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Abstract of Dissertation 

 
Phenotypic, Functional, and Developmental Characterization 

of a Mouse Model for Virtual Memory CD8+ T cells 
 

Virtual memory (VM) cells exist in the steady-state in unimmunized mice 

as memory phenotype, antigen-specific CD8+ T cells. VM cells display phenotypic 

and functional similarity to antigen-driven memory cells, however they exist at 

vanishingly low frequencies making them challenging to isolate, characterize, and 

study functionally. Our lab generated a mouse model of CD8+ VM cells that allows 

us to characterize the phenotype, function and developmental requirements of this 

normally rare cell population.  The mouse model, called very low avidity (VLO), 

harbors CD8+ T cells that express a very low avidity transgenic TCR specific for an 

epitope of Tyrosinase Related Protein-2 (TRP-2). TRP-2 is an endogenous protein 

in C57BL/6 mice, and is a tumor antigen expressed in murine melanoma.  

Phenotypic characterization of VLO cells by flow cytometry shows that their 

memory signature, CD44hi CD49dlo Eomesoderminhi T-bethi, is consistent with 

previous reports of VM T cells that originate from a lymphopenia-induced 

pathway.  We hypothesize that VLO cells develop in a unique manner resulting in 

their acquisition of a memory-like phenotype and innate-like function and may 

serve as model for non-antigen-induced memory cells.  VLO mice exist in a state 

of severe lymphopenia.  When lymphopenic conditions are relieved the frequency 

of VLO cells expressing a VM phenotype lessens, indicating that cell extrinsic 

factors are involved in directing acquisition of the VM phenotype. VLO cells 

proliferate weakly and produce low levels of interferon gamma (IFNγ) in response 
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to antigen stimulation, but respond dramatically to pro-inflammatory cytokines by 

proliferating robustly and expressing high levels of IFNγ.  These responses are 

consistent with what has been reported for VM cells.  In vivo examination of the 

response of VLO cells to a lymphopenic environment revealed that VLO cells 

proliferate rapidly, which is consistent with a VM phenotype.   When VLO cells 

were used in an adoptive transfer model for treatment of B16 melanoma they did 

not control tumor any better than a control group statistically, but further studies 

are warranted.  To gain an understanding of the role of antigen in the development 

of the memory phenotype of VLO cells, our lab generated a TRP-2 knockout mouse.  

When VLO cells developed in the absence of their cognate antigen they retained 

their memory phenotype, but also had increased cell numbers in the periphery 

suggesting that cognate antigen plays a role in deletion of VLO cells.  Using mouse 

models, we demonstrated that VLO cells are able to develop in the absence of IL-

15 or the absence of IL-7.  Our data suggest that IL-7 plays a role in the homeostatic 

maintenance and/or survival of these cells.  Taken all together these data support 

the idea that VLO cells behave consistently with what has been reported about VM 

cells.  We suggest the VLO mouse is a useful model to study the behavior and 

development of VM cells.   
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Chapter 1: Introduction 

1.1 Adoptive Cell Therapy  

1.1.1. History of cancer immunotherapy 

In the late 1800s, William B. Coley, M.D., a bone sarcoma surgeon, injected 

a bacterial preparation composed of Streptococcus and Bacillus into a patient with 

a malignant tumor.  He observed durable regression of the tumor, and spent the 

remainder of his career using “Coley’s Toxins” as a treatment for bone and soft-

tissue sarcomas [1, 2].  His work is considered to be one of the first examples of 

immunotherapy.  With the emergence of radiation therapy and chemotherapy in 

the early and mid-1900s, Coley’s methods, which produced less reliable outcomes, 

fell out of fashion [1].  As inbred laboratory animal models became available during 

the 1940’s and 1950’s, controlled studies examining the interaction of the immune 

system and cancer became possible [3].   In the late 1950’s, as a result of these types 

of studies, Burnet proposed  the hypothesis of cancer immunosurveillance, the idea 

that the immune system is constantly defending against threats, both foreign 

(infections) and domestic (cancer) [4].  In the 1970’s, the investigation of 

immunotherapy gained popularity with the success of Bacillus Calmette–Guerin 

to treat bladder cancer [5].   The mechanism of action of this treatment modality 

is immune-mediated but is still incompletely defined, nonetheless it is still 

considered to be an effective local treatment for superficial bladder tumors [3, 6].    

During the following decade, the use of intravenously administered cytokines was 

explored as a cancer therapy in humans using interleukin (IL) -2 and interferon 

alpha [7, 8].  These cytokine therapies and others have been refined over time, and 
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are still used for successful treatment of specific cancers [9, 10].  By the early 

2000’s, the concept of immunosurveillance was refined to the idea of cancer 

immunoediting which results in tumor elimination by, tumor equilibrium with, 

and tumor escape from the immune system [11].  In 2011, cancer was quasi-

officially recognized as an immunological disorder when Hanahan and Weinberg 

expanded their six hallmarks of cancer to include “evasion of immune destruction” 

as an essential tenant of their conceptual framework [12].  In 2013, Science 

recognized cancer immunotherapy as its “Breakthrough of the Year” [13]. 

1.1.2. Adoptive cell therapy 

Modulation of the immune system to fight cancer encompasses an array of 

approaches including: cancer vaccines, oncolytic viruses, cytokines, monoclonal 

antibodies, Toll-like receptor agonists, immune checkpoint modulators, and 

adoptive cell therapy (ACT) [14-21].  ACT can include transfer of T cells, Natural 

Killer (NK) cells, NK-T cells and antigen presenting cells (APC) [17, 22-24].  

 ACT made headlines in 2010, with the FDA approval of sipuleucel-T 

(PROVENGE®) manufactured by Dendreon [22, 25].  PROVENGE is a an 

autologous cellular immunotherapy used for the treatment of metastatic hormone 

refractory prostate cancer [22, 25].  The methodology of this therapy involves 

purifying a patient’s peripheral blood mononuclear cells, which are then cultured 

in vitro in the presence of a recombinant human protein composed of prostatic 

acid phosphatase fused to granulocyte macrophage colony-stimulating factor 

(GM-CSF) which promotes the growth and differentiation of dendritic cells (DC) 



3 
 

[26, 27].  The results of this therapy are clinically modest, with only a 4-month 

increase in median survival, but are still considered promising [22, 25-27].   

 ACT utilizing T cells has not been approved for commercial development 

and remains in the clinical trial realm.  The typical methodology involves isolating 

CD4+ and CD8+ T cells from a patient’s blood or tumor, expanding these cells ex 

vivo, manipulating them in some fashion, and then reinfusing them back into the 

immunodepleted patient often including IL-2 which functions as a T cell growth 

factor [28, 29]. T cells isolated from resected tumors are termed “tumor-

infiltrating lymphocytes (TILs)”.  T cell receptors (TCRs) with a desired specificity 

can be selected from a pool of TILs, and can then be targeted for expansion [28]. 

This strategy is based on the idea that T cells that are isolated from a tumor are in 

fact tumor-specific and have been functionally impaired by the immune 

suppressive tumor microenvironment [28, 30, 31].  Adoptive T cell therapy has 

shown hopeful, and in some cases dramatic, clinical results especially when used 

for the treatment of metastatic melanoma with overall response rates of 

approximately 50%, and complete response rates around 20% after at least five 

years of follow up [28, 32, 33].  Despite these encouraging results there remains an 

overwhelming need to continue to improve ACT for both melanoma and for other 

types of cancers. For the remainder of this dissertation reference to ACT will 

exclusively mean adoptive T cell therapy. 

1.1.3. Improvement of ACT 

One area that has increased the success of ACT is the use of 

immunodepleting regimens to prepare the patient prior to reinfusion of the cell 
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therapy.  Immunodepletion can be accomplish by total body irradiation and/or 

chemotherapy.  These treatments decrease the burden of endogenous regulatory T 

cells (Tregs) which are thought to inhibit the activity of anti-tumor CD8+ T cells 

[34].  Gattinoni et al (2005) demonstrated using mouse models that 

lymphodepletion increases available levels of IL-7 and IL-15, leading to increased 

function of adoptively transferred T cells [35].  This observation was recapitulated 

in human studies which showed an increase in both IL-7 and IL-15 after 

lymphodepleting regimens  [36, 37].  Higher response rates were associated with 

greater lymphodepletion [36-38]. 

 Another area of focus for the improvement of T cells used in ACT is 

genetically modifying them with a chimeric antigen receptor (CAR). CARs are now 

in their fourth generation of development.  Generally speaking, they are 

engineered receptors composed of an antibody that targets an extracellular tumor 

antigen, a CD3-derived immunoreceptor tyrosine-based activation motif signaling 

chain, and a co-stimulatory signaling domain [39-41].  These domains are fused 

together resulting in a chimeric receptor that functions in an human leukocyte 

antigen (HLA)-independent fashion [41]. CARs have been used successfully in a 

variety of cancers with the most encouraging results in hematologic malignancies 

[41-43]. 

  Another method of improving ACT is the genetic modification of a patient’s 

T cells to express a tumor antigen-specific TCR.  This is achieved by cloning the 

genes for the alpha and beta chains of the desired TCR [44].  This method has 

mediated cancer regression in animals models and in patients [44-47]. Typically, 
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only highly avid receptors are selected [44-47].  Drawbacks of this modality include 

potential toxicity as a result of self-reactive TCRs, and unexpected specificity 

caused by pairing between endogenous alpha and beta subunits with the 

genetically engineered subunits [48].  This method also requires that the tumor 

being treated expresses the appropriate cognate HLA allele and the target antigen 

[49]. Efforts are being made to reduce off-target toxicity by introducing structural 

modifications to the TCRs and choosing target antigens that are tumor-specific 

[49-52]. 

 Studies in animal models and in humans have provided indications that T 

cell differentiation status (naïve, memory or effector) may play a significant role in 

therapeutic efficacy of T cells used for ACT.  The current consensus in the 

literature, led mainly by the laboratory of Nicholas Restifo at the National Cancer 

Institute, is that the T cells with a less differentiated phenotype prior to adoptive 

transfer are more effective after transfer.  In murine studies, central memory T 

cells (TCM) which were derived from naive T cells (TN), were more potent in ACT 

compared to effector memory T cells (TEM) [53].  Likewise, mouse studies 

conducted by Sommermeyer et al (2016), compared CAR-T cells generated from 

TN and TCM subsets to those created from TEM subsets [54].  Again the less 

differentiated subsets, TN and TCM, demonstrated more potent antitumor activity. 

Studies in mice have compared CD8+ T cells derived either from naïve cells or 

memory cells for use in ACT.  Cells derived from naïve cells expanded, persisted 

and exhibited better control of tumor growth [55]. TN cells must be physically 

purified away from antigen-experienced and memory T cells in order to preserve 
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their therapeutic potential because memory cells will induce naive cells to 

differentiate [55].   

1.2. Development of Mouse Models to Study ACT 

1.2.1.  Overcoming T cell tolerance to improve ACT 

Despite the potential of ACT as an effective cancer immunotherapy, studies 

in mice and humans have demonstrated that regression of tumor is most often 

followed by uncontrollable relapse [56, 57].  A significant obstacle that is thought 

to lead to failure of tumor control is T cell tolerance.  Tolerance is simply defined 

as “failure to respond to antigen” [58].  T cell tolerance is a natural and required 

aspect of the immune system.  Central tolerance eliminates self-reactive T cells in 

the thymus by negative selection [58].   Peripheral tolerance occurs outside of 

primary lymphoid organs and regulates self-reactive T cells through a variety of 

mechanisms including anergy, programmed cell death, alterations to phenotype, 

as well as control by Tregs and DC [58, 59].  The tumor microenvironment itself 

can lead to tolerization of T cells. 

Tumors have developed complex mechanisms to evade and suppress the 

immune system.  Tumor cells downregulate peptide major histocompatibility 

complex (MHC)-I [60, 61], express inhibitory receptors [62-64] upregulate 

expression of antiapoptotic molecules [65, 66] and activate death receptor 

signaling pathways [67, 68].  The tumor microenvironment can secrete 

immunosuppressive factors including transforming growth factor beta 1 (TGF-β), 

vascular endothelial growth factor, IL-10, C-C motif chemokine ligand 21, and 

indoleamine 2,3-dioxygenase [69-73].  These immunosuppressive factors, in turn, 
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promote the recruitment, differentiation, and expansion of suppressive cells such 

as Tregs, myeloid-derived suppressor cells and tumor-associated macrophages 

and tolerogenic DCs [74, 75].  All of which can act upon T cells and impair their 

ability to effectively recognize and respond to tumor [15, 59]. 

1.2.2. TCR functional avidity may affect susceptibility to tolerizing 

conditions 

TCR functional avidity may affect the susceptibility of adoptively 

transferred T cells to the tolerizing conditions of the tumor microenvironment.  

TCR “avidity” is often confused with “affinity” and “functional avidity”.  Affinity is 

a pure biochemical definition of the on- and off- rate of a ligand for its receptor.  In 

the case of a TCR, its ligand would be peptide-MHC (pMHC) class I [76-79].  

Avidity includes affinity, but also takes into account the strength of multiple TCRs 

interacting with multiple pMHCs.  Essentially, it is a measurement of multimeric 

interactions [79, 80]. Functional avidity describes how T cells functionally respond 

to antigen.  It describes antigen sensitivity of T cells and takes into account TCR 

affinity, avidity, expression of coreceptors (CD4 or CD8), expression of inhibitory 

receptors and other signaling molecules [79, 81]. For the purposes of the studies 

that I will be discussing “TCR avidity” will be referring to the functional avidity of 

the TCR in question. 

Generally  speaking, high avidity T cells are preferred over low avidity cells 

for ACT because they are thought to be more effective in mediating regression of 

tumor in both human and mouse [44, 45, 47, 80, 82-88].  Extensive work has gone 
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into increasing the avidity of TILs used in ACT using a wide array of molecular and 

cell-based techniques (reviewed in [89]).   

Despite this attention to high avidity T cells for use in ACT, there is evidence 

that intermediate and low avidity TCRs may be a more effective strategy for ACT.  

Irving et al (2012) conducted an in vitro assessment of CD8+ T cell responsiveness 

by varying TCR affinity up to 1400-fold different from wild-type [90].  They found 

that intermediate binding results in maximal CD8+ T cell responsiveness in vitro.  

The authors extrapolate that lower avidity TCRs may be more effective for use in 

ACT because of the low density of target antigen expressed on tumors [90].  Zhong 

and colleagues (2013) conducted a detailed analysis of TCR affinity threshold using 

in vitro and in vivo measures of T cell responses [91].  They found that high affinity 

TCRs did not lead to great antitumor activity.  Instead, their results demonstrated 

the existence of a plateau of maximal effectiveness of affinity, above which 

increases in affinity were not productive.  When taking this model into account, 

and considering the risk of self-damage resulting from autoimmunity of highly 

avid TCRs, the authors suggest that low to moderate affinity TCRs may be better 

options for ACT [91].   

There is also evidence that suggests that high avidity T cells may be more 

prone to becoming tolerized in the tumor microenvironment. Janicki et al (2008) 

described the loss of function of high avidity CD8+ T cells after they infiltrated their 

target tumor [92].  Lower avidity T cells with the same antigen specificity were not 

as easily tolerized [92].  Our lab had the same observation using a mouse model of 
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melanoma and comparing a high avidity TCR with a low avidity TCR targeting the 

same tumor-specific antigen. 

Our lab has found that not only do adoptively transferred CD8+ T cells 

become tolerized by the tumor microenvironment, but they can also be converted 

into a suppressive phenotype.  Using a transgenic (Tg) mouse model of prostate 

cancer, tumor-antigen specific CD8+ T cells were adoptively transferred into 

tumor-bearing mice [93].  The transferred CD8+ T cells trafficked to the tumor, 

and were isolated as TILs.  These cells were tested for suppressive activity ex vivo 

and were found to inhibit the in vitro proliferation of naïve CD8+ T cells and CD4+ 

T cells.  Our lab found that the suppressive phenotype is governed, at least in part, 

by TGF-β.  When TGF-β was blocked in the in vitro assays, suppression of 

proliferation was relieved [93].  

Suppressive CD8+ T cells have been described in humans as well.  These are 

sometimes described as a CD8+ Tregs or suppressive CD8+ T cells. It is unclear 

whether these are distinct populations, but their functional descriptions in the 

literature are similar.  The suppressive phenotype is usually described as CD8+ 

CD28-, and the CD8+ Treg is usually described as CD8+ CD25+ FoxP3+ [94-99].  

Typically these cells are isolated and tested ex vivo for their ability to impact the 

proliferation and cytolytic capacity of naïve and/or effector CD8+ T cells.  

