not delay tumor growth or enhance survival over TBI and ACT alone. These 

results suggest that, while NK1.1+ and B220+ cells may be partially responsible for 

suppressing the rejection of established melanoma by adoptively transferred TAA-

specific CD4+ T cells, they are not the primary cell type responsible for this suppression. 

Unlike RAG-/- mice, wild type mice have endogenous populations of Tregs, CD8+ and 

CD4+ T cells. While the TBI regimen should have ablated these populations to some 

extent, it is safe to assume that the hematopoetic system would begin to repopulate these 

cell types fairly quickly after radiotherapy. In the face of expanding CD8+ T cell and Treg 

populations, the benefit of NK1.1+ or B220+ cell depletion is imperceptible. CD8+ T cells 

compete for some of the same cytokines that CD4+ T cells require; Tregs are capable of 

suppressing a CD4+ T cell response; all emerging T cell populations compete with the 

adoptively transferred TRP-1 cells for activated APCs. Thus, it is unsurprising that 

removing a small population of NK1.1+ or B220+ cells wouldn’t further augment the 

activity of the TRP-1 cells. For the most efficient tumor response, all cells that compete  
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Figure 3-14. Neither anti-NK1.1 nor anti-B220 antibody therapy enhances survival after ACT in 
irradiated wild-type hosts. WT mice were inoculated subcutaneously with 3x105 B16-F10 on day 0 and 
received 650 rad of TBI, TBI plus ACT of 5x104 TRP-1-specific CD4+ T cells intravenously on day 7, TBI 
plus ACT on day 7 plus 200 µg of anti-NK1.1 intraperitoneally on days 0, 7, and 14, or TBI plus ACT on 
day 7 plus 200 µg of anti-B220 intraperitoneally on days 0, 7, and 14. Tumor area as a function of time (A, 
C, E, G) and survival curves (B, D, F, H) of animals receiving TBI (A, B), TBI plus TRP-1 ACT (C, D), 
TBI plus TRP-1 ACT plus anti-NK1.1 antibody therapy (E, F) or TBI plus TRP-1 ACT plus anti-B220 
antibody therapy demonstrate that neither anti-NK1.1 nor anti-B220 antibody therapy enhances survival 
after ACT. Tumor curves and survival curves for all groups receiving ACT are not statistically significantly 
different (p = 0.1522 and p = 0.4204, respectively). 
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with or suppress the tumor-rejecting populations must be removed. However, to the 

extent that we are able to describe a new, targetable suppressive cell and mechanism, 

these studies are still informative to the future rational design of tumor immunotherapies. 
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Chapter 4: NK1.1+ cells require NKG2D and PD-L1 to suppress the activity of 

adoptively transferred, tumor-specific CD4+ T cells 

NK1.1+ cells may require FasL to suppress the activity of TRP-1 specific CD4+ T 

cells after ACT 

Introduction 

As described in Aim 2, we wanted to determine which molecules the NK1.1+ cells 

may have been using to suppress the adoptively transferred TRP-1 specific CD4+ T cells 

in our model. To that end, we repeated our original NK1.1+ cell depletion experiment in a 

series of double-knockout host animals. Each of these animals is a RAG-/-, as were the 

hosts in our original experiments, since lymphodepletion is required for maximally 

effective ACT therapy.55 Additionally, each of the animals is also deficient in a molecule 

that we suspected may have played a role in the suppression of adoptively-transferred 

CD4+ T cells, in this case FasL. It is important to note that, for the experiments described 

in this and the two following chapters, the host cells are the only cells deficient in this 

second molecule; for these experiments, the B16-F10 melanoma tumor and the 

adoptively transferred TRP-1 specific CD4+ T cells are still capable of expressing FasL.  

 It has previously been demonstrated that FasL is used by NK1.1+ cells to suppress 

the activity of autoreactive CD4+ T cells in a model of GVHD.73 TRP-1 is a tumor-

associated antigen, meaning that, while it is overexpressed in B16-F10 melanoma, it is 

also expressed in normal melanocytes. Therefore, it is a “self” antigen, and TRP-1-

specific T cells are autoreactive. Thus, the host NK1.1+ cells may be using FasL to 

suppress the activity of TRP-1-specific CD4+ T cells. 
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Results 

To test the hypothesis that NK1.1+ cells require FasL to suppress the activity of 

adoptively-transferred, TRP-1-specific CD4+ T cells in our model, we repeated our 

experiments in RAG-/-FasL-/- hosts. RAG-/-FasL-/- animals were inoculated with 3x105 

B16-F10 on day 0 and treated with ACT of 5x104 TRP-1-specific CD4+ T cells on day 7. 

200 µg of anti-NK1.1 antibody was injected interperitoneally on days 0, 7, and 14. As in 

RAG-/- hosts, RAG-/-FasL-/- hosts experience delayed tumor growth after ACT. The 

addition of anti-NK1.1 antibody therapy to ACT results in greater resolution of tumor, 

however, survival is not significantly increased in these animals (Fig. 4-1). 

