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Abstract 

We have previously demonstrated that immunotherapy with an agonist CD40 

antibody in combination with IL-2 results in synergistic CD4-indenpendent anti-

tumor effects but actually impairs the ability to generate an antigen-specific 

response.  In the present study, our goal was to examine the role of antigen 

specificity in the efficacy of cytokine-based immunotherapy.  Due to the massive 

CD8 T cell expansion that occurs after these regimens in both normal and tumor-

bearing mice, we hypothesized that the anti-tumor effects resulting from 

immunotherapy are due not only to the induction of antigen specific T cells, but 

also to the increased activation and non-specific killing capability of CD8 T cells. 

This hypothesis was supported by the observations that CD8 T cells did not 

upregulate surface molecules that are indicative of recent TCR ligation following 

immunotherapy, and that these cells were highly lytic.   

To specifically determine if TCR engagement was necessary for the 

expansion of CD8 T cells following immunotherapy, we performed adoptive 

transfer studies with T Cell Receptor (TCR) transgenic (Tg) OT-1 mice and 

observed an increase in proliferation following anti-CD40 and IL-2 

immunotherapy in the absence of antigen.  Direct treatment of OT-1 mice with 

immunotherapy resulted in the increased functional activation and lytic capability 

of CD8 T cells against irrelevant tumor targets.  These effects were observed 

despite a surprising lack of proliferation after immunotherapy.   
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After determining that CD8 T cells were mediating anti-tumor responses in 

the absence of TCR ligation, we wanted to determine a possible tumor 

recognition mechanism for CD8 T cells following immunotherapy.  NKG2D ligands 

are upregulated on several tumor types, and we observed an increase in the 

expression of NKG2D on CD8 T cells isolated from immunotherapy treated OT-1 

and wild type mice.  In light of the increased NKG2D expression with therapy, we 

further hypothesized that signaling through NKG2D on CD8+ T cells could be one 

mechanism by which non-specific recognition and killing occurs.  We found that 

when treated with an NKG2D blocking antibody, CD8 T cells isolated from 

immunotherapy treated mice exhibited decreased lysis of NKG2D sensitive 

targets.  The role of NKG2D in CD8 T cell killing following immunotherapy was 

further established by the observation that anti-tumor effects were diminished in 

mice that were treated with immunotherapy in the presence of an NKG2D 

blocking antibody.  These data demonstrate that immunotherapy with anti-CD40 

and IL-2 results in the expansion of antigen specific CD8 T cells, despite its 

deleterious effects on CD4+ T cells, and that anti-tumor responses may be 

generated through the increased lytic function of CD8+ T cells in an NKG2D 

assisted manner.  Furthermore, these mechanisms may play an important role in 

the anti-tumor responses observed with this therapy. 
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Introduction 

 

The Immune System and Cancer: The Immunosurveilance Hypothesis 

The role of the immune system in the development, progression, and regression 

of cancer has long been disputed.  Over 100 years ago, Paul Ehrlich was the first 

to propose that the immune system might play a role in the prevention and 

control of cancer by suggesting that immune mechanisms might be capable of 

repressing a number of carcinomas (1-3) This observation served as a base for 

later work by Macfarlane Burnet and Lewis Thomas, who in the 1950s 

independently suggested that the unaltered immune system was composed of 

cellular components, whose duty was to circulate the body in search of nascent 

neoplastic or transformed cells.  These collective suppositions became the 

“cancer immunosurveilance” hypothesis, which suggests that transformed cells 

are perpetually arising, but that their growth and progression are held in check 

by circulating “sentinel” lymphocytes (2, 4-8).   

 Initially, the tumor surveilance hypothesis was widely disregarded due to 

early tumor induction studies.  In initial studies, the chemical carcinogen 

methylcholanthrene (MCA) was used to induce tumors in CBA/H wildtype or nude 

mice, however, the investigators did not observe an increase in the incidence of 

spontaneous or MCA induced sarcomas between the immunodeficient nude mice 

and their wildtype CBA/H counterparts (2, 9, 10).  It wasn’t until the 1990s that 

studies were published which demonstrated that targeted immunodeficiency can 
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result in an increase in the incidence of chemically inducible tumors, as well as a 

decrease in the immunogenicity of MCA induced tumors (2, 11-14).  These 

studies were performed under the ablation or absence a variety of innate and 

adaptive immune cell types and effector molecules which include but are not 

limited to NK Cells, γ/δ T cells, α/β T cells, NKT cells, perforin, IFNγ, and IL-12 

(2, 3, 9, 15).   

 Evidence for the importance of the immune system in warding off cancer is 

not limited to controlled animal studies.  Indeed, long-term clinical observations 

of immune suppressed transplant recipients and AIDS patients have 

demonstrated an increase in the development of cancers with known viral 

etiology such as Kaposi’s sarcoma and non-Hodgkin’s lymphoma (2, 16, 17). 

Interestingly, higher rates of non-virally induced cancers such as malignant 

melanoma and cancers of the lung, colon, pancreas, kidney, ureter, and 

endocrine system have also been observed in renal transplant recipients 

compared to the general population (2, 17).  In addition to these studies, several 

reports have emerged that describe the presence of tumor infiltrating 

lymphocytes (TILs) within the microenvironments of tumors.  The type and 

functional capabilities of these cells determine whether they are tumoristatic or 

tumorigenic in nature; however, the observation stands that immune cells are 

capable of entering tumor, and depending on their location, can be a prognostic 

factor for patient survival (15, 18). 
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 The immunosurveilance hypothesis has evolved to include the concept of 

immunoediting.  The immunoediting hypothesis posits that tumor-immune 

mediator interactions occur in three distinct phases: Elimination, Equilibrium, and 

Escape (9).  In the elimination phase, both the innate and adaptive arms of the 

immune system act as tumor suppressors which can recognize and kill 

transformed cells as they arise and prevent the development of clinically relevant 

disease.  The second phase is equilibrium, which occurs if the immune system is 

not able to mediate the complete elimination of tumor cells.  In the equilibrium 

phase, tumors develop but are held in check and are constantly sculpted by the 

immune response generated against them (3, 9, 15).  The best example of the 

equilibrium phase was demonstrated clinically in the context of an allograft 

transplant.  In this case, two kidney allograft recipients developed melanoma 1-2 

years post transplant.  Upon further investigation, it was found that the donor 

had been treated for melanoma 16 years before her death, and was considered 

to be disease free.  However, upon transfer of her kidneys into the new 

immunosuppressed hosts, the tumor cells harbored within the kidneys were able 

to grow freely, whereas they had been held in equilibrium by the donor’s intact 

immune system (9, 19).   