Reduction of these functions is considered a hallmark of the suppressive CD8+ T 

cell.  The CD8+ Treg or suppressor cell has been found to be present in the 

metastatic lymph nodes of a number of cancers as described by Filaci et al (2007) 

[94].   While these studies do not directly address avidity of the suppressive or Treg 
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CD8+ T cells, unpublished work from our lab using mouse models suggests that 

higher avidity CD8+ T cells are more likely to become tolerized and suppressive 

than lower avidity CD8+ T cells.  These observations are supported by published 

reports of similar observations [92]. 

1.2.3. Mouse models to study TCR avidity in ACT 

Given the evidence suggesting that higher avidity CD8+ T cells used for ACT 

are more prone to tolerization and conversion to a suppressive phenotype in the 

tumor microenvironment, our lab was motivated to generate a mouse model to 

study TCR avidity in the context of ACT.  The lab built the model around the 

melanocyte differentiation antigen Tyrosinase Related Protein-2 (TRP-2) which is 

an endogenous protein in C57BL/6 mice, and is a tumor antigen expressed in the 

B16 murine melanoma cell line.  TRP-2 is also known as dopachrome tautomerase 

(DCT).  Historically, the DCT designation is used when the enzymatic function of 

the protein is being referenced, while the TRP-2 designation is used when the 

antigenic properties of the protein are being discussed.  The terms are used 

interchangeably throughout this body of work.  

  The lab generated three CD8+ TCR Tg mouse lines whose TCRs recognize 

the identical immunodominant epitope of TRP-2, peptide 180-188, but with 

different avidities.  This epitope is presented by H-2Kb in mice and HLA-A*0201 

in humans [100]. C57BL/6 mice were vaccinated with TRP-2180-188, and T cells 

were isolated from peripheral lymph organs and expanded in vitro.  Three T cell 

clones were identified based on their functional response (high, low, and very low) 

to graded doses of antigen.  Vα and Vβ chain usage was determined by spectratype 
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analysis [101]. The high avidity clone expressed Vα5 and Vβ7. The low avidity clone 

expressed two Vα chains, Vα3 and Vα17, and one beta, Vβ11 [102]. The very low 

avidity clone expressed Vα8 and Vβ5.2.  The genes for TCR-Vα and TCR-Vβ were 

cloned from these candidates and expressed as transgenes under the control the 

human CD2 promoter.  The linearized construct was injected into embryos and Tg 

founders were generated using standard techniques.   The mice were created on a 

C57BL/6 background and were crossed to homozygously delete them for 

recombination-activating gene (Rag) 2 by crossing with B6.Rag-/-.  The mice were 

named HI for the high avidity TCR, LO for the low avidity TCR, and VLO for the 

very low avidity TCR. 

 HI, LO and VLO CD8+ T cells were tested extensively using in vitro and in 

vivo functional assays to confirm that they respond to the same epitope of TRP-2 

with differing avidity.   As shown in Figure 1.1A, single cell suspensions made from 

the peripheral lymph nodes of wildtype (WT) C57BL/6, HI, LO and VLO mice were 

assessed for TRP-2180-188 tetramer binding and CD8 expression by flow cytometry.  

WT CD8+ cells respond to tetramer at a vanishingly low frequency.  CD8+ HI cells 

respond uniformly and robustly to tetramer.  LO CD8+ cells bind tetramer less 

strongly, while VLO cells bind weakly.  Coat color of adult mice aged 8-12 weeks 

was examined as shown in Figure 1.1B.  HI mice experience autoimmune 

depigmentation. 
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Figure 1.1: Murine model to explore T cell avidity in ACT.  Three CD8+ 

TCR Tg mouse lines were engineered by our lab to recognize the identical 

immunodominant epitope, TRP-2180-188, but with different avidities.  The mice 

were named HI for the high avidity TCR, LO for the low avidity TCR, and VLO for 

the very low avidity TCR. The mice were created on a C57B/L6 background and 

were crossed to B6.Rag-/- until the lines were homozygously deleted for Rag.  (A) 

Single cell suspensions of peripheral lymph nodes of WT C57B/L6, HI, LO and 

VLO mice were assessed for TRP-2180-188 tetramer binding and CD8 expression by 

flow cytometry.  (B) Coat color of each mouse is compared.  Mice were 

unmanipulated and were aged 8-12 weeks. 

  



13 
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Once the mouse lines were established, they were used as part of ACT for 

treatment of B16 melanoma.   A typical ACT experiment using this model involved 

generating a melanoma tumor in a host animal by subcutaneous injection of B16 

melanoma which was typically permitted to grow for several days.  Meanwhile, 

CD8+ T cells from the HI, LO or VLO lines were isolated from the lymph nodes of 

the TCR Tg mice.  Once the tumor was established, the tumor-bearing animals 

were treated with intravenous injection of the HI, LO or VLO cells as ACT.  Tumor 

burden was then measured over time.   

Studies from our lab show that HI CD8+ T cells are able to slow B16 tumor 

growth but become tolerized in the tumor microenvironment [103].  

Phenotypically, HI cells contain a portion of their population that is CD44hi.  We 

presume that these cells are responding to endogenous TRP-2 which would be 

consistent with the depigmentation that is observed in these mice.  LO CD8+ T cells 

do not control B16 tumor well [102, 103].  The mice bearing the LO TCR do not 

develop autoimmune depigmentation and the LO cells maintain a naïve phenotype 

despite the presence of TRP-2 in the coat of the animals.  This suggests that these 

cells are ignorant of endogenous TRP-2.  VLO cells unexpectedly display an 

activated or memory phenotype and are CD44hi Ly6Chi.  Interestingly, these mice 

maintain their coat color.  The memory phenotype of VLO cells could be the result 

of cross-reactivity to a self-antigen or be a result of some other mechanism that 

generates a memory phenotype.  Mice from four different founder lines were tested 

and they each expressed the same memory phenotype.  Figure 1.2 compares the 

phenotype of WT, HI, LO and VLO CD8+ T cells isolated from lymph nodes of the 
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corresponding mice and tested for expression of CD44 and Ly6C by flow 

cytometry.  VLO cells (red) express high levels of CD44 and Ly6C.  In contrast, LO 

cells (green) display a naïve phenotype with low levels of CD44 and modest 

expression of Ly6C.  HI cells (blue) show a range of CD44 expression and a bimodal 

distribution of Ly6C indicating a distinct subpopulation of HI cells that are antigen 

experienced.  WT cells (black) are shown as a control. 
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Figure 1.2: VLO cells express high levels of CD44 and Ly6C on their cell 

surface compared to HI, LO and wild-type cells. Cells were isolated from 

the lymph nodes of the indicated mice, labeled for the indicated markers and 

analyzed by flow cytometry.  Cells were gated on CD8+ singlet lymphocytes before 

being analyzed for expression of indicated markers.  This is representative data 

from more than three experiments.   
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1.3.  Memory CD8+ T cells  

1.3.1. Antigen-induced memory cells   

Retrospective review of ACT clinical trials for the treatment of metastatic 

melanoma indicate that persistence of adoptively transferred cells is associated 

with tumor regression [33, 104, 105].  Memory CD8+ T cells have the ability to self-

renew and can remain for decades, thus making them an attractive target for use 

in ACT.   

The traditional model of antigen-induced memory involves a naïve CD8+ T 

cell experiencing foreign antigen being presented by MHC-I in the context of 

costimulation and stimulation by cytokines.  After this priming phase, the naïve 

cell undergoes expansion and acquires effector function. After the effector phase, 

the majority of T cells die during the contraction phase, with a small fraction 

maintained as memory T cells [106-108].  These long-lived memory T cells persist 

in the repertoire.  CD8+ T memory cells are broadly characterized into TCM, TEM, T 

memory stem cells (TSCM) and tissue-resident memory T cells (TRM) [109-111]. TCM 

recirculate through the blood stream to lymph organs, in contrast TEM migrate to 

non-lymph tissue [109, 112]. TSCM are distinguished by their multipotency and self-

renewal capacity [113-116].  TRM are a slow-moving population of cells that are 

sequestered in the tissue in which they were generated [111, 117].  The different 

human and mouse T cell memory subsets are distinguished by phenotypic 

markers, functional ability, and cytokine expression which are discussed and 

reviewed in detail elsewhere [112, 118, 119].   
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1.3.2. Innate memory cells  

In addition to antigen-induced memory, there are other populations of 

memory CD8+ T cells that fall into the category of “memory-like” including innate 

memory, bystander memory, homeostatic proliferation (HP) memory, and VM.  

These cell populations are described in the literature using different names.  In 

order to maintain consistency, the nomenclature of innate memory T cells as 

rationalized by Jameson et al (2015) will be followed as closely as possible in this 

dissertation [120].  Jameson and colleagues describe CD8+ T cell memory 

populations broadly by dividing the memory cells into “antigen-induced memory” 

and “innate memory” classes [120].  Figure 1.3 summarizes the pathways that 

result in innate and antigen-induced CD8+ memory T cells.  In Jameson’s 

convention, innate memory CD8+ T cells are divided into at least subclasses: 1) IL-

4-induced memory cells  2) lymphopenia-induced memory cells and 3) steady-

state VM cells [120].   

1.3.2a. IL-4-induced memory 

IL-4-induced memory cells include a range of memory subtypes.   One of 

the best described memory subtypes is IL-4-induced innate memory phenotype 

(IMP) CD8+ T cells. IMP CD8+ T cells are a class of nonconventional αβ T cells [121-

124]. They are phenotypically characterized by the expression of memory markers 

CD44 and CD122 (IL-2Rβ) [125, 126].  Functionally, they are able to secrete IFNγ 

[125, 126], and are capable of early response to antigen without primary 

stimulation [121-124].  Hu et al (2007) provided evidence that IMP CD8+ T cells 

can help clear infectious diseases using a Listeria model [127]. Other studies have 

shown that innate CD8+ T cells can support host defense against other infections 
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including Salmonella and Mycobacterium [123]. These cells are found to be 

increased in frequency when they develop in the absence of Tec kinases, and 

certain transcription factors [122, 127-133].   IL-4 is known to be involved in their 

development, while IL-15 is thought to be required for their homeostatic 

maintenance [134, 135].  The mechanism by which IMP CD8+ T cells develop and 

their specific role in the immune system is incompletely understood.  Some studies 

suggest they develop via selection from hematopoietic MHC-I [128, 130], while 

other studies suggest they develop via nonhematopoietic nonthymic MHC-I [136].    

IMP CD8+ T cells share markers with classical Ag-induced memory CD8+ T cells 

and homeostatic memory CD8+ T cells [137] but are distinct from these two 

populations [138].  

1.3.2b. Lymphopenia-induced memory 

Studies by Huang et al (2013), confirmed that the IMP phenotype is distinct 

from CD8+ T cells that have arisen by homeostatic expansion [138].  Naïve CD44lo 

CD8+ T cells undergo HP when they are transferred into a lymphopenic 

environment. Lymphopenia can be induced by irradiation or via a genetic 

deficiency such as in Rag knockout (KO) mice [139-141]. Some reports describe a 

natural phase of lymphopenia that occurs in neonatal mice [142-144].  During 

expansion naïve CD8 T cells acquire a phenotype that is similar to antigen-driven 

memory CD8+ T cells  with increased expression of CD44, lymphocyte function-

associated antigen 1, Ly6C, and CD122 [139-141]. TCR engagement with cognate 

pMHC is not required for this type of expansion, nor for acquiring the memory 

phenotype [145-147].  Although engagement with self-peptide MHC is reported to 
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be a requirement for the development of this cell type [148].  HP memory CD8+ T 

cells develop in response to IL-7 and IL-15, cytokines that signal a lymphopenic 

environment and trigger homeostatic expansion. During lymphopenia there are 

fewer cells competing for these cytokines, so the existing cells experience higher 

levels which then triggers their proliferation. Low-affinity TCR ligands and other 

cytokines are also thought to play a role in this process  [149-152]. 

In addition to acquiring a memory phenotype, lymphopenia-induced 

memory cells also acquire functional characteristics similar to those of 

conventional antigen-driven CD8+ memory T cells. Compared to naïve cells, both 

classes of memory cells respond to antigen stimulation with increased 

proliferation, enhanced cytotoxic effector function, and elevated effector cytokine 

production [139-141].  Studies have shown that HP memory cells are able to control 

infections, including control of bacterial infections [108, 148, 153]. Many of these 

early studies were performed using induced lymphopenia [108, 140, 141, 154]. 

1.3.2c. Virtual memory 

Work by research teams led by Jameson and Kedl have demonstrated that 

Ag-specific memory CD8+ T cells exist in unimmunized mice as a normal part of 

the T cell repertoire [137, 169, 188].  These cells were dubbed “virtual memory 

(VM) cells”.  VM cells are defined as memory phenotype, antigen-specific CD8+ T 

cells that exist in the steady-state in unimmunized mice. Other groups 

subsequently reported similar observations. VM cells have been shown to exist in 

both conventional mice as well as in germ free animals.  Using unimmunized host 

animals, which were germ-free and specific pathogen free, Haluszczak et al (2009) 

isolated antigen-specific CD8+ T cells which displayed a phenotype consistent with 
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HP memory cells [137].  Gnotobiotic mice are raised under germ free conditions, 

and as such have limited exposure  to environmental antigens, nonetheless, 

unprimed gnotobiotic mice possess a population of CD8+ memory T cells [155].  

Because these cells exist under gnotobiotic conditions, it has been suggested that 

they are not generated by conventional priming [156].   VM cells express 

phenotypic and functional similarity to antigen-driven memory cells, however they 

exist at vanishingly low frequencies making them challenging to isolate, 

characterize and study functionally [137, 157, 158]. Haluszczak et al  (2009) 

suggests that this population is a novel arm of the immune system and plays an 

active role in the primary immune response [137]. 

Studies using Il-4 receptor α (Il4r) KO mice provided evidence that the 

absence of IL-4 reduces VM cells as well as other populations of CD8+ memory T 

cells, but VM cells are not entirely dependent upon IL-4, as the population was not 

completely ablated.  The authors suggested that in the absence of IL-4 VM cells are 

most likely using IL-7 and IL-15 to support lymphopenia-induced proliferation and 

maintenance, as suggested by other studies [159, 160]. Other groups have shown 

that IL-7 and IL-15 support the maintenance of memory CD8+ cells which are 

characterized by CD44hi CD122hi [156]. 

Important work by Akue et al  (2012) provided evidence that VM cells 

originate during a natural phase of neonatal lymphopenia which triggers 

lymphopenia-induced proliferation in the periphery [156]. After the neonatal 

period, this cell population is maintained through adulthood.  It is also maintained 

during response to unrelated antigens.  Time course studies in neonatal mice and 
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showed that VM cells arise in the periphery and not in the thymus.  Other groups 

have shown that memory cells can home the thymus [161].  
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Figure 1.3:  Summary of pathways that generate innate and antigen-

induced CD8+ memory T cells.  Exogenous stimuli is indicated by red text, 

blue text indicates endogenous stimuli (adapted from [120]). 
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1.3.3. Use of memory CD8+ T cells in ACT 

 Because memory CD8+ T cells respond more quickly to their target antigen 

than do naïve CD8+ T cells, and because memory CD8+ T cells persist in the host, 

it would seem that they would be an attractive option for use in ACT.  Some studies 

have compared the therapeutic efficacy and in vivo fate of TCM to TEM cells in 

animal models of ACT.  The Restifo and Rosenberg labs demonstrated that  TCM 

conferred superior tumor protection  compared with TEM cells in mouse models 

[35, 53, 162].  Studies in primates by Berger et al (2008) support the initial 

observations in mouse that adoptively transferred central memory cells can persist 

[163].  They found that effector cells derived from CD8+ central memory cells 

results in persistent T cell memory.  In contrast, when effector cells were expanded 

from TEM the cells did not lead to persistent memory [163].  Wang et al (2012), 

expanded these studies in human metastatic melanoma by isolating autologous 

tumor-specific TCM cells [164].  These cells were then differentiated ex vivo into 

effector cells and transferred back into the patients.  They found that the adoptively 

transferred cells targeted tumor, persisted over time, and regained the TCM 

phenotype [164]. 

1.4. Hypothesis and Specific Aims 

ACT provides a promising means to harness the immune system to combat 

tumors.  Despite the potential of ACT as an effective cancer immunotherapy, 

studies in mice and humans have demonstrated that regression of tumor is most 

often followed by uncontrollable relapse [56, 57].  A significant obstacle that is 

thought to lead to failure of tumor control is T cell tolerance.  Data from our lab 
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and others suggest that lower avidity TCRs are more resistant to tolerization by the 

tumor microenvironment.  Meanwhile, other studies suggest that memory cells 

may be useful in ACT. 