 

Discussion 

We interpret these results to mean that FasL may be dispensable for the 

suppressive activity of NK1.1+ cells on the adoptively transferred CD4+ T cells. If the 

NK1.1+ host cells that are depleted by anti-NK1.1 antibody require FasL to suppress the 

activity of the adoptively transferred, TRP-1-specific CD4+ T cells, then there should be 

no difference between TRP-1-specific ACT alone, or ACT plus anti-NK1.1 antibody 

therapy in RAG-/-FasL-/- animals. In other words, if the NK1.1+ host cells that are 

depleted by anti-NK1.1 antibody require FasL to suppress the activity of the adoptively 

transferred, TRP-1-specific CD4+ T cells, then ACT alone in FasL-/-RAG-/- hosts should 

reproduce the results seen with ACT plus NK1.1+ cell depletion in RAG-/- hosts. While a 

further delay in tumor growth was observed when anti-NK1.1 antibody was added to 

ACT, these animals did not experience a significant increase in survival, making it 

impossible to definitively say that FasL is or is not required for suppressive activity.  
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Figure 4-1. NK1.1+ cell depletion reduces tumor growth but does not enhance survival after ACT in 
RAG-/-FasL-/- hosts. RAG-/-FasL-/- mice were inoculated subcutaneously with 3x105 B16-F10 on day 0 and 
left untreated, received ACT of 5x104 TRP-1-specific CD4+ T cells intravenously on day 7, or received 
ACT on day 7 plus 200 µg of anti-NK1.1 intraperitoneally on days 0, 7, and 14. Tumor area as a function 
of time (A, C, E) and survival curves (B, D, F) of animals receiving no treatment (A, B), TRP-1 ACT (C, 
D), or TRP-1 ACT plus anti-NK1.1 antibody therapy (E, F) demonstrate that anti-NK1.1 antibody therapy 
enhances survival after ACT in RAG-/-FasL-/- hosts. Tumor curves for each experimental group are 
statistically significantly different from the control group (p = 0.0015); survival curves for each 
experimental group receiving ACT are not statistically significantly different (p = 0.1246). 
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Given that the tumors grew better in animals that received ACT alone, it could be that, 

had we extended our study beyond 100 days, we may have observed a difference in 

survival. 

 

NK1.1+ cells require NKG2D to suppress the activity of TRP-1 specific CD4+ T cells 

after ACT 

Introduction 

It has previously been demonstrated that NK cells can kill activated CD4+ T cells 

with an NKG2D dependent mechanism.73, 80 Furthermore, pre-mNKs are also capable of 

recognizing target cells with NKG2D.116, 119 Therefore, to continue with experiments 

related to Aim 2 of our study, we wanted to determine if NK1.1+ cells required NKG2D 

for their suppressive activity against TRP-1 cells. To this end, we repeated our original 

NK1.1+ cell depletion experiment in RAG-/-NKG2D-/- hosts. Once again, by virtue of 

their Rag1 deficiency, each of these hosts lacked endogenous T cell populations, as did 

the tumor hosts in our original experiments. Additionally, each of the animals was also 

deficient in NKG2D. Once again, the host cells were the only cells deficient in NKG2D; 

the B16-F10 melanoma tumor and the adoptively transferred TRP-1 specific CD4+ T 

cells were still capable of expressing NKG2D.  

 

Results 

To test the hypothesis that NK1.1+ cells require NKG2D to suppress the activity 

of adoptively transferred, TRP-1-specific CD4+ T cells in our model, we repeated our 

experiments in RAG-/-NKG2D-/- hosts. RAG-/-NKG2D-/- animals were inoculated with 
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3x105 B16-F10 on day 0 and treated with ACT of 5x104 TRP-1-specific CD4+ T cells on 

day 7. 200 µg of anti-NK1.1 antibody was injected interperitoneally on days 0, 7, and 14. 

Unlike our results in RAG-/- hosts, NKG2D-/-RAG-/- hosts experience complete tumor 

regression after ACT alone. In this case, the addition of anti-NK1.1 antibody therapy to 

ACT was superfluous (Figure 4-2). 