 The final principle in immunoediting is escape, which occurs when the 

tumor is no longer susceptible to immune control, and progresses into clinically 

detectable disease.  Mechanisms that have been identified that contribute to 

immune escape include the downregulation of MHCI or cytokine receptors, as 
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well as tumor antigens (1, 2, 9).  In clinical melanoma studies where patients 

received CTLs targeted against tumor specific antigens, it was observed that 

some of the tumors were able to downregulate the expression of the MART-

1/MelanA or gp100 antigens, and in some cases, the MHCI molecules that 

expressed the antigens thus making them invisible to the adoptively transferred 

cells (20-22).  Preventing the development of antigen loss variants continues to 

be a challenge for ACT.   

 Mouse models of carcinogenesis have also proven beneficial for examining 

the phenomena of immune surveillance and immunoediting.  Additional evidence 

for immunoediting has was elegantly demonstrated by Koebel and colleagues 

who used a model of MCA-induced sarcomas in immune-deficient mice to 

examine the impact of immunoediting on the immunogenicity of tumors.  They 

found that tumors which developed in the absence of pressure and “editing” 

from the immune system were dramatically more immunogenic than tumors 

which arose in immune-competent hosts (23).  Conversely, tumors that 

developed under the pressure of immunoediting were highly invasive when 

transferred into immune-deficient hosts (23).    

 

Immunotherapy: Activating the immune system to fight cancer 

Immunotherapy has been used to best effect for the treatment of four 

particular types of cancer: renal cell carcinoma, melanoma, prostate cancer, and 

leukemias/lymphomas.  The reasons behind this efficacy have yet to be 
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determined, however, it has been suggested that these types of cancer possess 

greater levels of tumor antigens, which can make them attractive targets for the 

immune system.  These are also types of cancer which were observed early on 

to possess an immune component.  For example, immunotherapy was first 

considered for application in renal cell carcinoma after it was observed that a 

very small sub-population of patients who had disseminated disease went into 

full remission after receiving radical nephrectomies to remove the primary tumor 

(24).  The disappearance of the metastases in these patients led clinicians and 

investigators to postulate that there might be an immune component in the 

recession of RCC, and that immunotherapy might be a good treatment option for 

patients with disseminated disease (25).   

Early attempts at immunotherapy involved the generation of a non 

specific immune response with agents such as bacillus Calmette-Guerin, and 

Corynebacterium parvum (26, 27).  Bacillus Calmette-Guerin is a non-invasive 

bacteria that elicits robust immune responses at the site of infection and has 

been used for the treatment of bladder cancer (27).  These practices, however, 

have been abandoned and replaced with reagents and adoptively transferred 

cells that are capable of invoking a more targeted immune response.  The goal 

of contemporary immunotherapy regimens is the breaking of self tolerance.  

Cancer develops over a prolonged period of time, in the presence of an intact 

immune system.  As such, the immune system becomes tolerized to the 

presence of tumor cells.  In order to induce immune responses against tumors, 
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immunotherapy regimens are targeting a variety of tumor antigens in 

combination with methods to diminish the suppressive environments that are 

present within tumors.  The identification of novel tumor antigens which allow for 

the selective targeting of tumor cells and not health tissues is crucial for the 

continued development of targeted immunotherapies. 

A great deal of time and study has been dedicated to the identification of 

tumor antigens which are specific to transformed cells, or are aberrantly 

expressed on tumor cells.  Tumor specific antigens (TSA) are molecules that are 

unique to the tumor and are not expressed on healthy tissues.  Examples of 

tumor specific antigens include the melanoma specific MART-2 antigen, and the 

renal cell carcinoma specific antigen, HSP70-2/ma (28).  Additional tumor specific 

antigens are listed in Table 1.  Tumor specific antigens are usually the byproduct 

of point mutations in the genome of tumor cells, which lead to the aberrant 

expression of novel proteins and peptides (223).  This is in contrast to tumor 

associated antigens (TAA), which are expressed on both healthy and neoplastic 

tissues, but are over-expressed on the transformed tissues.  Examples of TAAs 

include the melanocyte marker Trp-1, as well as the epidermal growth factor, 

HER-2 (28, 29).  These antigens are at a functional disadvantage compared to 

TSAs, as these are endogenous proteins to which immunological tolerance has 

already been developed.  As such, immune targeting of these antigens is more 

likely to result in the development of Tregs and other peripheral tolerance 

mechanisms, compared to the novel TSAs to which the immune system is not 
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tolerized.  To circumvent these regulatory mechanisms, some studies have 

utilized depleting and blocking antibodies against CD25 and CTLA-4, respectively 

in combination with TAA targeting.  CD25 is constitutively expressed on Tregs, 

and CTLA-4 provides and inhibitory signal to activated T cells.  As such, their 

combination with TAA targeting has proven beneficial for the targeting of tissues 

expressing the TAA, but due to the shared expression of TAAs with normal 

tissues, autoimmune effects such as vitiligo have been observed (29). 

 

Passive versus active vaccination 

Passive immunity refers to the administration of antibodies or immune cells to a 

host to help with the eradication of a disease or a toxin.  The adoptive cell 

transfers described in later sections are an example of passive immunity.  Active 

immunity involves the generation of a de novo immune response by priming with 

an infectious agent and an adjuvant to initiate immunity.  Recently, two 

examples of active immune vaccines received FDA approval to target cancer.  