Our lab has generated a mouse model that harbors a Tg TCR that is 

expressed on CD8+ T cells.  The VLO model 1) is very low avidity 2) displays a 

memory phenotype and 3) is targeted to a tumor-specific antigen in a mouse model 

of melanoma.  Given the unique features of these cells,  we were curious to explore 

the phenotype of these cells in more detail and to test their efficacy when used in 

ACT. 

Hypothesis: VLO cells develop in a unique manner resulting in their acquisition of 

a memory-like phenotype and innate-like function and may serve as model for 

non-antigen-induced memory cells. 

My research aims are delineated below and addressed in subsequent chapters of 

this dissertation.  

Aim 1: Investigate the phenotype of VLO cells and VLO mice to determine the 

class of memory that VLO most closely resembles. 

Hypothesis: VLO cells acquire their memory phenotype through a non-antigen-

induced pathway. 

• Characterize the cellular phenotype of VLO cells by flow cytometry by 

exploring the expression of memory markers listed in Figure 1.3. 

• Explore the phenotype of VLO mice by examining them for lymphopenia. 

Aim 2: Explore the in vitro and in vivo function of VLO cells. 
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Hypothesis:  VLO cells, because of their unique memory phenotype, will possess 

unique in vitro and in vivo function and will be more responsive to stimulation 

than naïve cells. 

• Compare proliferation of VLO, LO and HI cells in response to antigen 

stimulation, and to cytokine stimulation. 

• Compare IFNγ production  of VLO, LO and HI cells in response to antigen 

stimulation, and to cytokine stimulation. 

• Explore in vivo function by testing the ability of VLO, LO and HI cells to 

proliferate in response to lymphopenia. 

• Test the ability of VLO, LO and HI cells to control a mouse model of 

melanoma. 

Aim 3:  Investigate the developmental requirements for the memory phenotype of 

VLO cells. 

Hypothesis:  VLO cells do not require their antigen, TRP-2, but do require 

cytokines to acquire their memory phenotype. 

• Examine VLO memory phenotype when cells develop in the absence of TRP-

2. 

• Examine VLO memory phenotype when cells develop in the absence of IL-

15 or IL-7. 
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Chapter 2: Methods 

2.1. Mice 

Mice were housed under specific pathogen-free conditions and were treated 

in accordance with National Institutes of Health guidelines under protocols 

approved by the Animal Care and Use Committee of the National Cancer Institute-

Frederick facility (Frederick, MD). 

2.1.1. Recipient mice:  C57BL/6, B6.Rag-/-, B6.Rag-/- Thy1.1+ and 

CD45.1+ 

C57BL/6 mice (6–8 weeks of age) were obtained from Charles River 

Laboratories (Frederick, MD).  B6.Rag-/- and B6.Rag-/- Thy1.1+ were bred as 

needed in our animal facility and were originally obtained from The Jackson 

Laboratory.  CD45.1+ mice were purchased from The Jackson Laboratory.  CD45.1+ 

mice were bred with B6.Rag-/- until they were homozygous for CD45.1 and lacked 

both alleles for Rag, thus generating the CD45.1+ Rag-/- line that was maintained 

in our facility.  

2.1.2. TCR Tg mice: VLO, LO and HI 

TCR Tg mouse strains 2A5 (VLO), 37B7 (LO), and 24H9 (HI) harbor TCR 

transgenes that recognize an H-2Kb-restricted epitope of TRP-2180–188.  These 

strains were generated by the Hurwitz lab using the methods that were described 

previously [102].  Each strain was breed onto a B6.Rag-/- background.   
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2.1.3. KO mice used for developmental studies:  Il-7-/-, Il-15-/- and  

Dct-Exon 1-/- 

C57BL/6-Il-7-/-Rag-/- mice were a kind gift from Scott Durum’s lab at the 

National Cancer Institute, Frederick MD.  The mice were originally obtained from 

Charles Surh, (The Scripps Research Institute, La Jolla, CA).  C57BL/6-Il-15-/- mice 

were a kind gift from Cristina Bergamaschi from George Pavlakis’s laboratory at 

the National Cancer Institute, Frederick, MD.  The mice were originally bought 

from Taconic Farms (Germantown, NY).  Dct-Exon 1-/- were obtained from The 

Jackson Laboratory and were originally generated in Friedrich Beermann’s lab 

[165]. 

2.1.4. Generation of Dct-Exons 2-6-/- mice 

The Dct Exon 2-6 KO construct was generated by a commercial company, 

IDT (Coralville, IA).   Electroporation of the gene construct into mouse embryonic 

stem cells (mESC) was performed by the Transgenic Mouse Model Laboratory 

(TMML) of the Laboratory Animal Services Program at the National Cancer 

Institute, Frederick, MD.  I designed polymerase chain reaction (PCR) primers to 

screen for the presence of the recombined construct in the proper location in the 

genomic of prospective clones. I used pDRAW32 deoxyribonucleic acid (DNA) 

analysis software (www.acalone.com), and Primer3 (www.simgene.com) to design 

primers and the NCBI Primer-BLAST tool to confirm specificity of primers in the 

mouse genome (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).    

Genomic DNA from candidate mESC samples was purified using standard 

phenol chloroform extraction.  Clones were screened by PCR using the primer 

pairs described in Table 2.1.   Hot-Start Taq Blue Master Mix from Denville 

http://www.acalone.com/
http://www.simgene.com/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Scientific (Holliston, MA) was used with the following conditions 5 minutes at 95 

degrees Celsius (oC), followed by 40 cycles of 1 minute at 95oC, 1 minute at 55oC 

and 7 minutes at 72oC, followed by cooling and storage at 4oC.  PCR products were 

visualized by agarose gel electrophoresis.  After screening approximately 350 

mESC samples, four candidates were found that showed recombination.  These 

cells were then transferred into blastocysts and inserted into pseudo-pregnant 

females by TMML.  Ultimately two chimera lines were generated and transferred 

into our laboratory’s mouse colony where we oversaw the breeding of chimeras and 

the intercrossing of pups.  Pups were screened for slate coat color which is the 

phenotype expected for mice with a homozygous deletion of DCT.  Tail clips were 

used to test for presence or absence of exons by PCR. Primer pair sequences are 

listed in Table 2.2. Hot-Start Taq Blue Master Mix from Denville Scientific 

(Holliston, MA) was used with the following conditions 5 minutes at 95oC, followed 

by 30 cycles of 1 minute at 95oC, 1 minute at 60oC and 1 minute at 72oC, followed 

by cooling and storage at 4oC.  All primers were purchased from Integrated DNA 

Technologies, Inc (Coralville, IA). 
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Table 2.1: Primers used to screen prospective clones for presence of 

homologous recombination of the DCT knockout construct.  
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Table 2.2: Primers used to screen mice to confirm deletion of Dct 

gene.  
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2.1.5. Generation of bone marrow chimeras 

B6.Rag-/- or CD45.1+ Rag-/- recipient mice were sub-lethally irradiated with 

500 gray.  24 hours post-irradiation, recipient mice were reconstituted with bone 

marrow (BM) that was either 100% VLO BM, 100% WT BM or a 50/50 mix of VLO 

and WT BM.  In all cases, BM was depleted of T cells using Miltenyi LD columns 

according to the manufacturer’s instructions (Miltenyi Biotec, Inc, San Diego, CA) 

using Miltenyi microbeads directed against CD3, CD8, CD90.1 and CD90.2.  At 

least 3 x 106 cells were then transferred via tail vein injection into prepared 

recipient mice which were allowed to engraft for at least 2 months before 

assessment and harvesting. 

2.2. Generation of memory phenotype LO cells 

2.2.1. In vitro method 

Spleen and peripheral lymph nodes from one LO mouse were processed to 

generate a single cell suspension of 40 x 106 cells total.  Media was Roswell Park 

Memorial Institute (RMPI) 1640 (Gibco) supplemented with 10% fetal bovine 

serum (FBS) (Invitrogen), 1 x Minimum Essential Media (MEM) vitamins (Gibco), 

2 millimolar (mM) glutamine (Gibco) and 1:100 Penicillin-Streptomycin (Gibco).  

Cells were treated with media containing 2 micromolar (μM) TRP-2 peptide for 

two hours in the presence of 1:1000 β-mercaptoethanol (BioRad).  IL-12 (10 

nanograms/millimeter (ng/mL)) and IL-2 (20ng/mL) were added and cells were 

cultured for three days.  The cells were washed, split and  cultured in media 

containing IL-15 (20 ng/mL), 2 μM TRP-2 antigen and 1:1000 β-mercaptoethanol.  

Cells were harvested after 5 days. This method was developed in our lab based on 

modifications of the protocol found in Mueller et al (2008) [166]. 
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2.2.2. In vivo method 

Single cell suspension of LO cells were generated from the lymph nodes of 

LO mice.  Cells (3 to 5 x 106) were adoptively transferred via tail vein injection into 

CD45.1+ host animals.  After 3 hours, the mice received a dendritic cell vaccine 

pulsed overnight with 20 μM TRP-2 peptide.  After 10 days the recipient mice were 

harvested for spleen and lymph nodes to generate single cell suspensions which 

were labeled and sorted to isolate LO cells (CD45.1- CD8+) which had acquired a 

memory phenotype in vivo. 

2.3. Peptide, cytokines and antibodies 

2.3.1. Peptide   

All references in this dissertation to “TRP-2 peptide” refer to the TRP-2180–

188 (SVYDFFVWL) peptide was purchased from New England Peptide (Gardner, 

MA).  

2.3.2. Cytokines 

All cytokines were recombinant mouse and were reconstituted and handled 

according to manufacturer’s instructions.  IL-2 and thymic stromal lymphopoietin 

(TSLP) were sourced from R&D Systems, Inc, Minneapolis, MN.  IL-7, IL-12 and 

IL-15 were bought from BioLegend, Inc, San Diego, CA.  IL-18 was obtained from 

Medical and Biological Laboratories Co, Ltd.   

2.3.3. Antibodies 

All antibodies were bought from Biolegend, San Diego, CA, excepting anti-

T-bet and anti-Eomes which came from eBioscience.  Antibodies were used and 
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handled according to manufacturers’ recommendations.  Fixable Viability Dye 

eFluor 450 was purchased from eBioscience. 
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Table 2.3: Antibodies used for flow cytometry experiments.  
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2.4. Flow cytometry and cell sorting 

Flow cytometry was performed according to standard practices at the 

Center for Cancer Research Frederick Flow Cytometry Core, Frederick, MD using 

the BD LSRII flow cytometer (BD Biosciences).   Cell sorting was performed by the 

Flow Cytometry Core staff using  a BD FACSAria III (BD Biosciences).  Data was 

analyzed using FCS Express analysis software (De Novo Software, Glendale, CA). 

2.5. In vitro assays 

Media used in in vitro assays was Dulbecco’s Modified Eagle’s Medium 

(Gibco) supplemented with 10% FBS (Invitrogen), 1 x MEM vitamins (Gibco), 2 

mM glutamine (Gibco) and 1:100 Penicillin-Streptomycin (Gibco) and 1:1000 β-

mercaptoethanol (BioRad).   

2.5.1. Proliferation assay 

TCR Tg T cells, 2 x 104 per well in a 96-well plate, were cultured in the 

presence of indicated doses of TRP-2 peptide (0 to 10 µM) and 2 x 105 irradiated 

(3000 rad) WT splenocytes which acted as APCs.  All cytokines, TSLP, IL-2, IL-7, 

IL-12, IL-15,  IL-18 or combinations thereof,  were used at 100 ng/mL final 

concentration and were used in the absence of APCs.  At 60 hours, 1 microcurie 

(µCi) tritiated (3H)  thymidine (PerkinElmer) was added to each well and the cells 

were harvested at 68 hours using a Cell Harvester from Tomtec Life Sciences, 

Hamden, CT, USA.  Radioactivity was measured in a Liquid Scintillation Counter 

(Trilux MicroBeta, Wallac). Proliferation was measured by the incorporation of 

radioactive thymidine indicated as counts per minute (CPM).  Samples were 

studied in triplicate. 
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2.5.2.  IFN-γ ELISPOT assay 

IFNγ production was measured following manufacturer’s instructions using 

Mouse IFN gamma enzyme-linked immunospot (ELISPOT) Ready-SET-Go!® 

from EBioscience. TCR Tg T cells, 5 x 103 per well, were cultured in the presence 

of indicated doses of TRP-2 peptide (0 to 10 uM) and 4 x 105 irradiated (3000 rad) 

WT splenocytes which acted as APCs.  All cytokines, TSLP, IL-2, IL-7,  IL-12, IL-

15,  IL-18 or combinations thereof,  were used at 100 ng/mL final concentration 

and were used in the absence of APCs.  T cells treated with cytokines were used at 

a dose of 2.5 x 103 per well.  After incubation for 48 to 60 hours, plates were washed 

and processed as previously described [167]. 

2.6. In vivo experiments 

2.6.1.  CFSE dilution 

Naïve CD44lo TCR Tg T cells were labeled with 5 µM 5,6- 

carboxyfluorescein-diacetate succinimidyl ester (CFSE) as described [103].  

Labeled cells were adoptively transferred via tail vein injection into recipient 

B6.Rag-/-  mice.    After a four days, mice were euthanized and single cell 

suspensions were made from peripheral lymph nodes.  These were analyzed for 

CFSE dilution, CD44, CD49d and CD3 expression on CD8+ T cells.  

2.6.2. Adoptive transfer of Tg T cells to treat subcutaneous B16 tumor 

The TRP-2-expressing murine melanoma cell line, B16-BL6, was 

maintained in cell culture conditions as described [102]. B16-BL6 cells (1 x 105)  

were injected subcutaneously into C57BL/6 recipient mice. Three to six days after 

tumor injection,  2.0 x 106 antigen-specific HI or VLO CD8+ T cells were adoptively 

transferred into host mice via tail vein injection. Three to 24 hours after T cell 
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transfer, mice were vaccinated subcutaneously with TRP-2 peptide-pulsed, BM-

derived DC as described [102] using 20uM TRP-2 peptide.  Tumor size was 

estimated by measuring perpendicular diameters using a caliper. Mice were 

euthanized when tumor area exceeded 400 mm2.  Tumor size was recorded as 400 

mm2 for any timepoints after death.  Tumor-bearing mice that died with tumors 

less than 400 mm2  were assigned the tumor size at the time of death. 

2.6.3. Generation of dendritic cell vaccine   

This method is described in detail in Zhu et al (2015) [103].  Briefly,  red 

blood cell-depleted BM from WT mice was treated with media containing GM-CSF.  

After seven days, nonadherent cells were harvested and pulsed with TRP-2180–188 

(20 μM) overnight.  The next day, nonadherent cells were washed and resuspended 

and used to vaccinate mice by injecting 5 x 105 cells subcutaneously. 

2.7.  Statistical analysis 

2.7.1. Statistical analysis for in vitro studies and cell counts 

Statistical analyses for differences between group means were performed by 

Single Factor Analysis of Variance (ANOVA). P<0.05 was considered statistically 

significant. Error bars were calculated for Standard Error.  Microsoft Excel 

software was used to analyze the data. 

2.7.2. Statistical analysis for tumor studies 

Statistical analysis for tumor studies was conducted by Dr. Robert Leighty 

of the Data Management Services at the National Cancer Institute in Frederick, 

MD. 
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Logistic growth curves for four groups of volume data were calculated using the 

following model: 

Let yijk be the volume on the kth day for the jth mouse in ith group.  Let xijk be kth 

day for the jth mouse in the ith group. The model is 

    

 

yijk =  __________ϕ1___________  

               1 + exp[(ϕ2 - xijk)/ ϕ3 ] 

 

Where  ϕ1  = Asym is the horizontal asymptote 

             ϕ2  = xmid is thex value at which the response is ϕ1/2, and  

             ϕ3  = scal is the scale parameter, the distance between the inflection point 

ϕ2 and the point where the response is ϕ1 /(1+e-1) .  The parameters ϕ2 measures 

the speed with which the growth curve is increasing towards the asymptote. These 

parameters  are compared between the four groups. 
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Chapter 3: Aim 1 - Phenotypic Characterization of VLO  

Rationale: To characterize the phenotype of CD8+ VLO cells and VLO mice. 

Background:  As described in the Introduction, HI, LO and VLO mice were 

developed by the Hurwitz lab as tools to study TCR avidity, and in particular how 

T cell avidity impacts efficacy of ACT.  As the HI, LO and VLO Tg mouse lines were 

being characterized, it was noted that CD8+ VLO cells displayed the unexpected 

and unusual feature of almost uniformly expressing high levels of CD44, indicating 

previous activation (“antigen experience”) or possibly memory status.   It was of 

interest to more fully characterize the phenotype of VLO cells and VLO mice. 