 

Discussion 

These results show that NKG2D is indispensable for the suppressive activity of 

NK1.1+ cells on the adoptively transferred CD4+ T cells. If the NK1.1+ host cells that are 

depleted by anti-NK1.1 antibody require NKG2D to suppress the activity of the 

adoptively transferred, TRP-1-specific CD4+ T cells, then there should be no difference 

between TRP-1-specific ACT alone, or ACT plus anti-NK1.1 antibody therapy. In other 

words, if the NK1.1+ host cells that are depleted by anti-NK1.1 antibody require NKG2D 

to suppress the activity of the adoptively transferred, TRP-1-specific CD4+ T cells, then 

ACT alone in RAG-/-NKG2D-/- hosts should reproduce the results seen with ACT plus 

NK1.1+ cell depletion in RAG-/- hosts. Indeed, RAG-/-NKG2D-/- hosts experience reduced 

tumor growth and enhanced survival after ACT alone relative to RAG-/- hosts. An 

alternative explanation for these results could be that some other population of NK1.1- 

host cells was using NKG2D to suppress the adoptively transferred TRP-1 cells so 

efficiently that NK1.1+ cell depletion is rendered irrelevant in the context of NKG2D 

deficiency. However, we find this explanation unlikely since, to these authors’ 

knowledge, no such NK1.1-NKG2D+ RAG-independent suppressive cell population has 

been described in mice. 
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Figure 4-2. ACT is more efficient in RAG-/-NKG2D-/- mice. RAG-/-NKG2D-/- mice were inoculated 
subcutaneously with 3x105 B16-F10 on day 0 and left untreated, received ACT of 5x104 TRP-1-specific 
CD4+ T cells intravenously on day 7, or received ACT on day 7 plus 200 µg of anti-NK1.1 intraperitoneally 
on days 0, 7, and 14. Tumor area as a function of time (A, C, E) and survival curves (B, D, F) of animals 
receiving no treatment (A, B), TRP-1 ACT (C, D), or TRP-1 ACT plus anti-NK1.1 antibody therapy (E, F) 
demonstrate that anti-NK1.1 antibody therapy is superfluous in RAG-/-NKG2D-/- hosts. Tumor curves and 
survival curves for each experimental group receiving ACT are not statistically significantly different (p = 
0.0715 and p = 0.1711, respectively). 
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NK1.1+ cells require PD-L1 to suppress the activity of TRP-1 specific CD4+ T cells 

after ACT 

Introduction 

It has previously been demonstrated that NK cells target CD8+ T cells with PD-L1 

in a model of type 1 diabetes81 and pre-mNK cells are known to express PD-L1 when 

interacting with CD4+ T cells.122, 123, 129 Therefore, we wondered if NK1.1+ cells were 

using PD-L1 to suppress TRP-1 cells. To test this hypothesis, we repeated our original 

NK1.1+ cell depletion experiment in RAG-/-PD-L1-/- hosts. Once again, by virtue of their 

Rag1 deficiency, each of these hosts lack endogenous T cell populations, as did the tumor 

hosts in our original experiments. Additionally, each of the animals is also deficient in 

PDL-1. Once again the host cells are the only cells deficient in PD-L1; the B16-F10 

melanoma tumor and the adoptively transferred TRP-1 specific CD4+ T cells are still 

capable of expressing PD-L1. 

 

Results 

To test the hypothesis that NK1.1+ cells require PD-L1 to suppress the activity of 

adoptively-transferred, TRP-1-specific CD4+ T cells in our model, we repeated our 

experiments in RAG-/-PD-L1-/- hosts. RAG-/-PD-L1-/- animals were inoculated with 3x105 

B16-F10 on day 0 and treated with ACT of 5x104 TRP-1-specific CD4+ T cells on day 7. 

200 µg of anti-NK1.1 antibody was injected interperitoneally on days 0, 7, and 14. 

Unlike our results in RAG-/- hosts, RAG-/-PD-L1-/- hosts experience complete tumor 

regression after ACT. In this case, the addition of anti-NK1.1 antibody therapy to ACT is 

superfluous (Fig. 4-3).  
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Figure 4-3. ACT is more efficient in RAG-/-PD-L1-/- mice. RAG-/-PD-L1-/- mice were inoculated 
subcutaneously with 3x105 B16-F10 on day 0 and left untreated, received ACT of 5x104 TRP-1-specific 
CD4+ T cells intravenously on day 7, or received ACT on day 7 plus 200 µg of anti-NK1.1 intraperitoneally 
on days 0, 7, and 14. Tumor area as a function of time (A, C, E) and survival curves (B, D, F) of animals 
receiving no treatment (A, B), TRP-1 ACT (C, D), or TRP-1 ACT plus anti-NK1.1 antibody therapy (E, F) 
demonstrate that anti-NK1.1 antibody therapy is superfluous in RAG-/-PD-L1-/- hosts. Tumor curves and 
survival curves for each experimental group receiving ACT are not statistically significantly different (p = 
0.4890 and p = 0.9372, respectively). 
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 Presently, there are two FDA-approved therapies for metastatic melanoma that 

revolve around the blockade of PD-L1:PD-1 signaling: pembrolizumab, and nivolumab. 

Each of these antibodies targets the receptor for PD-L1, PD-1. In light of our results in 

PD-L1-/-RAG-/- hosts, we wondered if blockade of PD-L1 in RAG-/- hosts could 

recapitulate the results of NK1.1+ cell depletion, and result in complete tumor resolution. 