Gardasil® is a quadrivalent vaccine against 4 strains of human papilloma virus, 

two of which, (HPV16 and HPV18) are known to cause as many as 75% of cases 

of cervical cancer.  By inducing active immune responses against these viruses, 

this vaccine can prevent many cases of cervical cancer (30, 31).  Another 

example of the use of vaccination to induce active immunity in cancer, is the new 

autologous cellular immunotherapy, Provenge®.  Provenge is the first therapy of 

its kind to receive FDA approval and is generated by culturing autologous 
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dendritic cells with GM-CSF and the prostate acid phosphatase (PAP) antigen, 

which is present on many prostate cancer cells [www.provenge.com (32)].  

Provenge differs significantly from Gardasil in that it is targeting a self-antigen 

and not a virus.  There is also the matter that while Gardasil is a true vaccine 

and is administered before infection, Provenge works to generate immune 

responses in an environment where the immune system has already failed to 

control tumor progression.  This fact, combined with the low antigenicity of 

tumors and suppressive environment induced by self-antigens make the success 

of Provenge particularly remarkable.  

 

Cell-based Immunotherapy 

Adoptive cell therapies 

Adoptive cell therapy (ACT) generally consists of the transfer of T cell subsets 

into a cancer patient in the hope that the T cells can mediate sustained anti-

tumor effects.  Adoptive cell therapies have also been used in the context of 

infectious disease for the treatment of cytomegalovirus (CMV), human 

immunodeficiency virus (HIV), and Epstein-bar virus (EBV) (33-35).  CD8 T cells 

have been the primary target for adoptive cell therapies due to their specificity 

for tumor antigens and their ability to maintain their longevity in vivo; however, 

there is new evidence emerging that CD4 T cells may also be effective killers in 

this scenario (36-38). 

 

http://www.provenge.com/
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 The first hurdle facing the successful application of ACT in cancer is 

identifying a suitable tumor antigen.  Once an antigen has been identified, 

another difficulty facing adoptive cell therapies is the ex vivo generation of 

suitable numbers of T cells, and maintaining their numbers and function in vivo.  

Clinically, two approaches have been described to expand cells for ACT ex vivo.  

The first technique involves the polyclonal expansion of tumor infiltrating 

lymphocytes (TILs) or peripheral blood mononuclear cells (PBMCs) with 

antibodies that activate CD3 and CD28, followed by secondary treatments to 

enrich effector or memory populations, to deplete Tregs, or to perform genetic 

manipulation, such as the transduction of tumor antigen specific TCRs (39-41).  

This method relies on the assumption that initial responses have been generated 

against tumor antigens and has only been reproducibly achieved with samples 

from patients with melanoma (42).  The second method involves the activation 

and expansion of TILs or PBMCs by culturing them with antigen presenting cells 

pulsed with tumor antigens.  This method is advantageous because it allows for 

the expansion of tumor antigen specific T cell clones; however, this method is 

labor intensive, cost-prohibitive, and technically difficult to achieve, thus making 

it unrealistic for large-scale use and regulatory approval (40, 41). 

 It has been observed that the co-transfer of CD8 T cells with antigen 

specific CD4 T cells can result in augmented anti-tumor effects (43-45).  The 

inclusion of CD4 T cells has become problematic in light of the identification of 

regulatory T cell (Treg) and inflammatory IL-17 producing Th17 populations.  In 
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fact, it has been proposed that early adoptive cell therapies may have been 

limited in their efficacy due to the inclusion of large numbers of Tregs in the 

transfusions (40, 41).  CD4 T cells are thought to provide essential cytokine 

support to the transferred CD8 T cells, mostly in the form of IL-2, IL-21, and 

CD40L (46-48).  Infusion of IL-2 or co-transfer of CD4 T cells has been found to 

increase the potency and longevity of adoptively transferred CD8 T cells (22, 44).  

Other cytokines such as IL-15 have also been shown to augment T cell 

cytotoxicity in vitro (40, 41) and in vivo (49), which makes this cytokine an 

attractive target for increasing the survival and longevity of adoptively 

transferred CD8 T cells. 

 The activation and memory status of CD8 T cells can also have a profound 

effect on the function of adoptively transferred cells.  It has been demonstrated 

that upon transfer, memory T cells function better than naïve T cells due to their 

increased precursor frequency and their rapid responses to antigen encounter 

(50-52).  It has also been observed that of the memory subsets, central memory 

cells expand more efficiently in vitro and mediate more potent antitumor effects 

in a non-human primate model than effector memory cells (53, 54).  This is in 

contrast to a recent report which claims that naïve T cells produce more efficient 

effector T cell responses than central memory cells (55). 

  Recent studies are establishing the impact that preparative regimens can 

have on the outcome of adoptive cell therapies.  Several studies have shown that 

lymphodepletion by total body irradiation can contribute to the efficacy to ACT in 
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three ways: 1) Lymphodepletion induces a cytokine sink so that there is less 

competition for cytokines and growth factors, and allows for the homeostatic 

proliferation of the transferred cells; 2) irradiation can induce tumor damage and 

the release of tumor antigens which can be presented by innate immune 

effectors and augment the recognition of the tumor by the adoptively transferred 

T cells; 3) Lymphodepletion can decrease the number of myeloid suppressor cells 

and Tregs, allowing for greater function of the transferred cells (56-59).  It has 

long been established that T cells will undergo homeostatic proliferation in cases 

of extreme lymphopoenia and recent studies are also showing that the higher 

the intensity of lymphodepletion, the better the outcome of ACT (57, 60).  

Lymphodepletion in combination with the transfer of ex vivo expanded and IL-2 

activated TILs has shown remarkable response rates in patients with melanoma.  