 The studies described in this chapter explore the phenotype of VLO cells by 

examining the expression pattern of cell surface markers and intracellular proteins 

using flow cytometry.  The VLO mice themselves were interrogated phenotypically 

by comparing the cell count of peripheral lymph nodes to those of wild-type mice 

as well as the HI and LO strains.  Mixed BM chimeras were generated using VLO 

and WT marrow transferred into Rag-/- recipients in an attempt to perturb the 

development of elevated CD44 expression on VLO cells. 

3.1 Phenotypic analysis of VLO cells by flow cytometry 

As a general strategy, single cell suspensions were generated from the 

lymph nodes of the indicated mice.  Cells were labeled with fluorescently-

conjugated antibodies and analyzed by flow cytometry.  Appropriate isotype 

controls were used.  Data is typically displayed as histograms which were generated 

from CD8+ singlet lymphocytes, unless otherwise noted.  The gating strategy to 

select this population is shown in Figure 3.1.  Singlet cells were gated based on 

forward scatter height (FSC-H) and forward scatter area (FSC-A) (Figure 3.1A).  
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This population was further refined by selection of the lymphocyte population 

based on side scatter area (SSC-A) and FSC-A (Figure 3.1B).  CD8+ cells were then 

selected in Figure 3.1C. 
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Figure 3.1: Gating strategy used for phenotypic analysis by flow 

cytometry. Cells were isolated from the lymph nodes of mice, labeled for the 

indicated markers and analyzed by flow cytometry.  (A) Single cells were selected 

based on FSC-H vs FSC-A.  (B) The lymphocyte population was selected based on 

size and granularity (SSC-A vs FSC-A).  (C) CD8+ cells were further selected by 

gating on a positive signal after labeling with anti-CD8 antibody coupled with a 

fluorochrome. 
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3.2 VLO cells express high levels of memory markers and low levels of 

CD49d on their surface 

Based on the initial observation that VLO cells expressed high levels of 

CD44, it was hypothesized that they could be displaying an antigen-induced 

memory phenotype or an IMP (Figure 1.3).  The first step in ascertaining the 

pathway that was triggering the phenotype was to characterize the cells in more 

detail.  To this end, the expression of cell surface markers CD122, CXCR3, and 

CD49d was investigated along with intracellular expression of the transcription 

factors T-bet and Eomesodermin (Eomes).  The differential expression of these 

proteins was expected to assist in determining which pathway directed the 

acquisition of VLO T cell phenotype. 

As shown in Figure 3.2A, CD44 expression was elevated on the cell surface 

of VLO cells (red) compared to LO (green), HI (blue) and WT (black).  Note that 

LO cells in green are almost uniformly naïve, expressing low or absent levels of 

CD44.  WT cells in black and HI cells in blue express a range of CD44 expression 

indicative of a sub-population of memory T cells. CXCR3 (Figure 3.2B) and CD122 

(Figure 3.2C) were examined and found to be elevated on VLO cells compared to 

CD8+ T cells from other strains of mice further supporting the idea that VLO cells 

are memory cells.  CD49d expression was down-regulated on VLO cells compared 

to the other cell populations (Figure 3.2D).  Low levels of CD49d expression 

support the idea that VLO cells bear an innate memory phenotype and might 

originate from either a lymphopenia-induced pathway or an IL-4-induced 

pathway.   
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Figure 3.2: VLO cells express high levels of CD44 (A), CXCR3 (B), 

CD122 (C) and low levels of CD49d (D) on their cell surface compared 

to HI, LO and wild-type cells. Cells were isolated from the lymph nodes of the 

indicated mice, labeled for the indicated markers and analyzed by flow cytometry.  

Cells were gated on CD8+ singlet lymphocytes before being analyzed for expression 

of indicated markers.  This is representative data from more than three 

experiments.   
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3.3 VLO cells express high levels of the transcription factors 

Eomesodermin and T-bet  

Lymphopenia-induced memory cells and IL-4-induced memory cells are 

phenotypically distinguished by their intracellular T-bet expression levels (Figure 

1.3).  High levels of T-bet correspond to lymphopenia-induced memory cells while 

low levels correspond to IL-4-induced memory.  Eomesodermin is expressed at 

high levels in all classes of memory cells, with highest levels of expression seen in 

innate memory T cells.  Expression of T-bet and Eomesodermin is described to be 

low in naïve cells.  As shown in Figure 3.3A, T-bet is elevated in VLO cells compared 

to T cells isolated from other Tg mice which is consistent with a lymphopenia-

induced memory phenotype.  Eomesodermin is also upregulated in VLO cells 

(Figure 3.3B).  Taken together, the pattern of expression of surface markers and 

transcription factors in VLO cells is consistent with what has been reported for 

lymphopenia-induced memory cells that fall under the broader category of innate 

memory T cells.  

Innate memory T cells, whether they are generated via a lymphopenia-

induced pathway or an IL-4 induced pathway have also been described as virtual 

memory cells [120].  This designation applies when innate memory T cells exist 

under steady-state conditions, and have not been triggered by merely transient 

events.  In the case of VLO cells, we suggest that these qualify as VM cells because 

they exist in the steady-state conditions of the unmanipulated VLO mouse.  VM 

cells normally exist in other Tg models and in WT animals at vanishingly low 

numbers and are notoriously challenging to study as a result of their low frequency 
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[120].  As a result, this mouse model may provide a rich source of VM T cells for 

subsequent study. 
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Figure 3.3:  VLO cells express high levels of (A) T-bet and (B) 

Eomesodermin. Cells were isolated from the lymph nodes of the indicated mice, 

stained for the indicated markers and analyzed by flow cytometry.  Cells were gated 

on CD8+ singlet lymphocytes before being analyzed for expression of indicated 

markers.  This is representative data from more than three experiments.   
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3.4 VLO cells express higher levels of Ly6C and lower levels of CD3 on 

the cell surface 

In addition to the proteins that distinguish lymphopenia-induced memory 

cells from other classes of memory cells, we also interrogated a variety of cell 

surface proteins with the intention of carefully phenotyping VLO cells.  Two 

proteins that consistently showed differential expression compared to LO, HI and 

WT cells were Ly6C and CD3.  VLO cells consistently express higher levels of Ly6C 

on their cell surface compared to LO, HI and WT cells (Figure 3.4A), although a 

sub-population of HI cells do express elevated levels of Ly6C. VLO cells 

consistently express lower levels of CD3 on their cell surface compared to LO, HI 

and WT cells (Figure 3.4B). Both phenotypes are consistent with previous 

engagement of TCR or antigen experienced cells. 
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Figure 3.4:  VLO cells upregulate Ly6C (A) and downregulate CD3 (B) 

on the cell surface. Cells were isolated from the lymph nodes of the indicated 

mice, stained for the indicated markers and analyzed by flow cytometry.  Cells were 

gated on CD8+ singlet lymphocytes before being analyzed for expression of 

indicated markers.  This is representative data from more than three experiments. 
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3.5 Severe lymphopenia of VLO mice compared to other TRP-2 Tg 

mice 

Given that VLO cells express markers indicative of lymphopenia-induced 

memory we were interested in assessing their cell counts in lymph nodes as a 

measure of lymphopenia.  Single cell suspensions were pooled from inguinal, axial, 

mesenteric and brachial lymph nodes and counted on a cell counter.  At least four 

individual animals were tested in each group.  As shown in Figure 3.5, VLO animals 

are severely lymphopenic with average cell counts of 4 x 106 compared to LO (13.6 

x 106), HI (26.6 x 106) and WT (26.9 x 106).  It is interesting to note that as avidity 

increases, so does cell count in the periphery.  LO cell counts are greater than VLO, 

while HI animals display no evidence of lymphopenia with no statistical difference 

compared to WT.  This is somewhat surprising, given that all three transgenic 

strains were crossed onto a Rag-/- background.  The severe lymphopenia of VLO is 

a phenotype of the mouse strain, and supports the idea that VLO CD8+ cells acquire 

their memory phenotype through a lymphopenia-induced pathway.  It is possible 

that there is something unique about the VLO TCR that is contributing to this 

chronic lymphopenic state, given its specificity for a self-antigen, TRP-2.  
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Figure 3.5:  VLO mice are severely lymphopenic compared to other 

TRP-2 Tg mice.  Peripheral lymph nodes (inguinal, axial, mesenteric and 

brachial) were harvested and used to make single cell suspensions which were 

counted on a cell counter. Mice are all 6-10 weeks of age. Error bars were calculated 

by Standard Error. * Indicates p<0.05 calculated by Single Factor ANOVA. 
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3.6 Generation of BM chimeras to investigate VLO lymphopenia 

Given that the VLO mouse model exists in a state of chronic lymphopenia, 

and that phenotypic markers on VLO CD8+ T cells indicate that the cells acquire 

their memory status as a result of lymphopenia, we were curious if the memory 

phenotype of the cells could be relieved if the cells developed in a lymphoreplete 

environment.  To address this question, sub-lethally irradiated B6.Rag-/- recipient 

mice were reconstituted with BM that was either 100% VLO BM, 100% WT BM or 

a 50/50 mix of VLO and WT BM.  This method is represented schematically in 

Figure 3.6A. 

In all cases, BM was depleted of T cells using magnetic beads in order to 

provide an enhanced opportunity to allow T cells to develop from donor BM stem 

cells, rather than through mature T cells that might be circulating in the donor BM.  

As shown in Figure 3.6B, there exists approximately 4% of cells in the BM that are 

CD8+ T cells. These cells were depleted using magnetic beads coupled with 

antibodies against CD8, CD3, Thy1.1 and Thy1.2 so that their frequency was 

reduced to less than 0.2%.  T cell depleted marrows were then transferred into 

prepared recipient mice which were allowed to engraft for at least 2 months before 

assessment and harvesting. 

  



60 
 

Figure 3.6:  BM chimeras were generated to investigate VLO 

lymphopenia.  (A) Generation of  chimeric mice. B6.Rag-/- mice were sublethally 

irradiated and reconstituted with BM from VLO mice, WT mice or a 50/50 mix of 

VLO and WT.  Mice were allowed to engraft for at least 2 months before 

assessment. (B) Depletion of T cells from BM.  In all cases, BM used for 

reconstitution was depleted of T cells prior to transfer using magnetic beads 

coupled to antibodies targeting CD3, CD8, Thy1.1 and Thy1.2. 
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3.7 Mixed BM chimerism relieves memory phenotype of VLO cells 

Peripheral lymphocytes from engrafted B6.Rag-/- recipients were analyzed 

by flow cytometry for expression of CD8 and CD44.  This experiment was 

performed more than 10 times and representative examples are shown in Figure 

3.7.   Data represented in Figures 3.7A and B were pre-gated on CD8 to make it 

easier to compare to data presented in Figure 3.7D. As shown in Figure 3.7A, 

recipient mice that received 100% VLO BM generated CD8+ cells that are almost 

all CD44hi, which is consistent with the phenotype observed in unmanipulated VLO 

mice (Figure 3.2A).  Recipients that received 100% WT BM (Figure 3.7B) generate 

CD8+ T cells which express a range of CD44 expression which is consistent with 

what is observed in unmanipulated WT mice (Figure 3.2A).  Recipients which 

received mixed BM (50% WT and 50% VLO) are shown in Figures 3.7 C-D.   

Cells from mixed BM recipients were gated on expression of CD8 and Thy1.1 

in Figure 3.7C.  VLO mice were bred to express Thy1.1 which is used as a congenic 

marker for CD8+ T cells. WT mice do not express Thy1.1, but instead express 

Thy1.2.  Thy1.1+ cells are therefore necessarily VLO in origin.  The CD8+ Thy1.1+ 

cell population in Figure 3.7C, the upper right quadrant circled in black, was 

necessarily VLO in origin and was further examined for expression of CD44 in 

Figure 3.7D.  CD8+ Thy1.1+ VLO cells display a range of CD44 expression with a 

preferential dominance of CD44lo cells, circled in red (Figure 3.7D).  This is in 

sharp contrast to unmanipulated VLO mice (Figure 3.2A) and BM chimeras that 

received 100% VLO BM (Figure 3.7A) which generate greater than 95% of CD8+ T 

cells as CD44hi.  These data suggest that CD8+ VLO cells are not fundamentally 

limited in their ability to exist as naïve cells, because they are able to do so when 
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they develop in the presence of WT cells.  These data suggest that CD8+ VLO cells 

develop their memory phenotype in response to environmental cues, presumably 

from cytokine signals.   

Because of the unique features of CD8+ VLO cells, we wanted to learn more 

about how they might function which is explored in the next chapter.  Importantly, 

BM chimeras generated from mixed BM from both VLO and WT mice provide a 

method of generating a source of CD44lo VLO cells for future studies.  This cell 

population is present at such a low frequency in unmanipulated VLO mice that is 

essentially not accessible for studying.  Thus, these chimeras present a tractable 

model for comparing responses of naïve T cells to VM T cells with identical 

antigenic specificity. 
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Figure 3.7:  Mixed BM chimerism relieves memory phenotype of VLO 

cells. Peripheral lymphocytes from engrafted B6.Rag-/- recipients were analyzed 

by flow cytometry for expression of CD8 and CD44.  This experiment was 

performed more than 10 times. Representative examples are shown. Lymphocytes 

analyzed in 3.7A and B were pre-gated on CD8 to make them comparable to 3.7D.  

(A) 100% VLO BM recipients expressed high levels of CD44 in almost all CD8+ 

cells, a pattern of expression which recapitulates what is observed in 

unmanipulated VLO mice.  (B)  100% WT BM recipients generated CD8+ cells with 

a range of CD44 expression which is observed in unmanipulated WT mice. (C) Cells 

from mixed BM recipients were gated on expression of CD8 and Thy1.1.  The CD8+ 

Thy1.1+ cell population, upper right quadrant circled in black, was necessarily VLO 

in origin and was further examined for expression of CD44 in 3.7D. (D) CD8+ 

Thy1.1+ VLO cells display a range of CD44 expression with a preferential 

dominance of CD44lo cells, circled in red.   
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Summary of Chapter 3:  To more fully understand the nature of VLO mice and 

CD8+ VLO cells, we undertook phenotypic characterization of the cells by flow 

cytometry.  The data were consistent with a previously reported signature for 

innate memory cells that originated from a lymphopenia-induced pathway [120].  

The lymphopenic status of VLO mice was compared to LO, HI and WT mice.  VLO 

mice were observed to be in a state of severe and chronic lymphopenia.  In an 

attempt to reverse the lymphopenia-induced memory status of CD8+ VLO cells, we 

generated mixed BM chimeras derived from both WT and VLO BM.  We observed 

that the memory status of CD8+ VLO cells was relieved under these conditions 

resulting in the persistence of CD44lo CD8+ VLO cells.  Taken together, these data 

suggest that the memory status of CD8+ VLO cells is not solely driven by an 

intrinsic factor of the cells themselves, but rather is triggered, at least in part, by 

an extrinsic factor of the environment in which the cells develop. 
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Chapter 4:  Aim 2 - Functional Characterization of VLO  

Rationale: To characterize the in vitro and in vivo function of CD8+ VLO cells. 

Background:  Given that VLO cells display phenotypic features that are consistent 

with innate memory CD8+ T cells, we were interested to explore their functional 

capacities.  Innate memory CD8+ T cells include at least three subclasses of cells: 

lymphopenia-induced memory cells, IL-4-induced memory cells, and steady-state 

VM cells.  Historically, the study of the function of innate memory CD8+ T cells has 

been challenged because of the difficulty of isolating these rare cell populations.  

This is especially true of steady-state VM cells [137, 168-172]. 

Innate memory CD8+ T cells are functionally similar to classical antigen-

induced memory cells.  They: 1) produce IFNγ in response to inflammatory 

cytokines (IL-12/IL-18) [137], and 2) display potent effector function,  such as 

controlling infections in vivo [137, 168].  Identifying functional differences 

between these cell types has been challenging, but Lee et al (2013) showed that VM 

cells respond differently to antigen in vivo compared to antigen-induced memory 

cells [168].  Specifically, the kinetics of INFγ production in response to antigen are 

slower in VM cells compared to antigen-induced memory cells [168].   