Thus, we treated an experimental group of RAG-/- animals that had received 3x105 B16-

F10 melanoma intradermally on day 0 with ACT of TRP-1-specific CD4+ T cells on day 

7 plus 200 µg of anti-PD-L1 antibody (10F.9G2) intraperitoneally on days 0, 7, and 14. 

As in RAG-/- hosts treated with anti-NK1.1 antibody, PD-L1 blockade resulted in 

complete resolution of tumor and increased survival relative to ACT alone (Fig. 4-4). 

 

Discussion 

These results imply that PD-L1 is indispensable for the suppressive activity of 

NK1.1+ cells on the adoptively-transferred CD4+ T cells, and furthermore, that whole cell 

depletion is unnecessary if one can specifically target the signaling pathways required by 

NK1.1+ cells to suppress the activity of the CD4+ T cells. If the NK1.1+ host cells that are 

depleted by anti-NK1.1 antibody require PD-L1 to suppress the activity of the adoptively 

transferred, TRP-1-specific CD4+ T cells, then there should be no difference between 

TRP-1-specific ACT alone, or ACT plus anti-NK1.1 antibody therapy. In other words, if 

the NK1.1+ host cells that are depleted by anti-NK1.1 antibody require PD-L1 to suppress 

the activity of the adoptively transferred, TRP-1-specific CD4+ T cells, then ACT alone 

in RAG-/-PD-L1-/- hosts should reproduce the results seen with ACT plus NK1.1+ cell 

depletion in RAG-/- hosts. Indeed, RAG-/-PD-L1-/- hosts experience reduced tumor growth  
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Figure 4-4. PD-L1 blockade enhances survival after ACT. RAG-/- mice were inoculated subcutaneously 
with 3x105 B16-F10 on day 0 and left untreated, received ACT of 5x104 TRP-1-specific CD4+ T cells 
intravenously on day 7, or received ACT on day 7 plus 200 µg of anti-PD-L1 intraperitoneally on days 0, 7, 
and 14. An historical comparison of tumor area as a function of time (A, C, E) and survival curves (B, D, 
F) of animals receiving no treatment (A, B), TRP-1 ACT (C, D), or TRP-1 ACT plus anti-PD-L1 antibody 
therapy (E, F) demonstrate that anti-PD-L1 antibody therapy enhances survival after ACT. Tumor curves 
and survival curves for each experimental group are statistically significantly different (p = 0.0004 and p = 
0.0249, respectively). 
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and enhanced survival after ACT alone relative to RAG-/- hosts. Furthermore, RAG-/- 

hosts receiving anti-PD-L1 antibody in addition to ACT experience enhanced tumor 

regression and increased survival, much like animals receiving anti-NK1.1 antibody. 

However, given the inability of NK1.1 depletion to modulate ACT responses in formerly 

lymphoreplete environments it is also still possible that an NK1.1- cell population may be 

using PD-L1 to suppress TRP-1 cells. 
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Chapter 5: Further Discussion and Future Directions 

Further Discussion 

ACT of tumor-specific T cells is an experimental therapy for melanoma that can 

achieve ORRs of up to 50% when patients undergo a lymphodepletion before T cells are 

transferred.48, 49 The positive effects of lymphodepletion have been attributed to the 

elimination of suppressor cells and cytokine sinks as well as enhanced activation of APCs 

due to the release of PAMPs from intestinal commensals.141 Herein, we have described 

that depletion of a putative suppressor NK1.1+ cell enhances the rejection of established 

melanoma in mice by adoptively transferred antigen-specific CD4+ T cells. RAG-/- mice 

receiving anti-NK1.1 antibody in addition to ACT of tumor-specific CD4+ T cells 

experience reduced tumor growth and recurrence, and increased survival relative to 

animals receiving ACT alone. The addition of anti-NK1.1 antibody therapy increases the 

proportion and frequency of IFN-γ+TNF-α+CD4+ T cells, as well as the serum cytokine 

concentrations of proinflammatory molecules, such as IFN-γ, TNF-α, CXCL9, CXCL10, 

IL-2, and IL-15. Others have suggested that this is due to the elimination of NK cells, 

which serve as cytokine sinks in the context of ACT of gp100-specific CD8+ T cells.45 

However, this conclusion cannot fully account for our observations, given that anti-asialo 

GM1, which depletes NK cells, does not enhance ACT of TRP-1-specific CD4+ T cells to 

the same extent as anti-NK1.1. The fact that animals receiving anti-NK1.1 therapy in 

addition to ACT experience vitiligo sooner than animals receiving ACT alone suggests 

that the adoptively transferred TRP-1-specific CD4+ T cells reject TRP-1+ cells more 

quickly under these conditions. We also interpret the fact that NK1.1+ cell-depletion 

reduces the number of relapses to mean either that TRP-1-specific CD4+ T cells reject 
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melanoma cells more completely, or experience exhaustion to a lesser degree, in the 

absence of NK1.1+ cells,98 as has been suggested in viral infection models. 