Response rates as high as 70% have been observed using this technique; 

however, despite these responses, very few patients demonstrated increases in 

the overall survival (22).  Additionally, outcomes such as these have been limited 

to melanoma and attempts to extrapolate this technique into patients bearing 

other tumor types such as those of the breast, ovary, and prostate have been 

largely unsuccessful (61).  Other immunotherapeutic strategies are still needed 

to elicit responses against less immunogenic tumors. 

 As with most cancer therapies, ACT has been associated with several 

toxicities.  These toxicities can be the byproduct of culturing techniques used to 

expand the cells for transfer, the side-effects of exogenous cytokines that are co-
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transferred with the cells, or direct cell-mediated toxicities which are generated 

by the transferred cells themselves.  The transfer of TILs has been associated 

with cytokine release syndrome, which has been observed to occur within 4-6 

hours of transfusion (22, 62).  Autoimmunity has also been a common 

occurrence in studies using cells targeted against TAA such as gp100 and MART-

1 (40).  Vitiligo and skin depigmentation are common occurrences after the 

transfusion of TILS specific for shared melanotcyte antigens, and additional 

cases of retinitis, uveitis, hypothyroidism, and hepatitis have also been reported 

(40, 60, 63-66). 

 Toxicities tend to occur less frequently in patients receiving genentically 

unmodified autologous T cell transfers.  The risk for toxicities is much higher 

when allogeneic T cells are transferred.  Allogeneic T cell transfer following 

allogeneic hematopoietic stem cell transplantation (HSCT) is associated with 

graft-versus-host disease (GVHD) (67).  The development of GVHD is crucially 

dependent upon the method and extent of pre-conditioning the patient is 

subjected to before transfer, as well as the dose and timing of T cell transfer 

following HSCT (40, 68).  Toxicities are also more common with the transfer of T 

cells that have been genetically engineered to express tumor specific TCRs or 

chimeric antigen receptors (CAR) (40).  A recent case study was published, 

outlining the events concerning a lethal adverse event which occurred in a 

patient receiving a transfusion of autologous CAR-bearing T cells which had been 

transduced with the ERbB2-specific antibody, herceptin, along with signaling 
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domains for CD28, 4-1BB, and CD3ζ (69).  The patient experienced a rapid influx 

of CAR T cells to the lungs, which presumably interacted with low levels of 

ERbB2 expressed by the lung epithelium, thus mediating tissue damage and 

inducing cytokine relsease syndrome.  This sad case is an example of the caution 

that must be taken when targeting shared tumor associated antigens for immune 

mediated destruction. 

 

Lymphokine-Activated Killer (LAK) Cells 

Lymphokine-activated killer (LAK) cells are generated by removing peripheral 

blood cells from a patient and activating them with IL-2 to expand the NK and T 

cell compartments, and the re-infusing the expanded LAK cells back into the 

patient.  This regimen in combination with IL-2 has resulted in response rates 

that vary from 9 to 33 percent in patients with renal cell carcinoma (25).  

Interestingly, when the response rates of patients who receive the combination 

LAK/IL-2 treatment are compared with the response rates of patients who only 

received the IL-2 treatment, there is little difference; however, of the patients 

that show a response, more of the LAK/IL-2 treated patients show a complete 

clinical remission than those treated with IL-2 alone (70).  One drawback for the 

use of LAKs in cancer treatment is their dependence on exogenous IL-2, which 

has been found to induce dose-limiting toxicities in human subjects (70, 71).  

A subset of LAK cells are referred to as cytokine induced killers (CIK).  CIKs 

are polyclonally expanded autologous T cells isolated from PBMC and activated 
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ex vivo with a combination of cytokines, usually consisting of IFN-gamma, IL-2, 

and an agonist CD3 antibody.  CIKs have proven efficacious in both clinical and 

mouse models of cancer (72-75) and have been used clinically for the treatment 

of hepatocellular carcinoma (76), Hodgkin disease, non-Hodgkin lymphoma (77), 

and chronic myeloid leukemia (74).  What separates these cells from the 

traditional antigen specific adoptive cell therapies are that these cells possess the 

markers of both T cells and NK cell (CD3+ CD56+), and are able to mediate 

cytolytic functions in an antigen independent manner. (75, 77-81).  When 

administered after hematopoietic stem cell transplant, CIK have been found to 

kill tumor cells that make-up minimal residual disease.  These killing mechanisms 

are primarily dependent upon the perforin/granzyme pathways and occur 

independent of signaling through CD3, once again demonstrating their antigen 

independent function (77, 81).  Interestingly, CIKs have been found to express 

the NK cell activation marker NKG2D, which appears to be crucial for the 

cytolytic capabilities of these cells (82).  Studies where NKG2D signaling was 

silenced or blocked resulted in the attenuation of the killing function of CIKs, 

thus suggesting that NKG2D-mediated cell activation plays a role in the cytolytic 

function of CIK T cells (80, 82). 

 

Primary Immunotherapy Effectors: Cytotoxic CD8 T cells 

Most of the immunotherapy regimens discussed in the previous sections sought 

to harness and expand the power of antigen specific cytotoxic CD8 T cells.  The 
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next section will address the generation of CD8 T cell responses and memory 

formation. 

 

CD8 T Cell Responses and Memory 

Traditional understanding of CD8 T cell responses is that they are robust 

and highly specific.  MHC restriction holds that CD8 T cells can only recognize 

antigen through their TCR if that antigen is presented by an APC in the context 

of self MHC I (83-87).  As a fail-safe for T cell activation, the peptide/MHC I 

bearing APC must also present the proper co-stimulation in the form of B7 

molecules, which engage CD28 receptors on the CD8 T cell and allow for 

proliferation and effector differentiation and function.  Without proper co-

stimulation, these cells become anergic and unresponsive.  Concurrent with this 

initial activation, CD8 T cells also need to receive help in the form of cytokine 

support from CD4 T-helper cells (88).  In the absence of CD4 signaling, primary 

CD8 T cell responses can still occur, but these cells are unable to perform later 

as effective memory cells in response to secondary antigenic challenge (46, 88-

90).  After naïve T cells become effector cells, they travel to sites of infection and 

mediate their killing functions.  These effector functions are primarily in the form 

of perforin and granzyme release, but may also involve the production of 

cytokines such as IFN-g and the triggering of death pathways through 

interactions between Fas and TRAIL-receptor expressed on target cells with Fas 

ligand and TRAIL expressed on the cytolytic CD8 T cell.  As the levels of antigen 

 



 16

decrease within the tissues, >90% of the effector T cells die off, however, a 

small subset of them will differentiate to become long lived memory cells (91).   