To understand the function of VLO cells, HI, LO and VLO CD8+ T cells were 

tested for their ability to proliferate or produce IFNγ in response to their cognate 

TRP-2 peptide, or to a panel of cytokines in vitro.  CD44lo and CD44hi cells from 

each group were compared.  CD44lo is a marker of naïve T cell status, while CD44hi 

is a marker for memory status and antigenic experience [173].  As discussed in 

Chapter 3, CD8+ T cells from HI animals are a mixture of CD44lo and CD44hi.  The 

pattern of expression of memory markers on HI cells suggests that the CD44hi cells 
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from this group are antigen-induced memory cells.  They display the pattern 

CD44hi CD49dhi  and HI mice display spontaneous vitiligo-like depigmentation, 

indicative of autoimmune destruction of melanocytes by activated HI T cells.  HI 

cells from lymph nodes were sorted to generate pure CD44hi and CD44lo cell 

populations.  CD8+ T cells from LO animals are almost exclusively CD44lo as seen 

in Figure 3.2.  Lymph nodes from these animals were reduced to single cell 

suspensions and used directly in assays as a source of CD44lo LO cells.  To generate 

CD44hi LO cells, two methods were employed.  LO cells were stimulated in vitro as 

described in the Methods section to convert them to CD44hi.  Alternatively, LO cells 

were adoptively transferred into recipient mice, which then received DC pulsed 

with TRP-2 peptide.  After a period of time, lymph nodes were isolated from these 

recipient animals and CD44hi LO cells were isolated by sorting.  CD8+ T cells from 

VLO animals are largely CD44hi  as shown in Figure 3.2.  In order to generate a 

CD44lo VLO cells, chimeras were generated using the method described in Chapter 

3.  Cells from the lymph nodes of chimeric animals and VLO animals were sorted 

to generate pure populations of VLO CD44hi or CD44lo.   

 In addition to in vitro studies of VLO function, VLO cells were also tested 

in vivo to assess their rate of proliferation in response to lymphopenic conditions.  

CD44lo VLO, LO and HI cells were stained with CFSE and adoptively transferred 

into lymphopenic hosts to examine kinetics of proliferation.  VLO cells were also 

used in an adoptive transfer model to assess their ability to control B16 melanoma 

tumor. 
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4.1. VLO cells proliferate less than HI or LO in response to higher 

doses of TRP-2 peptide 

CD44lo cells (Figure 4.1A) from each group were isolated as described and 

cultured in the presence of antigen and APCs.  Proliferation was measured by the 

incorporation of radioactive thymidine.  Naïve VLO cells proliferate less than HI 

and LO in response to 5 uM and 10 uM TRP-2 antigen treatment.  This is an 

expected outcome given that proliferation is being driven by antigen and in this 

case proliferation corresponds to the avidity of the TCR of the given cell type.  HI 

cells proliferate the most, LO cells proliferate to an intermediate level and VLO 

proliferate the least.  At a lower dose of antigen, 2.5 uM, HI cells still proliferate 

the most, while the difference between LO and VLO is inverted.   Focusing on the 

response of HI and LO to decreasing doses of antigen, we observe a stepwise 

decrease in proliferation as antigen dose is lowered.  Proliferation corresponds to 

antigen dose in both groups.  VLO proliferation decreases from the 10 uM 

treatment to the 5 µM treatment in a small but statistically significant manner.  

However, there is no statistical difference in proliferation between the 5 µM and 

2.5 µM treatments for the VLO group.  This suggests that VLO proliferation at this 

low threshold is not antigen specific and could be driven by other factors, such as 

cytokines being expressed by the VLO cells themselves, or by the ability of the VLO 

cells to respond to cytokines being expressed by the APCs that are present in the 

well.  The ability of VLO to be more sensitive to cytokine signals may indicate that 

these cells are uniquely programmed to be more sensitive to cytokines than to 

antigen, which has been reported for innate memory cells [137]. 
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CD44hi cells (Figure 4.1B) from each group were similarly isolated and 

cultured in the presence of peptide and APCs.  Proliferation was measured by the 

incorporation of radioactive thymidine.  CD44hi VLO cells proliferate less than HI 

and LO in response to all doses of TRP-2 peptide treatment.  At the highest dose of 

antigen stimulation, 10 µM, HI and LO CD44hi cells proliferate to a similar extent, 

while VLO cells proliferate at a very low level.  At 5 µM and 2.5 µM TRP-2, the level 

of proliferation corresponds to the avidity of the receptor with HI proliferating the 

most, then LO, then VLO.  The ability of CD44hi VLO to proliferate in response to 

antigen is very small, raising the question of whether these cells are geared to 

responding to other signals, such as cytokines, instead of antigenic stimulation, or 

whether chronic stimulation in vivo has rendered them anergic to subsequent TCR 

ligation. 
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Figure 4.1: VLO cells proliferate less than HI and LO in response to 

TRP-2 peptide. (A) 2 x 104 CD44lo cells or (B) CD44hi cells from each group were 

cultured in the presence of indicated doses of TRP-2 antigen and 2 x 105 irradiated 

WT splenocytes per well in a 96 well plate.   At 60 hours, 1 uM 3H-thymidine was 

added to each well and cells were harvested at 68 hours.  Proliferation was 

measured by the incorporation of radioactive thymidine indicated as CPM.  VLO 

cells proliferated less than HI and LO in almost all conditions. Samples were tested 

in triplicate. This is representative data from three similar experiments.  Error bars 

were calculated for Standard Error. * indicates p<0.05 calculated by Single Factor 

ANOVA. 
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4.2 VLO cells produce less IFNγ than HI and LO in response to TRP-2 

peptide 

 To measure IFNγ production in response to antigen stimulation, HI, LO or 

VLO cells were cultured in the presence of TRP-2 peptide and irradiated APCs.  

IFNγ production was measured by ELISPOT.  Naïve CD44lo VLO cells (Figure 

4.2A) produced no IFNγ above baseline in response to TRP-2 peptide.  In contrast 

both HI and LO cells secreted measurable IFNγ at both 10 µM and 5 µM doses of 

antigen.  It is possible that higher levels of TRP-2 antigenic stimulation would 

result in IFNγ production by naïve VLO cells, although these levels of TRP-2 

induced mild proliferation by VLO cells.   

CD44hi VLO cells secreted measurable IFNγ in response to 10 µM TRP-2, 

with a decrease in IFNγ at 5 µM treatment (Figure 4.2B).  There was no difference 

in IFNγ secretion between 5 µM and 2.5 µM TRP-2 treatment.  This suggests that 

these cells may be responding to signals other than antigen that are present in the 

well.  Both the HI cells and the LO cells produce IFNγ in response to antigen in a 

dose-dependent manner.  In contrast to what we would have predicted the CD44hi 

LO cells secreted more IFNγ than the HI cells at all doses of antigen.  We would 

have expected these cells to respond according to the avidity of their TCRs.  It is 

possible that this difference is a result of how the CD44hi cells were generated.  The 

HI cells acquired their memory phenotype in vivo and may be exhausted [174]. The 

LO cells were stimulated to acquire a CD44hi phenotype during in vitro culture. 

This culturing process may have activated the cells which resulted in their hyper-

responsiveness to antigen stimulation.  
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Figure 4.2: VLO cells produce less IFNγ than HI and LO in response to 

TRP-2 peptide. (A) 5 x 103 CD44lo cells or (B) CD44hi cells from each group were 

cultured in the presence of indicated doses of TRP-2 antigen and 4 x 105 irradiated 

WT spleenocytes per well in a 96 well plate format using Ebioscience’s Ready-SET-

Go ELISPOT kit.  The plate was harvested at 60 hours.  VLO cells secreted less 

IFNγ than HI and LO in almost all conditions. Samples were tested in triplicate. 

This is representative data from three similar experiments.  Error bars were 

calculated for Standard Error. * indicates p<0.05 calculated by Single Factor 

ANOVA. 
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4.3. VLO cells proliferate more than HI and LO in response to 

proinflammatory cytokines in the absence of TCR stimulation 

 The response of VLO cells at low doses of TRP-2 antigen suggests that VLO 

cells may be uniquely poised to respond to cytokine cues, rather than to antigenic 

stimuli.  With this in mind, we stimulated our cell populations with a panel of 

cytokines that have been reported to stimulate response from innate memory CD8+ 

T cells [137]. Cells were incubated in the following conditions: IL-2 only, IL-12 

only, IL-18 only, IL-2 with IL-12, IL-2 with IL-18, IL-12 with IL-18, IL-2 with IL-

12 and IL-18, and finally no cytokine stimulation.  No APCs were included in any 

of the conditions.  VLO cells whether CD44lo or CD44hi proliferated significantly 

more than their LO and HI counterparts (Figure 4.3A and 4.3B).  Maximal 

proliferation occurred in the presence of IL-2 with IL-18 for both naïve and 

memory VLO cells.  Naïve LO and HI cells proliferated above background but were 

dramatically reduced compared to VLO.  CD44hi VLO cells proliferated robustly in 

response to cytokine-only stimulation.  Notably, VLO memory cells proliferate well 

in the presence of IL-2 alone or the combination of IL-2 with IL-12 or the 

combination of IL-2 with IL-18.   In contrast, proliferation is suppressed in the 

presence of all three cytokines (IL-2 with IL-12 and IL-18).  These data suggest that 

VLO cells, in a naïve or memory state are uniquely poised to respond to cytokine 

stimulation, consistent with what has been reported for the behavior of innate 

memory CD8+ T cells [137]. 

In Figure 4.3C, the data from Figures 4.3A and 4.3B has been combined in 

order to compare VLO naïve with VLO memory.  VLO memory cells proliferate 

much more than naïve cells, but this pattern of memory cells proliferating more 
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than naïve cells is expected and is true of traditional memory cells as well as innate 

memory cells [137]. 
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Figure 4.3: VLO cells proliferate more than HI and LO in response to 

proinflammatory cytokines in the absence of TCR stimulation. (A) 2 x 

104 CD44lo cells or (B) CD44hi cells from each group were cultured in the presence 

of indicated combinations of cytokines in a 96 well plate.   All cytokines were at a 

dose of 100 ng/mL. No APCs were included.  At 60 hours, 1 µM 3H thymidine was 

added to each well and cells were harvested at 68 hours.  Proliferation was 

measured by the incorporation of radioactive thymidine CPM.  VLO cells 

proliferated more than HI and LO in almost all conditions. (C) CD44hi  VLO cells 

proliferate more than CD44lo VLO in response to proinflammatory cytokines in the 

absence of TCR ligation.  Data from Figures 4.3A and 4.3B were combined to 

illustrate the difference in proliferation between CD44hi and CD44lo groups.  

Samples were tested in triplicate.  This is representative data from three similar 

experiments.  Error bars were calculated for Standard Error. * indicates p<0.05 

calculated by Single Factor ANOVA. 
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4.4. VLO cells secrete more IFNγ than HI and LO in response to 

proinflammatory cytokines in the absence of TCR stimulation  

Given the heightened sensitivity of VLO proliferation to cytokine 

stimulation, we were curious if other functions of VLO cells would be responsive 

to this treatment.  With this in mind, we stimulated our cell populations with the 

same panel of cytokines and measured their ability to secrete IFNγ.  As before, no 

APCs were included in any of the conditions. Naïve VLO cells secrete IFNγ in 

response to the combination of IL-2 with IL-12 and IL-18 cytokines.  In contrast 

LO and HI cells secrete minimal levels (Figure 4.4A).  A similar pattern is observed 

with CD44hi VLO cells which dominate LO and HI in their ability to produce IFNγ 

(Figure 4.4B).  CD44lo and CD44hi groups are presented side-by-side in Figure 4.4C 

which illustrates the capacity of CD44hi VLO cells to produce robust IFNγ 

compared to naïve cells. 

 Taken together, the data suggest that the proliferative capacity of VLO cells 

is uncoupled from its ability to secrete IFNγ.  Note that VLO cells respond to the 

triple combination of IL-2, IL-12 and IL-18 by producing large amounts of IFNγ 

(Figures 4.4A-B).  In contrast, the same combination of cytokines limits 

proliferation when compared to IL-2 with IL-18, this is especially notable for 

CD44hi VLO cells (Figure 4.3B). 
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Figure 4.4: VLO cells secrete more IFNγ than HI and LO in response to 

proinflammatory cytokines in the absence of TCR stimulation. (A) 2.5 x 

103 CD44lo cells or (B) CD44hi cells from each group were cultured in the presence 

of indicated combinations of cytokines in a 96 well plate.   (C) CD44hi  VLO cells 

proliferate more than CD44lo VLO in response to proinflammatory cytokines in the 

absence of TCR ligation.  Data from Figures 4.4A and 4.4B were combined to 

illustrate the difference in IFNg production between CD44hi and CD44lo groups.  

All cytokines were at a dose of 100 ng/mL. No APCs were included. Samples were 

tested in triplicate. This is representative data from three similar experiments. 

Error bars were calculated for Standard Error. * indicates p<0.05 calculated by 

Single Factor ANOVA. 
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4.5. VLO undergo rapid homeostatic proliferation 

 Given that VLO cells respond to in vitro stimulation in a manner that is 

consistent with what has been reported for VM cells, we were curious to see if their 

behavior in vivo would also correspond to what has been described.  In particular, 

we were interested in designing an experiment that would allow us to observe the 

rate of proliferation of VLO cells in a homeostatic setting.  It has been reported that 

VM cells proliferate at a faster rate than other types of naïve cells when they 

encounter a homeostatic environment. 

To address this question, naïve CD44lo VLO cells were generated using the 

chimeric model that has been described in previous chapters.  CD44lo LO and HI 

cells were also isolated as previously described.  Cells were stained with CFSE and 

adoptively transferred into B6.Rag-/- mice.  After four days, CD8+ cells from single 

cell suspensions made from peripheral lymph nodes were analyzed for CFSE 

dilution, CD44, CD49d and CD3 expression (Figure 4.5).  We were aware that 

B6.Rag-/- express TRP-2 which is the cognate antigen of all three cells types (HI, 

LO and VLO).  Based on in vitro observations, we know that naive CD44lo HI cells 

(Figure 4.1A) proliferate dramatically in response to cognate antigen, in contrast 

to LO and VLO naïve cells which proliferate much less.   We expected the HI cells 

to proliferate in response to antigen and rapidly dilute CFSE.  In contrast, we were 

expecting the LO and VLO cells to respond less dramatically to antigen and 

proliferate in response to homeostatic signals. 

In Figure 4.5B-E, we see that HI cells (blue) indeed rapidly diluted CFSE 

and expressed high levels of CD44 and CD49d.  The CD44 expression was most 

likely the result of antigen encounter and the CD49d expression is also indicative 
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of antigen experience.  In contrast, LO cells (green) are slowly dividing and slowly 

diluting CFSE with minimal expression of CD44 and CD49d which is a hallmark of 

HP in response to lymphopenia.  Traditional HP typically requires high levels of 

IL-7 and self-pMHC [160].   The VLO cells (red) show a different pattern of 

expression compared to both the HI and LO populations.  VLO (red) is 

intermediate to HI (blue) and LO (green).  Similarly, CD44 levels are intermediate 

for VLO cells (Figure 4.5C).  CD49d levels on VLO cells (mean fluorescence 

intensity (MFI) = 11.6) are lower than both LO (MFI = 16.2) and HI (MFI = 34.5).  

This observation is noteworthy because Haluszczak  and colleagues (2009) make 

a point that CD49d is lower on VM cells compared to homeostatic memory cells 

[137].   VLO cells which we posit are VM cells express less CD49d than do LO cells 

which we believe are displaying traditional HP.  This pattern further supports the 

idea that VLO cells are VM cells. 

 A new observation for both HP and VM proliferation is the down-regulation 

of CD3 which has not been reported to our knowledge.  We suggest that this is a 

natural reaction of the cell.  This cell is essentially tuning down the responsiveness 

of its TCR by down-regulating CD3.  This in turn allows the cell to upregulate 

components that allow it to be more responsive to cytokine signals that are driving 

its proliferation.  An unresolved question regarding VM cells is what is driving their 

proliferation.  Surh and Sprent (2008) have reviewed multiple mechanisms of HP 

including cytokine-induced proliferation (CIP) that is driven by high IL-2 and/or 

IL-15 or IL-4 [160].  This mechanism has been reported for VM cells and is 

characterized by a fast rate of proliferation.  It is possible that VLO cells are driven 

by IL-15 or IL-4.  It is also possible that the VLO cells are undergoing chronic 
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lymphopenia-induced proliferation which is driven by commensal antigens and is 

characterized by fast proliferation [160].   
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Figure 4.5: VLO undergo rapid homeostatic proliferation. CD44lo cells (1 

x 106) from each population were stained with CFSE and adoptively transferred 

into Rag-/- mice.  After 4 days, single cell suspensions were made from peripheral 

lymph nodes analyzed by flow cytometry.  (A) Schematic diagram of experiment.  

(B) Dilution of CFSE.  (C) Expression of CD44.  (D) Expression of CD49d. (E). 