These observations are unlikely to be due to Fc-receptor stimulation by the 

constant region of the depleting antibodies used as ACT of TRP-1-specific CD4+ T cells 

was able to reject established B16-F10 melanoma tumors and increase survival in RAG-/-

IL-15-/- hosts relative to RAG-/- hosts without the addition of antibodies. RAG-/-IL-15-/- 

hosts lack NK and pre-mNK cells, rendering antibody depletion of these populations 

unnecessary. 

These results also suggest that, if NK cells or pre-mNK cells are behaving as a 

cytokine sink, they are not sinking IL-15. IL-15 is not required for naïve CD4+ T cell 

homeostasis or tumor rejection in our system. It has long been appreciated that IL-15 is 

necessary for NK and memory CD8+ T cell homeostasis. Our data contradicts new 

evidence is that IL-15 may also be beneficial for memory CD4+ T cell homeostasis.142, 143, 

144 The specific function of IL-15 in the setting of a naïve CD4+ T cell response is still the 

subject of much debate. Some reports suggest that IL-15 supports the maintenance and 

development of Tregs.144, 145 This makes sense in the context of our data. Tregs are known 

to dampen the anti-tumor response. Therefore, if IL-15-/- mice could not support optimal 

Treg function, we would expect our TRP-1-specific CD4+ T cells to reject tumors more 

efficiently in these hosts. Others have suggested that IL-15 protects CD4+ T cells from 

AICD and, in the presence of a TCR signal, promotes proliferation of this population.146 

Some hypothesize, in direct contrast to the observations of Osborne, et al., that this 

proliferation may be due to IL-15’s capacity to interfere with the regulatory activity of 

Tregs.147 However, the CD4+ T cells that proliferate under such conditions have a 
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decreased ability to produce IFN-γ, suggesting that they may not reject tumors as 

efficiently in an IL-15-deficient environment.148 While we have done no experiments to 

rule out increased AICD or decreased proliferation in our system, we stress that, if these 

phenomena are occurring, they are not sufficient to appreciably dampen the anti-tumor 

immune response. 

Since anti-NK1.1 and anti-B220 target multiple cell types, we cannot rule out the 

possibility that each antibody has depleted a different population of suppressive cells.  

However, we find this explanation unlikely.  There are a limited number of NK1.1+ cell 

populations in RAG-/- hosts: pre-mNK cells, NK cells, and, according to some 

investigators, ILCs. ILC-depletion by anti-Thy1.2 antibody fails to improve tumor 

rejection by adoptively transferred TAA-specific Thy1.1+CD4+ T cells in our model.  

Therefore, the suppressor cell population depleted by anti-NK1.1 antibody is very likely 

to be pre-mNK cells or NK cells.  This, coupled with the fact that anti-B220 (which 

targets pre-mNKs) enhances melanoma rejection to a greater extent than anti-Asialo 

GM1 (which targets NK cells, although slightly less effectively that anti-NK1.1) 

following ACT suggests that pre-mNK cells are suppressing the activity of the adoptively 

transferred CD4+ T cells. Finally, pre-mNK cells are IL-15 dependent.118  

We have shown that tumor rejection is enhanced in IL-15-/-RAG-/- mice, which 

have low numbers of pre-mNK cells, and that these mice also experience tumor 

recurrence less frequently than RAG-/- mice. These data strongly suggest that pre-mNK 

cells are responsible for suppressing anti-tumor immunity. However, further investigation 

is required to elucidate the suppressive mechanism. 
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Previous work by our group and others has demonstrated that cytotoxic CD4+ T 

cells can induce the regression of established melanoma.149 The activity of unactivated 

pre-mNK cells in the context of a cytotoxic CD4+ T cell response has not been previously 

investigated. Pre-mNKs are known to present antigen to CD4+ T cells in vitro and in 

vivo.122, 123 This process requires direct contact between the pre-mNK and a tumor cell or 

infected fibroblast, and subsequent upregulation of MHC II as well as IFN-γ, and PD-L1. 

Our data suggest that un-activated pre-mNK cells inhibit the rejection of established 

melanoma by TRP-1-specific CD4+ T cells. 

Although pre-mNK cells (IKDC) were first described for their role in anti-tumor 

immunity, they may also control tolerance to self-antigens.129 Activated pre-mNK cells 

express the inhibitory PD-1 ligand, PD-L1, and produce the immunosuppressive 

cytokine, IL-10,129 both of which have been demonstrated to suppress anti-tumor 

immunity. Since TRP-1 is a tumor-associated antigen, it is possible that pre-mNK cells 

could perceive TRP-1-specific CD4+ T cells to be autoreactive. In this case, it is 

conceivable that pre-mNKs would promote tolerance to TRP-1+ cells, including 

melanoma, rather than immunity. Increasing lymphodepletion intensity prior to ACT or 

targeting pre-mNKs with anti-NK1.1 or anti-B220 may remove this cell, thus 

disinhibiting the TAA-specific CD4+ T cells.  