A hallmark of CD8 T cell memory is the ability to respond faster and more 

vigorously to stimulation with cytokine and antigen.  Two subsets of memory T 

cells have been described.  Central memory T cells are characterized by the 

expression of CD44, CD62L and CCR7, and are noted for their rapid proliferation 

but diminished effector functions (92-94).  The expression of CD62L and CCR7 

allows these cells to migrate and reside in lymphoid tissues where they lie in wait 

for re-encounter with their cognate antigen.  Effector memory T cells are 

characterized by their expression of activation markers such as CD44, LY6c, and 

CD69, however they do not express high levels of the lymph node homing 

chemokines CD62L and CCR7, which allows them to reside in the peripheral 

blood and tissues (92, 94-96).  When resting, these effector memory cells 

possess a phenotype similar to that of effector T cells (CD44hi) except they 

express low levels of the high affinity IL-2Rα, CD25 (97).  Upon re-encounter 

with antigen, CD25 is rapidly upregulated and these cells are able to mediate 

immediate effector functions such as IFN-gamma production and the expression 

of cytolytic molecules such as perforin and granzyme B (92, 93, 95, 98, 99).   

 There has been much debate about how memory T cell differentiation 

occurs.  Until recently, two models have dominated.  The “asymmetric division” 

model posits that naïve CD8 T cells are capable of differentiating into either an 

effector T cell precursor or a memory T cell precursor.  In this model, the 
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effector T cell precursors are only capable of a primary response and terminally 

differentiate as effectors, whereas memory precursor T cells respond only to a 

secondary encounter with antigen (100-102). In the “linear” model of memory T 

cell differentiation, effector T cells are capable of differentiating into either 

cytolytic effector memory T cells, or prolific central memory T cells.  Evidence 

supporting the linear model of memory T cell differentiation has recently 

emerged.  Bannard and colleagues demonstrated that CD8 T cells which have 

acquired an effector phenotype as determined by granzyme B expression, are 

indeed capable of secondary replicative function in response to antigenic 

rechallenge (101, 102).  In a concurrent study, Teixero and colleagues found 

that in addition to the necessity for helper CD4 T cells and IL-2 at the time of 

naïve to effector cell priming, the TCR signaling requirements for the generation 

of a primary repsonse are qualitatively different from those required for a 

secondary memory response (46, 47, 88, 89, 101, 103, 104).  Collectively, these 

studies demonstrate that effector cells are capable of differentiation into either 

central or effector memory cells, and that the putative requirements for TCR 

signaling in the generation of secondary responses differ from those needed to 

induce a primary CD8 T cell response. 
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Tissue Resident Memory CD8 T cells 

Large numbers of effector memory T cells can be found in virtually every 

tissue in the body (94, 98, 105-107). The rapid and potent function of effector 

memory CD8 T cells combined with their localization in peripheral tissues gives 

these cells a distinct functional advantage over naïve and central memory T cells, 

which require trafficking to the lymph nodes.  Tissue-resident effector memory T 

cells have been found to respond more efficiently to secondary antigenic 

challenge than cells of the same specificity residing in lymphoid tissues, and it 

has been further proposed that the extravasation of memory T cells from the 

blood vessels into peripheral sites programs these cells to have greater lytic 

function (94, 108).  

The increased function of tissue-resident memory T cells raises an 

interesting point.  Traditional immunological dogma holds that the priming of 

adaptive immunity and memory T cell responses occurs in the secondary 

lymphoid tissues; however, it has recently been proposed that T cell priming can 

occur outside of these restricted sites (109).  Indeed, current studies have 

demonstrated that tissue-resident dendritic cells and CD4 T cells can prime 

secondary CD8 T cell responses within peripheral tissues (109).  It has also been 

found that naïve and memory T cell activation can occur in the complete absence 

of secondary lymphoid tissues (110).  This is supported by the observation that 

the lymph node-independent secondary activation of tissue-resident memory T 

cells contributes to the localized control of latent herpes simplex virus (HSV) 
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infections (111).  These studies suggest a possible role for tissue-resident 

memory CD8 T cells in the localized control of latent and secondary infections, as 

well as tumor immunity.   

 

Homeostatic Proliferation and “Virtual” Memory Cells 

While it is traditionally accepted that most T cells that possess a memory 

phenotype have progressed through an effector phase of activation and 

differentiation, it has also been observed that naïve T cells can adopt a memory 

phenotype without undergoing an activation and effector phase in response to 

antigen (112-118).  It has been demonstrated that under extreme lymphopoenic 

conditions, CD8 T cells can undergo homeostatic proliferation (HP) and 

upregulate memory cell marker such as CD44, LFA-1, CD122, and LY6C (117, 

119).  HP of naïve T cells does not require TCR engagement; however, it has 

been found to require interactions with self-MHC (120, 121). What is interesting 

about these cells is that the adoption of a memory phenotype is not permanent, 

as it has been found that when cell numbers normalize within the system, 

homeostatic proliferation derived “memory” cells can return to their naïve 

phenotype (117, 120).   These cells are functionally active and have been found 

to mediate antitumor effects, bactierial immunity, as well as autoimmunity and 

allograft rejection (113, 118, 122-124).  

 An additional population of HP driven cells have also been identified. 