Expression of CD3.   Two or three mice were tested per group in two separate 

experiments. 
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4.6. VLO cells proliferate more than HI and LO in response to IL-15 in 

the absence of TCR stimulation 

Based on the data observed thus far, we suspected that VLO cells have the 

capacity to exist as VM cells.  Based on reports in the literature, we were curious if 

these cells proliferate in response to IL-7 or IL-15.   Naïve VLO, LO and HI cells 

were treated with IL-15 or IL-7 or TSLP.  IL-15 and IL-7 are common gamma chain 

cytokines, both signaling via Janus kinase 1 and Janus kinase 3 with signal 

transduction mediated via signal transducer and activator of transcription (STAT) 

5.  It has been reported that TSLP can substitute for IL-7 in some cases [175, 176].  

The receptors for IL-7 and TSLP both utilize the IL-7Rα, signals through STAT5 

[177-179].   Figure 4.6A provides a schematic summary of the similarities and 

differences for these signaling molecules. 

VLO naïve cells proliferate better than LO or HI cells in the presence of IL-

15, but these levels are very low and barely at the limit of detection for the assay.  

Counts are <2000cpm.   There was no proliferation in response to IL-7 nor TSLP 

(Figure 4.6A).  CD44hi HI, LO and VLO cells proliferate to some extent in response 

to IL-15, with VLO cell proliferation about 6-fold more than LO or HI cells (Figure 

4.6B).  The counts for LO and HI are barely at the level of detection for the assay, 

<1000 CPM.   
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Figure 4.6: VLO cells proliferate more than HI and LO in response to 

IL-15 in the absence of TCR stimulation. (A) 2 x 104 CD44lo cells or (B) 

CD44hi cells from each group were cultured in the presence of indicated 

combinations of cytokines in a 96 well plate.   All cytokines were at a dose of 

100ng/mL. No extraneous APCs were included.  At 60 hours,  1uM 3H thymidine 

was added to each well and cells were harvested at 68 hours.  Proliferation was 

measured by the incorporation of radioactive thymidine indicated as CPM.  VLO 

cells proliferated more than HI and LO in response to IL-15. Samples were tested 

in triplicate. This is representative data from three similar experiments.  Error bars 

were calculated for Standard Error. * indicates p<0.05 calculated by Single Factor 

ANOVA. 

  



93 
 

 

 

 

 

 



94 
 

4.7. IL-15 stimulated proliferation is not coupled with IFNγ 

production 

Given the responsiveness of VLO to IL-15 in terms of proliferation, VLO, LO 

and HI cells were tested for their ability to produce IFNγ in response to IL-15 as 

described previously for other types of cytokine stimulation.  None of the groups 

whether CD44lo or CD44hi produced IFNγ in response to IL-15 (Figure 4.7).  This 

was the predicted result because it has not been reported that IL-15 triggers IFNγ 

production in CD8+ T cells [180]. For VLO cells, unlike TCR-driven stimulation, 

proliferation and IFNγ production are uncoupled functions in response to IL-15.  

IL-15 triggered proliferation in these cells, but not IFNγ production. 
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Figure 4.7: IL-15 stimulated proliferation is not coupled with IFNγ 

production. (A) 2.5 x 103 CD44lo cells or (B) CD44hi cells (4.6B) from each group 

were cultured in the presence of 100 ng/mL of IL-15 in a 96 well plate. No 

extraneous APCs were included. Samples were tested in triplicate. None of the 

groups secreted IFNγ in response to IL-15 above background levels.  This is 

representative data from three similar experiments.  
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4.8. VLO cells do not efficiently control B16 melanoma tumor in an 

adoptive transfer model  

VLO cells were engineered to recognize TRP-2, a tumor antigen in the B16 

mouse model of melanoma.  As shown by the data in Aim 2, VLO CD44+ cells 

respond to TRP-2 antigen stimulation in vitro by producing IFNγ, and also have 

the unique ability to respond to pro-inflammatory cytokines. We were interested 

to examine whether these cells are able to control tumor growth in vivo.  The 

characteristics of the ideal T cell to use in adoptive therapy in both animals and 

humans is constantly being clarified.  Several studies have compared the memory 

status of CD8+ T cells used in adoptive therapy, [53, 105, 181], however no group 

has been able to examine innate memory T cells for use in tumor therapy because 

of the scarcity of this cell population. The VLO model provides a valuable source of 

innate memory T cells to use to examine this question.   

The experimental design is described schematically in Figure 4.8A.  Briefly, 

host animals were injected with B16 cells subcutaneously.  Animals were divided 

into four groups of five mice each: untreated, dendritic cell vaccine only (DCv20), 

VLO with dendritic cell vaccine (VLO+DCv20), or HI with dendritic cell vaccine 

(HI+DCv20). Three to six days after tumor injection, animals received adoptively 

transferred VLO cells, or HI cells by intravenous injection.  Within 24 hours after 

T cell transfer, animals were given a dendritic cell vaccine (DCv20) which was 

generated as described in the Methods Section.     

The untreated group was used as a control with which to compare all other 

groups.  The group that received DCv20 was used as a control to monitor the effects 

of the DC vaccine alone.  HI+DCv20 was included as a positive control because our 
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lab had previously observed that this controlled B16 tumor growth in mice.  

VLO+DCv20 was the experimental group of interest.  Tumor growth was measured 

over time. This experiment was repeated four times and the results of one 

representative experiment are shown in Figure 4.8.  Figure 4.8C lists the tumor 

incidence for each group represented in Figure 4.8B.  Data was combined from all 

four tumor experiments and analyzed via a logistic growth model. Significance 

between groups was tested and is shown in Table 4.1. 
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Figure 4.8: VLO cells do not efficiently control B16 melanoma tumor in 

an adoptive transfer model. (A) Schematic of experimental design of tumor 

studies. CD45.1 host animals were injected subcutaneously with B16 cells.  After 

three to six  days, designated animals received adoptively transferred VLO cells, or 

HI cells by intravenous injection. Dendritic cell vaccine (DCv) was administered 

intravenously within 24 hours after T cell transfer.  Tumors were measured until 

they reached the size of 400 mm2. (B) Animals were divided into four groups of 

five mice each: untreated, dendritic cell vaccine only (DCv), VLO with dendritic cell 

vaccine (VLO + DCv), or HI with dendritic cell vaccine (HI + DCv). Tumor growth 

was measured over time.  This is representative data from four similar 

experiments.  Error bars were calculated for Standard Error. (C)   Tumor incidence 

indicates how many animals per group grew tumor from subcutaneously injected 

B16 cells in this representative experiment. 
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Table 4.1: Observed differences in xmid parameters and p values for 

the pairwise xmid contrasts. Logistic growth curves for the four groups were 

calculates using a statistical model which is explained in the Methods Section. 

There is a significant difference between all the pairs of groups except DCv and 

VLO.  
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As predicted, HI+DCv20 controlled tumor growth compared to the 

untreated group (p<0.0001) as well as DCv20 (p<0.0001).  The experimental 

group of interest, VLO+DCv20, controlled tumor growth compared to the 

untreated group (p=0.0032), however it did not control tumor growth compared 

to DCv20 (p=0.2204) indicating that the observed tumor control by VLO+DCv20 

was driven largely by the presence of the dendritic cell vaccine itself.  In two of the 

four tumor studies, treatment with VLO+DCv20 resulted in the apparent complete 

regression of tumor in one animal out of five in the group.  In contrast, tumor 

regression was never observed in either the untreated group or the DCv20 group.  

This suggests that VLO may have the potential to control tumor growth.  

Exploration of the requirements to bolster VLO anti-tumor efficacy require further 

work.  Interpretation of these findings should also consider the possibility that the 

low affinity of the VLO TCR restricts the ability of these cells to control tumor 

growth, such that the innate memory status may actually improve the tumor 

control by these cells. 

Summary of Chapter 4:  In order to more fully understand the functional 

capabilities of VLO cells, we undertook a systematic study of their response to 

antigen and cytokines in vitro by measuring their proliferation and production of 

IFNγ.  We observed that VLO cells proliferate weakly and produce moderately low 

levels of IFNγ in response to antigen-driven stimulation, but seem poised to 

respond to cytokine stimulation. In contrast, VLO cells whether CD44lo or CD44hi 

respond dramatically to pro-inflammatory cytokines by proliferating robustly and 

expressing high levels of IFNγ in comparison to LO and HI cells.  An in vivo study 

examining the response of these cells to a lymphopenic environment revealed that 



104 
 

VLO cells proliferate more rapidly than LO cells, which themselves behave in a 

manner consistent with traditional HP.  In contrast, VLO cells also display higher 

levels of CD44 and lower levels of CD49d, which are all consistent with a VM 

phenotype.  In order to explore which cytokines might be triggering proliferation 

in VLO cells, we tested their ability to proliferate in response to cytokines that are 

thought to guide HP, specifically IL-7 and IL-15.  VLO cells did not respond to IL-

7, but proliferated in response to IL-15.  The cells did not produce IFNγ in response 

to IL-15, suggesting that IL-15 serves mainly to induce proliferation.  It has been 

suggested by Jameson and others that VM cells might provide an advantage in 

controlling cancer [120].  This idea has been difficult to test because of the low 

frequency of this cell type.  The VLO mouse model provides a unique opportunity 

to explore this question.  When VLO cells where tested in an adoptive transfer 

model for treatment of B16 melanoma, they did not statistically control tumor any 

better than a control, vaccine-only group. Taken all together these data support the 

idea that VLO cells behave consistently with what has been reported about VM 

cells.  We suggest that VLO cells and the VLO mouse are a useful model to study 

the behavior and development of VM cells.  The next chapter will explore what 

features are required for development of VLO cells (Chapter 5).  
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Chapter 5: Aim 3 -  Investigation of the Developmental Requirements 

for the Memory Phenotype of VLO Cells 

Rationale: To investigate the molecular requirements for acquisition of memory 

phenotype by VLO cells using mouse models. 

Background:  Based on the data presented thus far we concluded that VLO cells 

display an IMP which is most likely acquired through lymphopenia-induced 

proliferation as discussed in Chapter 3 (Aim 1).  The in vitro function and in vivo 

proliferation of VLO cells is similar to what has been described in the literature for 

innate memory CD8+ T cells as shown in Chapter 4 (Aim 2).  Despite these unique 

features, these cells do not control tumors well, at least under the conditions in 

which they were tested in Chapter 5 (Aim 2).   

We were curious to explore the developmental requirements of the memory 

phenotype of VLO cells.  These cells behave in a manner that is consistent with 

what has been reported for steady-state VM cells (reviewed by [120]).   VM cells 

occur at vanishingly low frequencies and require extensive efforts to study.  If VLO 

mice are able to serve as a source of VM cells, then this model would allow the 

investigation of questions that were not able to be addressed previously.   

5.1. VLO retain memory phenotype when developing in the absence of 

TRP-2 antigen 

A critical defining feature of innate memory cells is that their lymphopenia-

induced proliferation is not induced by stimulation of the TCR by the cognate 

antigen.  To investigate this, we crossed VLO mice onto a Dct-/- background.  As 

mentioned previously, the Dct gene encodes dopachrome tautomerase, an enzyme 

involved in the synthesis of melanin pigment which impacts coat color in mice 
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[182].  DCT is also known as tyrosinase-related protein 2, abbreviated as TRP-2 

[183].  Historically, the DCT designation is used when the enzymatic function of 

the protein is being referenced, while the TRP-2 designation is used when the 

antigenic properties of the protein are being discussed.  The terms are used 

interchangeably in this dissertation.    

In 2004, Freidrich Beerman’s team reported the creation of a Dct KO mouse 

with a diluted coat color phenotype caused by reduced melanin content [184].  In 

this model, Dct was knocked out by removing Exon 1 of Dct, resulting in loss of 

transcript and protein production [184].  The KO strategy for this model is 

represented schematically in Figure 5.1A.   As we were interested in exploring the 

role of the cognate antigen of the VLO TCR, TRP-2180-188, we bred VLO mice with 

Dct-Exon1-/- mice, ultimately generating a mouse that was Dct-Exon1-/-, Rag-/- and 

carrying the VLO transgene. 

CD8+ T cells from VLO Dct-Exon1-/-  were examined phenotypically for 

CD44, CD49d, CXCR3, Ly6C and CD3 by flow cytometry.  As shown in Figure 5.1B, 

they displayed the same level of expression of these markers as VLO cells that had 

developed in the presence of TRP-2.  There was no observable difference in the 

expression of any of the proteins examined.  These data support the idea that VLO 

cells fall into the category of innate memory cells because cognate antigen 

stimulation of the TCR is not required to induce their memory phenotype.  When 

TRP-2 is absent, the memory phenotype persists, indicating that DCT is not 

required for the memory phenotype of VLO cells. 

Given that the epitope of DCT that is recognized by the VLO TCR, TRP-2180-

188, is encoded in Exon 2 of the Dct gene, and that a predicted transcript variant of 
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mouse Dct has been annotated in GenBank (NCBI Reference Sequence: 

XM_006518510.3) with a start codon downstream of Dct Exon 1, we wanted to 

have complete confidence that no TRP-2 antigen was present.  In order to account 

for this possibility, we engineered a new Dct KO model that fully deleted exons 2-

6 (Figure 5.2). 
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Figure 5.1: VLO retain memory phenotype when developing in the 

absence of TRP-2 antigen (Dct Exon 1-/-).  (A) The intact Dct gene is 

represented schematically with Exons 1 (E1) through 7 (E7) and large intronic 

regions represented in yellow.  Beerman’s Dct KO model is shown with the 

insertion of the neomycin (Neo) resistance gene in place of Exon 1.  (B) CD8+ T 

cells from the lymph nodes of VLO mice (red) and VLO Dct-Exon1-/- mice (purple) 

were analyzed by flow cytometry for expression of CD44, CD3, CD49d, CXCR3 and 

Ly6C.  This is no difference in the level of expression of these proteins in the 

presence or absence of the TRP-2 antigen. 
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5.2. Generation of DCT KO mouse model by deleting Exons 2 through 

6 

The Dct Exon 2-6 KO construct was generated by a commercial company, 

IDT (Coralville, IA).   Electroporation of the gene construct into mESC was 

performed by the TMML of the Laboratory Animal Services Program at the 

National Cancer Institute, Frederick, MD.  I performed the initial screening of 

mESC clones by southern blotting which proved to be inefficient.  To create a high-

throughput screening process, a PCR-based screening method was developed.  

This screening strategy allowed rapid and efficient screening of clones without the 

use of radioactivity.  Primer sequences and PCR conditions are described in detail 

in Methods, Chapter 2.  Figure 5.2A provides a schematic diagram of the intact Dct 

gene with 7 exons (E1-E7) in green with large intronic regions shown in yellow. A 

schematic of the KO construct is shown representing deletion of exons 2 through 

6 with insertion of a Neo gene. Primers used for screening prospective clones are 

represented by blue arrows. Multiple primer sets were initially tested to ensure 

optimal screening strategy.  Clones were screened using the primer sets described 

in the Methods section.  Figure 5.2B provides an example of screening the genomic 

5’ arm of the Dct gene with primers 5-Arm-In-F and Linker-R1.   “HR” indicates a 

band of the appropriate size, 2907 basepairs (bp), that is indicative of homologous 

recombination.  “+” is a positive control using the cloning construct.  “WT” is 

genomic DNA from a wild-type mouse that is negative for homologous 

recombination.  Data from other primer sets are not shown for the sake of brevity. 

After screening approximately 350 mESC samples, four candidates were 

found that showed recombination.  These cells were then transferred into 
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blastocysts and inserted into pseudo-pregnant females by TMML.  Two chimeric 

lines were generated and transferred into our laboratory’s mouse colony where we 

oversaw the breeding of chimeras and the intercrossing of pups.  Pups were 

screened for slate coat color which is the phenotype expected for mice with a 

homozygous deletion of Dct (Figure 5.2C).  Tail clips were used to test for presence 

or absence of exons by PCR (Figure 5.2D). PCR conditions and primer sequences 

are detailed in Methods.  Once the Dct-Exon 2-6-/- KO mouse line was fully 

established and characterized genetically and phenotypically, the KO mice were 

then bred onto a Rag-/- background with VLO transgene.  The resulting mouse was 

named “CHAIRY”. 
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Figure 5.2: Generation of Dct KO mouse model by deleting Exons 2 

through 6. (A) The intact Dct gene is shown schematically with 7 exons (E1-E7) 

in green with large intronic regions shown in yellow. Our lab designed a new KO 

model which involved deleting exons 2 through 6 with insertion of a Neo gene. 