 

Proposed Model 

We believe that our data suggest at least one of three possible mechanisms (Fig. 

12-1) by which pre-mNKs suppress the rejection of established melanoma by TRP-1-

specific CD4+ T cells. First, it may be that the IFN-γ produced during the anti-tumor 	  
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Figure 5-1. Proposed model of pre-mNK cell activation and TAA-specific CD4+ T cell suppression. 
(1) Pre-mNKs initially recognize tumor via NKG2D. (2) Pre-mNKs kill tumor via TRAIL. (3) Pre-mNK 
derived IFN-γ induces PD-L1 and IDO upregulation in the tumor microenvironment, which can suppress 
TRP-1 cells. In the immunosuppressive milieu of the tumor microenvironment, pre-mNKs incorrectly 
identify tumor as self, and are programmed to (4) suppress or (5) kill cells that target the tumor—in this 
case, TRP-1 cells. 
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response of pre-mNK cells upregulates PD-L1 on the tumor or other cells in a mechanism 

of adaptive resistance.150 Thus, when recently activated PD-1+CD4+ T cells come into 

contact with PD-L1+ cells, their anti-tumor activity is suppressed. Our evidence that 

NK1.1+ cells require PD-L1 to suppress the activity of adoptively transferred TRP-1 cells 

supports this hypothesis. Second, it may be that pre-mNK cells are activated in the tumor 

bed, upregulate MHC II, and travel to the draining lymph nodes where they encounter the 

TRP-1-specific CD4+ T cells. There, the pre-mNKs may kill activated CD4+ T cells with 

TRAIL, or perforin and granzyme B. We have no evidence to specifically suggest that 

this is the mechanism of suppression, aside from the observation that NK1.1+ cell 

depletion enhances melanoma rejection by adoptively transferred TRP-1 cells. Third, 

they may be directly responsible for inducing chronic exhaustion of recently activated 

TRP-1-specific CD4+ T cells through PD-L1 or IL-10, as depletion of NK 1.1+ cells has 

been shown to prevent exhaustion of T cells during anti-viral immunity,98 or, in this case, 

tumor recurrence. Once again, our experiments on PD-L1 could support this hypothesis. 

We believe that the data we have generated as part of the second aim of this 

investigation most closely support the third mechanism outlined above. We have shown 

that NKG2D and PD-L1 are required for the suppressive activity of NK1.1+ cells vis-à-

vis the anti-tumor activity of adoptively transferred TRP-1-specific CD4+ T cells. Chan, 

et al., observed that pre-mNK cells became activated and upregulated MHC II upon 

ligation of NKG2D on their surface.116 Himoudi, et al., also observed a role for NKG2D 

in the lysis of target cells by pre-mNK cells.119 Huarte, et al., observed that, upon 

receiving a tolerogenic signal, MOG-pσ1, pre-mNK cells would upregulate MHC II and 

PD-L1, and lyse activated CD4+ T cells.129 A model in which pre-mNK cells recognize 
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melanoma cells via NKG2D, subsequently upregulate MHC II and PD-L1, and then 

suppress the activity of TAA-specific CD4+ T cells would explain why interfering with 

NKG2D or PD-L1 signaling could recapitulate the effect of entirely depleting the NK1.1+ 

or B220+ cell population.	  

 

Future Directions 

 Our proposed model suggests that NK1.1+ cells must be coopted by a tumor in 

order to suppress adoptively transferred TRP-1 cells. If this were true, then this cell 

population should not suppress TRP-1 cells in the absence of tumor. Since RAG-/- mice 

develop vitiligo after ACT, we are able to measure the activity of TRP-1 cells in the 

absence of tumor. Thus, we propose an experiment in which two groups of RAG-/- mice 

receive ACT, with or without anti-NK1.1 antibody therapy. Our model predicts that, 

since neither group has a tumor, the NK1.1+ cells would not suppress the TRP-1 cells, 

and both groups will develop vitiligo at the same rate. However, if the group receiving 

antibody therapy develops vitiligo more quickly than the group that receives ACT alone, 

then NK1.1+ cells are predisposed to suppress TRP-1 cells before ever having 

encountered a tumor. 