Haluszczak and colleagues have described a population of memory cells which 
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they refer to as “virtual memory” T cells.  These subsets of memory CD8 T cells 

develop through homeostatic proliferation and are defined by their CD44hi 

phenotype and their responsiveness to cytokines.  The observation that these 

cells are present in germ-free mice and are responsive to a variety of nominal 

antigens suggests that they are not responding to environmental or commensal 

antigens, and that these cells represent a repertoire of specificity similar to that 

of naïve CD8 T cells.  However, these cells are unique from antigen stimulated 

memory CD8 T cells, and those that are generated through homeostatic 

proliferation in that they are unable to gain effector function in response to their 

cognate antigen.  In contrast, these cells are unable to respond to TCR ligation, 

but remain acutely sensitive to cytokine stimulation via IL-12 and IL-18 and 

respond in a manner similar to conventional antigen stimulated memory cells 

(118).  The origin of virtual memory cells remains unknown (ie. Homeostatic 

proliferation or reaction to environmental antigens); however, in light of their 

frequency in unprimed animals (10-30% of CD8 T cell populations) and their 

sensitivity to cytokine stimulation, it has been suggested that they may play a 

role in the generation of both innate and adaptive immune responses.    

 

Bystander Proliferation: Cytokine Sensitivity 

Early studies observed that T cell responses to viral infections were robust 

and characterized by the rapid proliferation of T cells at sites of infection.  

However, it was also observed that of all of the CD8 T cells expanding during the 
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peak of certain viral infections, these populations were found to be comprised of 

less than 1% viral specific CD8 T cells.  These findings suggested that in some 

viral infections, the majority of the CD8 T cells that were expanding were doing 

so in an antigen independent manner, likely through bystander proliferation 

(125-128).  Sprent and colleagues were the first to show that antigen 

independent bystander proliferation of CD8 T cells in vivo is the product of 

cytokine stimulation (125, 128-130).  Subsequent studies by Sprent and several 

other groups elaborated on this concept and observed that CD44hi memory CD8 

T cells were responsible for the expansion, which occurred in response to 

cytokine stimulation, and that type I IFN can trigger this expansion by inducing 

the production of IL-15 (131).  Bystander proliferation has since been found to 

occur in response to several types of viral, bacterial, and parasitic infections such 

as influenza, LCMV, listeria, and leishmania (132-137).  While the phenomena of 

bystander proliferation is well documented in response to pathogenic challenge, 

the effector function of these cells has yet to be clearly addressed.  Memory CD8 

T cells that expand in response to bystander proliferation are cytokine competent 

and produce IFN-gamma in response to stimulation with their cognate antigen 

and can lyse cells expressing their antigen after their cytokine induced expansion 

(125, 129).  However, the question remains about the role these cells might play 

in the initial immune response that produces the cytokine which induces their 

activation and proliferation. 
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Cytokine based immunotherapies  

 Thus far, the majority of immunotherapy regimens involving CD8 T cells 

have focused on the generation of antigen-specific responses; however, there is 

evidence that cytokine activation and memory T cells can play a role in anti-

tumor immunity in the absence of TCR engagement.  The next few sections will 

address the antigen independent activation of cellular immunity by cytokine 

stimulation. 

 

Interferons  

Interferons are a class of cytokines that are produced in response to viral 

infections, and play an important role in the modulation of the immune system.  

Interferons are separated into two classes.  Type I interferons include interferon-

α and interferon-β, both of which bind to the type I IFN receptor and mediate 

strong anti-viral responses.  IFN-α is produced by leukocytes, whereas IFN-β is 

predominantly produced by fibroblasts.  IFN-α also plays a crucial role in the 

expansion of memory T cells via bystander proliferation (129).  IFN-γ is the only 

member that binds to the type II IFN receptor, and is known mostly for its 

immunomodulatory effects, and is produced by activated T and NK cells (26, 27).  

The mechanisms by which interferons can mediate anti-tumor effects include: 

direct effects on tumor proliferation, the upregulation of major histocompatibility 

complexes (MHC) and tumor associated antigens, and the activation of immune 

components such as macrophages, NK cells and T cells (26, 27). 
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Interleukins and cancer immunotherapy 

Interleukin-2 (IL-2) is a common gamma chain cytokine produced by 

activated T cells which acts as a potent activator of T and NK cells.  IL-2 was the 

first cytokine observed to stimulate anti-tumor effects in vivo and received FDA 

approval for therapeutic use in the treatment of RCC in 1992 (26, 27).  As a 

single agent, IL-2 therapy induced responses in both melanoma and RCC 

patients (70); however, high dose IL-2 therapy is associated with severe dose 

limiting toxicities, which has limited it’s use (25, 70, 138, 139).  Combination 

therapy with IFN-α and IL-2 has been tried as a method to allow a reduction in 

the dose of both reagents, thus lowering toxicities, and allowing outpatient 

treatment regimens.  These treatment studies resulted in a 26% response rate in 

RCC, and demonstrated similar responses to high dose IL-2 therapy with a 

reduction in the resulting toxicities (25). 

The IL-2 Receptor is made up of three subunits: IL-2Rα (CD25), IL-2Rβ 

(CD122), and the common gamma chain receptor γc (CD132) (140).  The 

association of all three receptor subunits is required for signaling through the 

high affinity receptor, whereas the combination of CD122 and CD132 make up 

the intermediate affinity receptor.  CD25 does not possess a cytoplasmic tail, and 

therefore is incapable of signaling independently of CD122 and CD132.  