Primers used for screening prospective clones are represented by blue arrows. (B) 

Agarose gel showing the results screening mESC candidate clones for homologous 

recombination.  In this example, the 5’ arm is being interrogated with primers 5-

Arm-In-F and Linker-R1.  “HR” indicates a band of the appropriate size, 2907 bp, 

that is indicative of homologous recombination.  “+” is a positive control using the 

cloning construct.  “WT” is genomic DNA from a wild-type mouse that is negative 

for homologous recombination. (C)  Chimeric mice were generated and interbreed 

producing pups that were white (W), slate (S), or black (B). Slate phenotype is 

expected for Dct KO mice.  (D) Pups were screened by PCR for the presence of 

Exons 1 through 7.  Black pups retain all exons of Dct in their genome, whereas 

slate pups retain only Exons 1 and 7 and lack exons 2 through 6 and are KOs for 

Dct.  White pups are albino and are a byproduct of generating chimeric mice.  
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5.3. VLO Dct-Exon 2-6-/- retain memory phenotype while alleviating 

lymphopenia in the periphery 

CD8+ T cells from the lymph nodes of CHAIRY mice were tested for 

phenotype by flow cytometry and compared with VLO cells (Figure 5.3A).  No 

difference in expression of CD44, CD49d or Eomes was detected.  Similarly, there 

was no difference in Ly6C, CD122, and CXCR3 expression (data not shown).   These 

data support the original observation in the VLO Dct-Exon 1-/- mice (Figure 5.1B) 

that VLO cells do not require cognate antigen stimulation of the TCR to induce 

their memory phenotype.  When TRP-2 protein is absent, the memory phenotype 

is retained, thus supporting the idea that VLO cells can be characterized in the 

category of innate memory cells. 

Total cell counts generated from the peripheral lymph nodes of VLO and 

CHAIRY mice were compared (Figure 5.3B).  Peripheral lymph nodes from 6 

CHAIRY mice, and 16 VLO mice, aged 6 to 10 weeks, were collected and converted 

to single cell suspensions as described.  Average cells counts were for VLO were 4 

x 106 compared to 7 x 106 for CHAIRY.   In contrast, there was no statistical 

difference in cell count in the thymi of VLO (140 x 106), and CHAIRY mice (120 x 

106).  These data suggest that direct TCR stimulation by the cognate antigen, TRP-

2, may play a role in triggering the extreme lymphopenia observed in VLO mice.  

In the absence of the antigen, such as in CHAIRY mice, the lymphopenia is less 

severe with an increase in cell numbers in the periphery.  Lymphopenia is not 

completely alleviated in the CHAIRY mice indicating that there are multiple factors 

driving lymphopenia in these mice.  This is consistent with our evolving hypothesis 

that lymphopenia is being caused, at least in part, by deletion or abortive 
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proliferation driven by cognate antigen in the periphery.  The observation that 

peripheral cell counts are increased in the absence of antigen in CHAIRY mice also 

supports the idea that the VLO TCR is indeed sensitive to the TRP-2 antigen.  

Further evidence supporting the idea that the VLO TCR is sensitive to TRP-

2 is seen in the decreased expression of T-bet in CD8+ CHAIRY cells compared to 

VLO (Figure 5.3A).  T-bet expression is triggered by TCR stimulation [185] which 

may lead to higher levels of T-bet expression in VLO cells compared to CHAIRY 

which exist in an environment devoid of TRP-2 antigen.  Despite lack of antigen, 

T-bet expression is not completely eliminated in CHAIRY mice.  Regulation of T-

bet expression is complex, and is known to be induced by IL-15 [186].  We 

hypothesized that the maintenance of T-bet expression and memory phenotype in 

VLO cells may be driven in part by IL-15 or simply by homeostatic expansion. 
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Figure 5.3:  VLO Dct-Exon 2-6-/- retain memory phenotype while 

alleviating lymphopenia in the periphery. Dct-KO-Exon 2-6-/- mice were 

crossed to generate a mouse that was Dct-Exon 2-6-/- , Rag-/-  and harbored the 

VLO transgene.  The resulting mouse is referred to as the CHAIRY model.  CD8+ 

cells from the lymph nodes of CHAIRY mice (purple) were compared to those from 

VLO mice (red) using flow cytometry.  There was no difference found in expression 

of CD44, CD49d, nor Eomes.  T-bet was downregulated in CHAIRY cells. (B) Total 

cell counts generated from the peripheral lymph nodes of VLO and CHAIRY mice 

were compared.  CHAIRY mice had significantly more total cells in the periphery.  

In contrast, there was no difference in cell count in the thymi of VLO and CHAIRY 

mice.  All mice in this study were 6-10 weeks of age.  Error bars were calculated by 

Standard Error.  * Indicates p<0.05 calculated by Single Factor ANOVA. 
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5.4 VLO develop in the absence of IL-15 and retain memory phenotype 

Current understanding of memory phenotype CD8+ T cells, suggests that 

IL-15 is critical for the development and maintenance of these cells [134, 169, 187, 

188].  To investigate of the role of IL-15 in the development of the memory 

phenotype of VLO cells, VLO mice were breed onto Il-15-/- background, generating 

a mouse model that was Il-15-/-, Rag-/- and possessed the VLO transgene.  The 

resulting mouse was named “FAIRY”.   

CD8+ cells from the lymph nodes of FAIRY mice were compared to those 

from VLO mice by flow cytometry (Figure 5.4A).  There was no difference found in 

expression of CD49d, T-bet or Eomes.  Similarly, there was no difference in Ly6C, 

CD122, and CXCR3 (data not shown).   CD44 expression was slightly down-

regulated in FAIRY mice.  IL-15 has been reported to regulate expression of CD44, 

so this observation was not surprising [189]. 

Total cell counts generated from the peripheral lymph nodes of VLO and 

FAIRY mice were compared (Figure 5.4B).  Peripheral lymph nodes from 2 FAIRY 

mice, and 16 VLO mice, aged 6 to 10 weeks, were collected and converted to single 

cell suspensions as described.  There was no statistical difference in cells counts 

from the lymph nodes. VLO counts were 4 x 106 compared to 2.8 x 106 for FAIRY.   

There was no statistical difference in cell count in the thymi of VLO (140 x 106),  

and FAIRY mice (213 x 106).  Statistical analysis is at a disadvantage for this study 

because only two FAIRY mice were available for analysis.  It is possible that with 

higher numbers of animals the apparent trend of decreased numbers of FAIRY 

cells in the periphery might reach statistical significance.  Nonetheless, the 
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memory phenotype of FAIRY cells allows us to conclude IL-15 is not required for 

memory development. 
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Figure 5.4:  VLO cells develop in the absence of IL-15 and retain their 

memory phenotype.  VLO mice were breed with Il-15-/- mice to generate a 

mouse model (FAIRY) that harbored the VLO transgene and lacked both Rag and 

Il-15. (A)  CD8+ cells from the lymph nodes of FAIRY mice (orange) were compared 

to those from VLO mice (red) by flow cytometry.  There was no difference found in 

expression of CD49d, Eomes and T-bet.  CD44 was slightly downregulated in 

FAIRY mice. (B) Total cell counts generated from the peripheral lymph nodes of 

VLO and FAIRY mice were compared.  FAIRY mice had no statistical difference in 

peripheral lymph nodes (LN) nor in the thymus compared to VLO mice as 

calculated by Single Factor ANOVA. Error bars were calculated by Standard Error.   
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5.5. VLO develop in the absence of IL-7 in contrast to HI 

IL-7 is known to have overlapping functions with IL-15 [160] and is 

accepted to have a critical function in the HP and survival of T cells [190].  We were 

interested to examine the role IL-7 for the development of VLO cells.  In order to 

explore this question, a series of BM chimeras were generated.  VLO or HI BM was 

depleted of T cells and then adoptively transferred into sublethally-irradiated Il-7-

/-Rag-/- mice or congenic B6.Rag-/- mice.  Mice were allowed to complete 

hematopoietic reconstitution and after two months were assessed for T cell 

phenotype. Figure 5.5A provides a schematic of the experimental design.   

VLO cells that developed in a B6.Rag-/- background acquired a phenotype 

that is typical of what is observed in unmanipulated VLO mice.  CD8+ T cells were 

predominantly CD44hi CD49lo as seen in the first panel of Figure 5.5B.  In the 

second panel of the same figure, HI marrow was used to reconstitute Il-7-/-Rag-/- 

mice.  This chimera was generated as a control with the expectation that the 

development of HI cells would be severely impaired in the absence of IL-7 as IL-7 

in the thymus provides a survival signal during T cell development and mice 

lacking IL-7 or its receptor show severe impairment of T cell development [191-

193].  As expected, CD8+ HI T cells were almost undetectable in the periphery of 

these chimeras, presumably because they failed to develop through the thymus. 

In sharp contrast to the HI chimera, VLO marrow that was used to 

reconstitute  Il-7-/-Rag-/- mice (third panel), permitted the development of CD8+ T 

cells in the periphery.  The cells were predominantly  CD44hi, however they 

displayed a range of CD49d expression with 64% of the cells CD49dlo and 36% 

expressing mid to high levels of CD49d.  The fact that any T cells developed in the 
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absence of IL-7 was surprising.  It is possible that these T cells originated from 

residual mature T cells derived from the transferred BM, as these cells would not 

require thymic development.  However, the transferred marrow was largely 

depleted of adult T cells, and the HI marrow was equivalently depleted, and did 

not reconstitute T cells in the periphery.  We suspect that VLO cells are receiving 

signals to bypass the requirement of IL-7 signaling. However, it remains possible 

that the VLO BM was capable of supplying a small but sufficient amount of IL-7 to 

support development of this phenotype.   To more fully explore this question, VLO 

mice were crossed onto the Il7-/-Rag-/- background and breed to homozygosity, 

generating “SAIRY” mice. 
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Figure 5.5: VLO develop in the absence of IL-7 in contrast to HI cells.  

(A) The experimental design is shown schematically.  BM from either VLO or HI 

mice was depleted of CD8 cells before being adoptively transferred into irradiated 

recipient mice that were either Rag-/- or Il-7-/-Rag-/-.  After two months, phenotype 

was assessed.  (B)  CD8+ cells from peripheral lymph nodes were analyzed by flow 

cytometry for CD44 and CD49d.  Rag-/- mice reconstituted with VLO BM generated 

CD8+ cells expressing elevated cells of CD44 and low levels CD49d. Il-7-/-Rag-/-  

recipients reconstituted with HI BM did not produce detectable CD8+ T cells.  In 

contrast, when Il-7-/-Rag-/-  recipients were reconstituted with VLO BM, CD8+ T 

cells were produced with a CD44hi phenotype. 
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5.6. VLO retain memory phenotype and lymphopenia in the absence 

of IL-7 

CD8+ T cells from the lymph nodes of SAIRY mice were compared to those 

from VLO mice by flow cytometry (Figure 5.6A).  There was no difference found in 

expression of CD44, and Eomes.  Similarly, there was no difference in Ly6C, 

CD122, and CXCR3 (data not shown).   The SAIRY mice also retain elevated CD5 

on single positive CD8+ cells in the thymus (data not shown). CD49d was slightly 

upregulated and T-bet was noticeably down-regulated compared to the VLO 

population.  These findings support the idea that IL-7 is, in part, supporting the 

IMP of VLO cells, but remarkably is not absolutely required for the development 

of VLO cells through the thymus into the periphery. 

Total cell counts generated from the peripheral lymph nodes of VLO and 

SAIRY mice were compared (Figure 5.6B).  Lymph nodes cells from 4 SAIRY mice, 

and 16 VLO mice, aged 6 to 10 weeks, were compared.  There was no statistical 

difference in cells counts from the lymph nodes. VLO counts were 4 x 106 compared 

to 2.9 x 106 for SAIRY.   The cellular content of the thymi of SAIRY mice (13 x 106) 

was severely reduced compared to VLO (140 x 106).   This finding was expected 

given the tiny thymic size that is typical of Il-7-/- mice. 
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Figure 5.6:  VLO cells develop in the absence of IL-7 and retain their 

memory phenotype.  VLO mice were breed with Il-7-/- mice to generate a mouse 

model (SAIRY) that harbored the VLO transgene and lacked both RAG and IL-7. 

(A)  CD8+ cells from the lymph nodes of SAIRY mice (aqua) were compared to 

those from VLO mice (red) by flow cytometry.  There was no difference found in 

expression of CD44, CD49d, and Eomes.  T-bet is downregulated in SAIRY mice. 

(B) Total cell counts generated from the peripheral lymph nodes of VLO and SAIRY 

mice were compared.  SARY mice had no statistical difference in peripheral lymph 

nodes (LN) compared to VLO mice, but were severely reduced in thymic size. Error 

bars were calculated by Standard Error.  * Indicates p<0.05 calculated by Single 

Factor ANOVA. 
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5.7. Lymphopenia of VLO mice worsens with age in the absence of IL-7 

Lymphopenia was followed in VLO and SAIRY mice as they aged (Figure 

5.7).  Peripheral cell counts from lymph nodes were assessed at 6-8 weeks of age 

and in mice over 14 weeks of age (Figure 5.7A).  There is no difference between 

SAIRY and VLO groups at age 6-8weeks, suggesting that IL-7 may not be required 

for the development of the cells as shown previously in Figure 5.6B.  As SAIRY 

mice age, the peripheral lymph node cell populations significantly decrease 

suggesting that  IL-7 plays a role in maintaining VLO cell homeostasis and/or 

survival.    In addition to assessing lymphopenia in the periphery, thymic cell 

counts were also recorded. Thymic size is drastically reduced in the absence of IL-

7, however there is no further reduction in thymic cell number as mice age (Figure 

5.7B).   
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Figure 5.7: VLO lymphopenia worsens with age in the absence of IL-7. 

(A) Peripheral lymph nodes of VLO mice and SAIRY mice were harvested from 

mice aged 6-8 weeks (wk) or older than 14 weeks.   VLO mice maintain the same 

level of lymphopenia as they age (red). As SAIRY mice age, peripheral cell 

populations significantly decrease (aqua). Error bars were calculated by Standard 

Error. * Indicates p<0.05 calculated by Single Factor ANOVA (B) SAIRY mice have 

a severely reduced thymic compartment compared to VLO mice in both age groups 

tested. There is no detectable reduction in relative thymic cell count for either 

SAIRY or VLO as they age. 
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Summary of Chapter 5: To more fully understand the molecular requirements of 

acquisition of memory phenotype by VLO cells we used multiple mouse models to 

examine the contribution of cognate antigen, IL-7 and IL-15.  VLO cells that 

developed in the absence of TRP-2 antigen in the VLO-Dct-Exon1-/- model retained 

the memory phenotype seen in VLO cells developing in the presence of TRP-2.  Our 

lab generated a new Dct KO mouse strain to ensure that no TRP-2180-188 epitope 

(contained within Exon 2) was present.  We deleted Exons 2 through 6 in this 

model.  VLO cells developing in the background of this model, again retained their 

memory phenotype, but also had increased cell numbers in the periphery 

suggesting that cognate antigen plays a role in negative selection of VLO cells in 

the periphery.  T-bet was slightly down-regulated in this population as well, which 

may indicate that antigenic stimulation of the VLO TCR contributes to high levels 

of T-bet seen in VLO cells.  VLO cells did not require IL-15 for their development, 

nor memory phenotype.  VLO cells were able to develop in the absence of IL-7 in 

contrast to HI cells which did not develop without IL-7.  VLO memory phenotype 

and peripheral lymphopenia were maintained in the absence of IL-7.  Thymic size 

was greatly reduced in the absence of IL-7, but this is expected.  Lymphopenia of 

VLO mice worsened with age in the absence of IL-7 suggesting that IL-7 plays a 

role in the homeostatic maintenance and/or survival of these cells. 
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Chapter 6: Discussion 

6.1 VLO phenotype is consistent with virtual memory cells 

VM cells are defined as antigen-specific CD8+ T cells with a memory-like 

phenotype existing within an antigen-inexperienced host [137].  VM cells express 

high levels of expression of CD44, along with other markers associated with T cell 

memory [137]. The distinguishing feature between VM cells and true antigen 

experienced memory cells is down regulation of CD49d on the VM cells [137].  This 

cell type has been observed in normal non-lymphopenic mice, as well as in Rag-/- 

animals and gnotobiotic animals [137]. A key distinguishing feature of VM cells is 

that they exist in the steady-state which means the cells exist in the absence of 

manipulation to induce lymphopenia in the host animal.  According to work by the 

lab of Jameson, VM cells can be found in germ-free mice in similar numbers as 

those found in specific pathogen-free animals [137].  This suggested to their team 

that the memory phenotype of the cells is generated by HP, rather than being 

triggered by antigens from the microbiome or the environment [137].   However, 

VM cells exist at vanishingly low frequencies with only about 100 to 1000 cells for 

any given epitope identified by tetramer binding [137, 156].  VM cells are therefore 

challenging to isolate, characterize, and study functionally.  We suggest the VLO 

mouse is a useful model to study the behavior and development of VM cells because 

the phenotype and function of VLO cells is consistent with what has been reported  

for VM cells. 