While our data strongly suggest that pre-mNK cells are the NK1.1+ population 

responsible for the suppression of the anti-tumor activity of adoptively transferred TRP-1 

T cells, we have not definitively proven this to be true. It would be best to perform an 

experiment in which tumor-sensitized pre-mNK cells are transferred into a host animal a 

day or so before ACT to determine the effect that these pre-mNKs have on the ensuing 

therapy. We believe that such an experiment is most readily accomplished in RAG-/-PD-
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L1-/- or RAG-/-NKG2D-/- hosts, since we have demonstrated that ACT alone is curative in 

these animals. If transfer of pre-mNK cells from tumor-bearing RAG-/- donors can 

abrogate the effectiveness of ACT, this would conclusively demonstrate that pre-mNK 

cells are suppressing the TRP-1 cells, and lend further strength to the idea that PD-L1 or 

NKG2D are required for the suppressive mechanism. 

Furthermore, while our data suggests a mechanism of suppression, we have not 

definitively proven a mechanism. This is best approached in culture. Other scientists have 

observed that NK1.1+ cells are capable of killing CD4+ T cells or DCs. They have 

reported that this activity requires NKG2D73, 80, TRAIL80, 89, 127, 128, or perforin75, 87, 90 and 

granzyme129 expression by the NK1.1+ population. We propose an ex vivo cytotoxicity 

assay, in which tumor-sensitized pre-mNK cells are co-cultured with naïve TRP-1 cells 

and DCs (isolated from Tyrp1B-wRAG-/- TRP-1-specific CD4+ TCR transgenic mice and 

RAG-/- mice, respectively). A parallel ex vivo cytotoxicity assay, in which tumor-

sensitized pre-mNK cells are cultured with tumor-experienced TRP-1 cells and DCs 

(isolated from tumor-bearing RAG-/- hosts that have received ACT) would help elucidate 

if, in fact, pre-mNK cells are directly targeting TRP-1 cells or DCs, and if the cells must 

be activated to become pre-mNK targets. Once it had been determined that one of these 

cell populations was a pre-mNK target, the use of blocking antibodies to NKG2D or 

TRAIL or pre-mNKs from Prf-/- or Grz-/- mice in a similarly designed assay could 

implicate one of these molecules as the cytotoxic mechanism. 

Still others have observed that NK1.1+ cells are capable of suppressing the 

activity of T cells. This suppression has been observed to require IL-10,97, 129 PD-L1.129 

Thus, we propose a suppression assay, in which the proliferation or cytotoxic activity of 
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TRP-1 cells is measured after co-culture with tumor-sensitized pre-mNK cells. Once it 

had been determined that pre-mNKs suppress the proliferation or cytotoxic activity of 

TRP-1 cells, antibodies against IL-10 or PD-L1 or pre-mNKs from IL-10-/- or PD-L1-/- 

mice could be used in the co-culture phase of a similar assay to implicate one of these 

molecules in the suppressive mechanism. 

 

Summary and Implications 

In conclusion, our data suggest that pre-mNK cells may be coopted by established 

tumors to suppress the activity of TAA-specific CD4+ CTLs. This process appears to 

require activation of pre-mNK cells by NKG2D and pre-mNK suppression of CD4+ T 

cells by PD-L1. The specific mechanism by which this occurs, and whether a similar 

mechanism exists in humans has yet to be determined. However, since humans and mice 

both express NKG2D and PD-L1, we anticipate that such a mechanism may exist in 

humans. 

These data might seem to be in stark contrast with the observations of others that 

pre-mNK cells have anti-tumor activity.115, 116, 117, 119, 120 However, in all but one of these 

studies, the pre-mNK cells were activated with IM and IL-2, CpG ODN, poly I:C, or LPS 

and none of these authors studied the utility of a pre-mNK cell response vis a vis an 

adaptive TAA-specific CTL response. The purpose of ACT is to bestow upon a patient an 

adaptive tumor-specific CTL response. Thus, we caution that the activity of a pre-mNK 

cell population, when discovered in humans, ought to be intentionally modulated 

following ACT. We know that, when properly activated, pre-mNK cells can kill 

neoplastic cells. Therefore, future ACT therapies, in addition to including a 
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lymphodepletion regimen, would be wise to consider adding an adjuvant or small 

molecule that could stimulate pre-mNKs to develop an anti-tumor, rather than pro-tumor 

phenotype. 
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Appendix: NK1.1+ cell depletion does not enhance the rejection of established 

melanoma by adoptively transferred, TSA-specific CD4+ T cells 

Introduction 

When ACT of TRP-1 cells is performed in RAG-/- mice on a C57BL/6J 

background, the anti-tumor response is against a TAA, because both the b16-F10 

melanoma and normal melanocytes express TRP-1. However, if ACT of TRP-1 cells is 

performed in tyrp1B-wRAG-/- mice that lack the TRP-1-specific TCR transgene (i.e. RAG-

/- cappuccino mice), then the anti-tumor response is against a TSA. Given our previously 

described data, we wondered if NK1.1+ cell depletion would enhance the rejection of 

established melanoma in the setting of a TSA-specific CD4+ T cell response. 