However, CD25 rapidly binds low levels of IL-2, which leads to further 

association with CD122 and CD132.  Upon receptor ligation, IL-2, CD122, and γc 
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are rapidly internalized and destined for lysosomal degradation, whereas CD25 is 

quickly recycled to the cell surface.  It has been suggested that CD25 has a very 

rapid association rate for IL-2, which when coupled with the slow dissociation 

rate of CD122, increases the opportunity for full CD25/CD122/CD132 complexes 

to form and prolonged signaling to occur (140, 141).  These receptors are 

differentially expressed on T cells depending on their activation status.  CD25 is 

rapidly, but transiently expressed on effector T cells after TCR engagement (140, 

142), whereas CD122 is expressed by memory T cells and CD132 is constitutively 

expressed by all T cells.  While CD25 traditionally requires TCR engagement for 

upregulation, CD122 and CD132 are both inducible by autocrine or paracrine IL-

2, which renders cells that constitutively express these receptors uniquely 

sensitive to the effects of this cytokine (140). 

IL-12 is a cytokine that has been examined for efficacy both as a single 

agent, and in combination with other cytokines.  IL-12 is produced by activated 

APC and has potent effects on T cells and NK cells.  IL-12 and IL-2 combination 

therapy induces the reciprocal activation of each cytokine’s receptors and can 

promote the activation of an antigen specific response.  IL-12 stimulation in 

combination with CD28 ligation has also been shown to induce IFN-g production 

by human T cells (143, 144).  IL-12 also synergizes with another common-

gamma chain cytokine in IL-15, and has been found to induced anti-tumor 

effects when used in combination with IL-18 as well (143, 145).   
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IL-15 is another common gamma chain cytokine that is crucial for the 

maintenance of T cell and NK cell populations and has been used in combination 

with an agonist CD40 antibody to mediate antitumor effects in murine models of 

colon cancer (146).  While IL-15 has demonstrated some efficacy in mouse 

models of cancer, its use as a single agent has been limited due to the fact that 

it must be crosslinked by the IL-15Rα on the surface of monocytes or dendritic 

cells and presented to T cells and NK cells.  In the absence of another stimulus 

to upregulate the expression of the IL-15Rα on antigen presenting cells, the 

long-term efficacy of IL-15 alone may be limited (146-148).  Newer studies are 

circumventing the need for APC expression of IL-15Rα by co-administering IL-15 

along with soluble IL- IL-15Rα to aid in crosslinking and presentation.  In these 

models, IL-15 has been shown to augment vaccine responses, improve immunity 

against some infections, and augment tumor death in a variety of mouse and 

primate tumor models (49, 149-152).  IL-15 has also been investigated as an 

alternative to IL-2 administration due to lower toxicities, and due to the fact that 

although IL-15 shares the IL-2Rβ and γc receptor, it does not signal through the 

IL-2Rα CD25, and therefore it does not induce the expansion of Tregs.   

IL-7 is another common gamma chain cytokine that is crucial for the 

generation of memory T cells.  IL-7 is required for the homeostatic proliferation 

of naïve T cells, and when used in combination with IL-6 has been shown to 

induce the antigen independent activation of CD8 T cells and augment their 

cytolytic and proliferative capabilities when later stimulated with antigen (153).   
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However, as a single agent, IL-7 has not been found to support the proliferation 

of naïve T cells following stimulation with anti-CD3 (153).  This is in contrast to 

IL-2 or IL-15, both of which support the robust proliferation after TCR 

engagement when used as single agents or in combination with IL-6 or IL-21 

(153).   

Dose-limiting toxicities are a common occurrence with singular cytokine and 

combination therapies.  The most common toxicity associated with cytokine 

immunotherapy is cytokine release syndrome.  It has been observed that 

treatment with a combination of IL-18 and IL-12 can result toxic levels of NK 

cell-produced IFN-gamma (143, 154).  The best documented cytokine 

immunotherapy associated toxicities are those induced by IL-2.  Systemic 

administration of high dose IL-2 has been associated with hypotension and 

vascular leak syndrome, both of which can contribute to multi-system organ 

failure (140, 155).  These effects have been observed to be dependent on the 

activation of neutrophils and NK cells, which can attack and compromise the 

integrity of vascular endothelium, thus leading to the extravasation of fluids into 

the lungs (155).  Based on these observations, combination therapies not only 

provide the best opportunity for therapeutic effects, but also allow for the dosing 

of both reagents to be decreased, thereby circumventing serious toxicities. 
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Anti-CD40 and Interleukin-2 Immunotherapy:  A model of cytokine 

activation in cancer 

CD40-CD40L interactions are crucial for the development of normal innate 

and adaptive immune responses.  CD40 is expressed predominantly on B cells 

and professional antigen presenting cells (APC) such as dendritic cells, and plays 

a major role in the survival, development, and activation of these cell types 

(156).  On APC, CD40 is expressed as a co-stimulatory molecule.  Upon the 

interactions between a T cell receptor and an MHC/antigen complex presented 

on the surface of an APC, CD40-CD40L binding acts to activate the T cell and 

induce cytokine secretion by the APC.  This interaction also occurs between T 

cells expressing CD40L and resting B cells, which express low levels of CD40, but 

which upon ligation become activated and enter the cell cycle (157).  CD40 is 

also expressed on monocytes.  Upon ligation of CD40, it has been found that 

macrophages can mediate T cell independent anti-tumor effects (158), and will 

increase their production of nitric oxide, thus leading to increased tumoricidal 

activity (159, 160). 

CD40 is crucical for the generation of normal B cells.  It has been 

observed that in the absence of CD40 signaling, there is a loss in memory B cell 

function, the formation of germinal centers, and an inability of immunoglobulins 

to isotype class switch (161).  In the absence of CD40 signaling in humans due 

to a mutation in the CD40L gene, X-linked hyper IgM syndrome results, which is 

characterized clinically by severe susceptibility to bacterial infections, increased 
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occurrence of carcinomas and lymphomas, and an over-abundance of IgM 

antibody (162, 163).  IgM accumulates due to the lack of CD40/CD154 signaling 

and the inability of B cells to immunoglobulin class switch. 