One of the essential features of VM cells is the requirement that the mice 

are antigen-inexperienced.  The original VLO mouse was generated on a C57BL/6 

background.  These mice express TRP-2 in their coat, which suggests that the mice 
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are antigen-experienced.  To ensure that VLO cells were indeed VM cells, we tested 

their phenotype in the absence of TRP-2 in two separate Dct KO backgrounds.  In 

both cases, VLO cells retained their distinctive memory phenotype which is highly 

supportive of our conclusion that VLO cells fit the criteria for VM cells.  The 

possibility remains that the VLO TCR cross-reacts with a different self-antigen 

which drives the memory phenotype. 

We have shown that VLO cells display a memory phenotype in the periphery 

with low levels of expression of CD49d and high levels of other memory markers 

consistent with what has been reported for VM cells.  In addition, Sosinowski et al 

(2012) reported that VM cells express very high levels of CD122 [169].  We found 

this to be true for VLO cells as well.  We observed that VLO cells express high levels 

of Ly6C. Elevated levels of Ly6C have been reported for memory CD8 cells, but the 

levels of Ly6C on VLO cells is well beyond what was detected on WT cells, which 

calls for further investigation. 

VLO animals exist in a state of chronic lymphopenia for reasons that are not 

yet fully understood. It is possible that VLO cells are negatively selected or deleted 

in the periphery limiting their number.  In support of this idea, we observed 

alleviation of lymphopenia when VLO cells developed in the absence of TRP-2 

antigen, presumably as a result of decreased negative selection in the periphery.  It 

is also possible that cell number in the periphery is a result of low thymic output.  

The thymic compartment of these animals looks normal with thymic cell number 

equivalent to WT, and percentages of double negative, double positive and single 

positive cells similar to WT (data not shown).  We conclude that VLO cells acquire 

memory phenotype in the periphery after thymic egress which is consistent with 
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what has been reported for VM cells [156]. Regardless of the cause of lymphopenia 

in VLO animals, it is their normal state and can therefore be considered “steady-

state” because it occurs without manipulation.  This supports our conclusion that 

VLO cells fit the criteria of VM cells.   

The T cells of the HI, LO, and VLO models recognize the same ligand, but 

with different avidity.  VLO and LO mice are both lymphopenic compared to HI 

and WT mice.  Despite this, CD8+ T cells from LO mice display a naïve phenotype 

while VLO mice display a VM phenotype.  The lymphopenia of VLO mice is more 

severe than that of LO mice, suggesting that there may be something unique about 

the VLO TCR that is contributing to the severe lymphopenia and memory 

phenotype of VLO cells.  As a result of these observations,  we tested whether the 

VM phenotype of VLO cells was inherent to the cells themselves or if it was a 

feature of the lymphopenic environment in which the cells developed.  By 

employing a BM chimera generated from a mix of WT and VLO marrow, we 

showed that VLO cells are not fundamentally limited in their ability to exist as 

CD44lo naïve cells as long as they develop in the presence of WT cells.  From these 

data, we conclude that VLO cells acquire their VM phenotype as a result of the 

lymphopenic environment in which they develop. When the lymphopenic pressure 

is reduced in the presence of WT cells, a majority of VLO cells (>60%) are able to 

develop and sustain a naïve phenotype.  The remaining ~40% of VLO cells in the 

mixed chimera retain a CD44hi phenotype.  It would be interesting to investigate 

this population further to discern whether other VM memory markers are retained, 

in particular CD49d status would be interesting to know.  Alternatively, the 

presence of WT cells may influence the VM phenotype independent of 
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lymphopenia; for example, the cytokines or growth factors that drive the VM 

phenotype could be consumed by WT cells. 

It was reported by Lee et al (2013) that the frequency of VM cells increases 

with age with high avidity TCRs preferentially maintained in the VM population 

[168].  The presence of these high avidity TCRs was correlated to infection control 

in aged animals [168].  In our model, VLO cells are very low avidity for TRP-2.  

There is no published data that indicates that low avidity TCRs cannot develop into 

VM cells, but it seems that based on the current knowledge of VM cells, this VLO 

model would be somewhat unusual in this regard.  There is some evidence that 

suggests that VLO may recapitulate high avidity signaling through its TCR.  VLO 

single positive CD8 cells  in the thymus display upregulation of CD5 (data not 

shown) which is indicative of strong signaling through the TCR which is usually 

taken as a sign of high avidity.  It is possible that the VLO TCR is cross-reacting to 

another antigen with high affinity, or this could be another hint that the VLO TCR 

possesses some unusual signaling mechanism that would require further 

investigation.  We also observed downregulation of CD3, TCR-β, and CD8 (data 

not shown) on VLO cells, again suggesting tuning of the VLO TCR possibly in 

response to strong signaling.  Down-regulation of TCR components may explain in 

part why VLO cells respond poorly to antigen with dampened proliferation and 

IFNγ production compared to LO and HI cells.  There is conflicting evidence in the 

literature regarding how VM cells respond to their cognate antigen.  Some reports 

provide evidence that VM cells respond as robustly as their antigen-driven memory 

counterparts, while other reports indicate that VM cells respond weakly to antigen 

[137, 153, 168, 194].  Lee et al (2013) suggests that these differences may be a result 
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of the pathways used for homeostatic memory generation [168].  They concluded 

that artificially induced conditions to create severe lymphopenia do not result in 

the production of VM cells with the same functions as naturally occurring VM cells 

which are thought to respond weakly to cognate antigen [168].   These conclusions 

reveal the value of the VLO model with its naturally occurring lymphopenia and 

production of VM VLO cells with weak response to antigenic stimulation. 

 

6.2 VLO cells develop independently of IL-15, and IL-7 

Previous reports concerning the development of VM cells indicate that VM 

cells slowly fill the T-cell compartment after birth during a period of neonatal 

lymphopenia [156].  VM cell development depends on IL-15 to the extent that the 

absence of IL-15 in the host causes loss of VM cells [169].  In contrast to this report, 

VLO cells develop in the absence of IL-15, retain their memory phenotype, and 

show no difference in cellularity in the periphery or in the thymus compared to 

intact VLO mice.  This observation was curious to us, and suggests that alternate 

mechanisms of VM development exist that allow IL-15 to be dispensable. 

IL-7 and IL-15 can, in some circumstances, substitute for each other.  Tan 

et al (2002) reported that in the absence of IL-15, memory CD8+ T cells can utilize 

IL-7 for HP [195].  With this in mind, we also examined the development of VLO 

cells in the absence of IL-7.  VLO cells developed in the absence of IL-7, retained 

their memory phenotype, and showed no difference in cellularity in the periphery 

compared to intact VLO mice.  We did observe that IL-7 is required for the long 

term maintenance and survival of VLO cells.  T-bet expression was decreased in 
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the absence of IL-7, and the cellularity of the thymus was severely reduced to levels 

similar to what has been reported for the parental Il-7-/- mouse [193].   

IL-7 is considered to have a crucial non-redundant role in directing T cell 

development.  However, even in parental Il-7-/- mice T cell development is not 

completely ablated [193].  There is still a very small fraction of T cells that develop 

in the absence of IL-7 [193].  We thought perhaps that VLO cells were simply 

representative of the developmental escape seen in the Il-7-/- model.  To test this 

idea, we compared the development of VLO cells with HI cells using Il-7-/- BM 

chimeras.  As shown, development of HI cells is almost completely ablated in the 

absence of IL-7 to the point where T cells are virtually undetectable.  This leads us 

to conclude the VLO cells, and possibly, VM cells, have an unique capacity to utilize 

alternative cytokines in the absence of IL-7.  Tan et al (2002) showed that the 

double KO of Il-7-/- Il-15-/- leads to failure of HP [195].  It would be interesting to 

examine the development of VLO cells in this type of double KO. 

IL-4 is thought to play a role in the development of VM cells.  Kurzweil et al 

(2014) provided evidence that an increase in peripheral IL-4 expression causes 

expansion of VM cells [196].  The reverse experiment, examining VM cells in an Il-

4r deficient model was conducted by Akue et al (2012) showed that VM cells were 

reduced, but not eliminated in the absence of IL-4 signaling [156].  In the VLO 

model, serum levels of IL-4 were tested by enzyme-linked immunosorbent assay, 

but not signal was detected, suggesting that levels were below the limit of detection 

of the assay (data not shown).  However, IL-4R (CD124) is upregulated on VLO 

cells (data not shown) suggesting that they may be more sensitive to IL-4 in their 

environment.  It would be interesting to continue delving into the role that IL-4 
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might play in the development and maintenance of these cells, especially in the 

light of the fact that the VM phenotype develops independently of IL-7, and IL-15. 

6.3 VLO cells respond robustly to proinflammatory cytokines 

CD8+ memory cells, whether antigen-induced memory, HP memory, or VM 

display enhanced response to stimulation compared to naïve cells [137, 148, 153, 

194, 197].  The most functionally dramatic responses of VLO cells were in response 

to proinflammatory cytokines. VLO cells whether CD44lo naïve or CD44hi memory 

proliferate and secrete IFNγ more robustly when stimulated by proinflammatory 

cytokines in the absence of TCR stimulation.  The combination of IL-2 with IL-18 

yielded the highest levels of proliferation for both naïve and memory VLO cells 

compared to their LO and HI counterparts.  VLO memory cell proliferation and 

IFNγ production greatly exceeded that achieved by naïve VLO cells.  The cocktail 

of IL-2 with IL-12 and IL-18 induced the greatest amount of IFNγ secretion in both 

naïve and memory VLO cells, with memory cells producing more about six-times 

as much as naïve cells.  These data are consistent with what has been previously 

reported for VM cells [137].  Production of IFNγ in response to IL-12 and IL-18 is 

described in the literature as an “innate-like function” [137, 198, 199].   The ability 

of VM cells to respond to proinflammatory cytokines in the absence of TCR ligation 

suggests to us and others that VM cells may act as a bridge between the innate and 

adaptive arms of the immune system [137, 168].  As discussed by Haluszczak et al 

(2009), the role of VM CD8+ cells may be especially relevant in situations where 

the naïve T cell pool is low [137]. 

 In addition to increased proliferation and IFNγ production in response to 

IL-12 and IL-18, VLO cells also differentially proliferate in response to IL-15, but 
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not IL-7, nor TSLP in vitro.  IL-15 is a proinflammatory cytokine [200].  Again we 

observe the same pattern in which VLO proliferation significantly exceeds the 

responses of LO and HI cells which naïve cells or memory cells are being 

interrogated.  We also observed that VLO memory cells proliferate more robustly 

compared to naïve VLO cells in response to IL-15.  This may be due to increased 

expression of the receptor for this cytokine or possibly enhanced downstream 

signaling.  IL-15 is know to promote proliferation and survival of memory CD8 T 

cells [201-203]. IL-15 normally signals through a trimeric receptor complex which 

consists of the IL-15Rα chain which trans-presents IL-15 to CD122 and the 

common γ chain.  The dimer of CD122 and common γ also acts as a receptor for 

IL-2.  IL-15Rα is typically expressed on monocytes and NK cells, but T cells can 

also express this receptor subunit [192, 204, 205].  The VLO proliferation assays 

were conducted in the absence of APCs which would traditionally trans-present IL-

15 to the T cells.  Cis-presentation of IL-15 has been reported for NK cells [206], 

and IL-15Rα has been reported on T cells, so it is possible that VLO cells are cis-

presenting IL-15 to themselves.  It is also possible that IL-15 levels in the cultures 

(100 ng/mL) are so high that they overcome the need for IL-15Rα.  Regardless of 

the molecular mechanism of IL-15 signaling in VLO cells, the data show that VLO 

cells are more responsive to IL-15 than LO or HI cells.   IL-15-induced proliferation 

of VLO cells is uncoupled from IFNγ secretion. 

6.4 Treatment of tumors via adoptive transfer of VLO cells requires 

optimization 

Multiple reports have provided evidence that VM cells are able to provide 

antigen-specific protection against pathogen infection [168].  It has also been 
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shown that memory cells can have a more potent anti-tumor reaction than naïve 

cells [105, 181, 207-210].  Until now, it has not been possible to determine if VM 

cells could be directed toward an anti-tumor response.  In two of our four tumor 

studies, adoptive transfer of VLO cells with a TRP-2-pulsed dendritic cell vaccine 

resulted in the complete regression of tumor in 20% of the animals treated.  These 

data suggest that VLO cells, and therefore VM cells, may have the potential to 

control tumor growth.   

 Given that VLO cells are poised to respond to a lymphopenic environment 

through rapid HP, it would be worthwhile to repeat these tumor studies and add 

in a lymphodepletion treatment prior to ACT.  This would create a lymphopenic 

environment that may allow enhanced reactivity of the VLO cells, granting VLO 

cells access to IL-15 which we predict would trigger VLO proliferation in the host.  

Lymphodepletion is the standard of care with human ACT protocols [53, 211, 212].  

Mouse models of ACT have shown that  lymphodepletion increases the efficacy of 

ACT by removal of homeostatic cytokine sinks [35].  Gattinoni et al showed that 

IL-7 and IL-15 were required for supporting anti-tumor activity of transferred T 

cells in this model [35].   

6.5 Overall summary  

 VM cells have been intensely challenging to study because of the low 

frequency at which they occur in mice, especially for cells of a defined antigenic 

specificity.  Based on the results presented in this dissertation, we propose that the 

VLO mouse can serve as a model for VM cells.  We described the phenotype, 

function and developmental requirements of VLO cells which coincide with what 

has been previously described by other groups for VM cells.  In particular, we 
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observed that the memory signature of VLO mice is consistent with what has been 

reported for VM cells.  Likewise, VLO cells display innate-like functions by 

responding robustly to proinflammatory cytokines, but not strongly to cognate 

antigen.  In vivo studies demonstrated with naïve VLO cells are specially poised to 

respond to lymphopenia, and proliferate rapidly. Use of VLO cells in an ACT to 

treat melanoma in mice provided hints that these cells could be manipulated to 

reduce or eliminate tumor burden, but more extensive studies are required.  

Finally, we examined the developmental requirements of VLO cells and found 

surprisingly that they are able to develop and acquire their memory phenotype in 

the absence of IL-7 or the absence of IL-15.  The VLO model opens up multiple 

avenues of investigation that were previously almost impossible to investigate for 

VM cells.  

6.6 Future studies 

 A variety of questions related to VM cells remain to be investigated.  Lee et 

al (2013) provided evidence that the cell cycle status of VM cells is uniquely poised 

in the advanced G1 status [168].  As such, it would be interesting to determine 

whether VLO cells recapitulated this finding.  In the same paper, Lee et al showed 

that after VM cells are stimulated by antigen in vivo, they preferentially 

differentiate toward a central memory phenotype [168].  This study could easily be 

repeated with VLO cells, especially because the cognate antigen is already defined.  

In addition, it would be of interest to explore TCR signaling patterns of VLO cells, 

which we suspect would be different from LO and HI cells.  Given the ability of 

VLO cells to respond dramatically to cytokines in the absence of TCR ligation, we 

would predict that these cells are already poised to preferentially respond to non-
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antigenic signals.  This idea is supported by our observations that the CD3, CD8, 

and TCR-β are all downregulated on VLO cells.  We also propose examining 

telomere length of VLO cells, as well as epigenetic and genetic profiles in order to 

more carefully characterize this unique cell type.  Recent studies have shown that 

memory cells use different metabolic pathways [213].  With this in mind we are 

interested in comparing the metabolic profiles of VLO, LO and HI cells when they 

are in either a naïve or memory state. 

It was reported that antigen-driven memory cells can circulate beyond the 

normal boundaries of secondary lymph structures, and traffic to peripheral tissue 

especially during inflammation [137]. The trafficking patterns of VM cells are 

virtually unexplored and could be tracked in the VLO model.  It is thought that 

memory T cells home to the BM, but it is unknown if VM cells are sequestered or 

enriched in that region.  We observed that T cells account for approximately 3-4% 

of VLO BM, but more detailed analysis of the cells and their memory state are 

warranted. 

Previous studies of VM cells have suggested that CD4 help is required for 

their function.  It possible that our tumor studies could be enhanced by the 

addition of CD4 help as well.  Our lab previously reported that, compared to LO 

cells, HI cells were preferentially “helped” by CD4+ T cells [103].  Multiple studies 

of memory phenotype CD8+ T cells have suggested that memory cell can have a 

suppressive function inhibiting T cell responses for both CD4+ and CD8+ T cells 

[214-218].  It would be interesting to explore this possibility with VLO cells.  

Developmentally, examining VLO cells in the context of an Il-7-/- Il-15-/- double KO 

would be very compelling.  Likewise, it would be helpful to examine the 
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development of VLO cell in an Il-4-/- background.  The VLO mouse model could 

provide a means to investigate these and other questions related to CD8+ VM cells. 
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