 

Results 

NK1.1+ cells were depleted by administering anti-NK1.1 antibody (PK136) on 

days 0, 7, and 14 after tumor inoculation. Adoptive transfer of 5 x 104 naïve TRP-1-

specific CD4+ T cells into lymphopenic tyrp1B-wRAG-/- tumor-bearing hosts was 

performed by tail vein injection on day 7, as previously described.35, 37 Individual mice 

were followed and each replicate is shown with controls (Fig. A-1 and Fig. A-2). 

Animals receiving ACT alone experienced delayed tumor growth relative to untreated 

animals. Administration of anti-NK1.1 antibody did not enhance tumor rejection, as 

measured by tumor growth (Fig. A-1) or survival (Fig. A-2). Anti-NK1.1 antibody 

therapy did not enhance tumor rejection in tyrp1B-wRAG-/- hosts, despite the fact that, as 

in RAG-/- hosts, it led to a significant increase in the absolute number of TRP-1 cells in  
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Figure A-1. NK1.1+ cell depletion does not reduce tumor growth after ACT of TSA-specific CD4+ T 
cells. RAG-/- mice (A, C, and E) and tyrp1B-wRAG-/- mice (B, D, F) were inoculated subcutaneously with 
3x105 B16-F10 on day 0 and left untreated, received ACT of 5x104 TRP-1-specific CD4+ T cells 
intravenously on day 7, or received ACT on day 7 plus 200 µg of anti-NK1.1 intraperitoneally on days 0, 7, 
and 14. Tumor area as a function of time of animals receiving no treatment (A, B), TRP-1 ACT (C, D), or 
TRP-1 ACT plus anti-NK1.1 antibody therapy (E, F) demonstrate that anti-NK1.1 antibody therapy reduces 
tumor growth during a TAA-specific CD4+ T cell response (p < 0.0001), but not during a TSA-specific 
CD4+ T cell response (p = 0.0748). 
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Figure A-2. NK1.1+ cell depletion does not enhance survival after ACT of TSA-specific CD4+ T cells. 
RAG-/- mice (A, C, and E) and tyrp1B-wRAG-/- mice (B, D, F) were inoculated subcutaneously with 3x105 
B16-F10 on day 0 and left untreated, received ACT of 5x104 TRP-1-specific CD4+ T cells intravenously on 
day 7, or received ACT on day 7 plus 200 µg of anti-NK1.1 intraperitoneally on days 0, 7, and 14. Survival 
as a function of time of animals receiving no treatment (A, B), TRP-1 ACT (C, D), or TRP-1 ACT plus 
anti-NK1.1 antibody therapy (E, F) demonstrate that anti-NK1.1 antibody therapy enhances survival during 
a TAA-specific CD4+ T cell response (p = 0.0051), but not during a TSA-specific CD4+ T cell response (p 
= 0.4758). 
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these animals (Fig. A-3). While tyrp1B-wRAG-/- hosts had reduced tumor growth relative 

to RAG-/- animals after ACT alone (Fig. 1), survival between these two groups was not 

statistically significantly different (Fig. 2). 

 

Discussion 

 These data suggest that, during a TSA-specific response, the tumor is not able to 

coopt the activity of pre-mNK cells as effectively as during a TAA-response. This 

implies that pre-mNK cells are somehow able to sense whether or not healthy host cells 

express the same antigen as the tumor cell. If normal host cells lack the antigen against 

which the CD4+ T cells are responding, then they do not efficiently inhibit the anti-tumor 

response. 

 We further interpret the fact that anti-NK1.1 antibody therapy is still able to 

expand the TRP-1 cell population in tyrp1B-wRAG-/- hosts as evidence that anti-NK1.1 

antibody removes a cytokine sink—perhaps NK cells. However, during a TSA-specific 

CD4+ T cell response, the expanded CD4+ T cell population is not able to reject the tumor 

any more efficiently than in an animal that did not receive anti-NK1.1 antibody. This 

implies that there is a ceiling to the efficacy of tumor rejection that can be achieved by 

expanding the anti-tumor T cells, and that future immunotherapy regimens must continue 

to remove regulatory elements in addition to expanding this population.  
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Figure A-3. Anti-NK1.1 antibody therapy increases the absolute number of TAA- and TSA-specific 
CD4+ T cells in the spleen after ACT. RAG-/- (RAG) or tyrp1B-wRAG-/- (RAGtyrp1Bw) mice were 
inoculated with tumor (B16) on day -7 and received ACT of 5 x 104 TRP-1 cells on day 0. On day 7, 
spleens were harvested and analyzed by flow cytometry for the presence of TRP-1 cells. During both a 
TAA- and TSA-specific CD4+ T cell response, anti-NK1.1 antibody therapy significantly increases the 
number of CD4+ T cells (p = 0.0338 and p = 0.0117, respectively).  
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