Many preclinical studies have adopted the use of agonist anti-CD40 

antibodies to simulate the interaction between CD40 and CD40L.  CD40 

stimulation has been investigated for use as an adjuvant in coordination with DC 

vaccines and cytokine therapies to generate antigen specific T cell responses 

(164).  In addition to these studies, an effective form of immunotherapy has 

been developed by combining CD40 stimulation via agonist antibodies, with the 

cytokine interleukin-2 (IL-2).  As independent agents, both of these treatments 

have proven beneficial for the treatment of renal cell carcinoma and melanoma 

(70, 165-167); however, it has become apparent that cytokines and receptor 

agonist antibodies work better when used in concert with each other, rather than 

independently(168-171).   

In previous studies, our laboratory used an agonist murine CD40 antibody, 

which when administered in combination with IL-2, resulted in synergistic anti-

tumor effects in an orthotopic model of renal cell carcinoma (168-171). We 

hypothesized that these anti-tumor responses were the result of the coordinated 

activation and maturation of antigen presenting cells, namely DCs by anti-CD40, 

and the induction of T cell proliferation and survival by IL-2.  We observed that 

stimulation with IL-2 or anti-CD40 alone resulted in moderate increases in 

survival, as well as T cell and DC proliferation, but only the combination therapy 
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resulted in optimal anti-tumor responses.  Studies using depleting antibodies, 

and knockout mice have shown that the anti-tumor effects generated with the 

combination therapy were CD8+ T cell mediated, and were dependent on the 

expression of Fas ligand and interferon gamma (IFNγ) (168, 169, 171).   

Interestingly, we later found that IFNγ, which is crucial for the 

development of primary anti-tumor effects after therapy, resulted in high levels 

of CD4+ T cell death.  It has been previously established that stimulation through 

CD40 can bypass the need for CD4+ T cell help in the generation of primary 

CD8+ T cell responses; however, it is widely accepted that CD4+ T cell help is 

crucial for the generation or maintenance of secondary CD8+ T cell memory 

responses (46-48, 88, 103, 172).  In our studies, we found that the IFNγ 

mediated death of CD4+ T cells after anti-CD40 and IL-2 immunotherapy resulted 

in the loss of subsequent secondary anti-tumor responses.  It is also interesting 

to note that the negative effects of anti-CD40/IL-2 on CD4+ T cells is not unique 

to this therapy, as we have also observed this phenomena in mice that received 

other immunotherapeutic regimens such as anti-CD40/IL-15, and CpG/IL-12 

(168). 

After the induction of strong immune activation, such as generated with 

anti-CD40/IL-2 immunotherapy, there are several inhibitory mechanisms that 

come into play to prevent undo damage to the host.  Another observation we 

have made with anti-CD40/IL-2 immunotherapy is a marked expansion in 

CD4+CD25+FoxP3+ regulatory T cells (Tregs) (168, 169).  It is interesting to note 
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that the cell death we observed in the conventional CD4+ T cell population was 

largely absent from the Treg population.  We found that this was due to the 

preferential upregulation of programmed death 1 (PD-1) on the surface of the 

conventional CD4+ T cells, which was not seen on the Treg cell population.  We 

hypothesized that the mechanisms of the IFNγ mediated CD4+ T cell loss after 

immunotherapy might be due to the upregulation of B7H-1 on the surface of 

various cells types, in coordination with the upregulation of PD-1 on the surface 

of the conventional CD4+ T cells (169). 

The effects of anti-CD40 and IL-2 are not limited to the generation of 

immune responses.  In contrast to our studies, Hamzah and colleagues utilized 

the expression of CD40 on endothelial cells as a target for the treatment of 

spontaneously arising islet cell carcinomas.  In a spin off of the combination 

therapy reported by our group, they created a fusion protein of an anti-CD40 

antibody and IL-2, which preferentially homed to the sites of tumor vasculature. 

The anti-tumor effects that resulted from treatment with the fusion protein were 

greater than those obtained with the unconjugated anti-CD40 antibody and IL-2 

(173).  In contrast to our studies, they concluded that the anti-tumor effects 

after intratumor injection of the fusion protein were due to the disruption of the 

vasculature, and were not immune mediated.  It is interesting to note that they 

did not see a loss of anti-tumor effects when mice were depleted of CD4+ and 

CD8+ T cells.  In fact, the abrogation of anti-tumor effects were seen when they 

treated tumors in mice whose endothelium lacked CD40 expression. In keeping 
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with the variable expression of CD40 on transformed cells, 

immunohistochemistry studies in these mice also showed that CD40 expression 

was only upregulated on the vascular endothelium of tumors, and was not 

observed on normal pancreatic parenchyma and endothelium.  This study 

demonstrates the versatile roles of cytokine immunotherapy, and suggests that 

use of these reagents may function beyond non-specific immune activation.   

Based on these studies, it is clear that the global activation of the immune 

system by high dose cytokine therapy results in both desired anti-tumor 

responses, as well as the activation of toxicities and regulatory mechanisms 

which might be deleterious to the generation of tumor immunity.  The following 

dissertation will examine primary CD8 T cells responses generated with anti-

CD40 and IL-2 immunotherapy.  While the majority of the data presented herein 

utilizes the combination of anti-CD40 and IL-2, it is important to note that other 

cytokine regimens have produced similar results ie: CPG/IL-12 and CD40/IL-15 

(168), and that we are using anti-CD40 and IL-2 as a model for strong systemic 

cytokine immunotherapy.  What is novel about these studies, is that they test the 

notion that antigen specificity is required for the generation of efficient anti-

tumor responses, and propose a new role for memory CD8 T cells in the 

development of tumor immunity. 
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Part One 

CD8 T cell responses following anti-CD40/IL-2 immunotherapy:   

The role of memory T cells 

Introduction 

CD40 is a member of the TNF receptor superfamily and is predominantly 

expressed on B cells and professional antigen presenting cells such as monocytes 

and dendritic cells (DC).  Upon engagement by its ligand (CD154), CD40 plays a 

major role in the survival, development, and activation of these cell types.  

Dendritic cell maturation via CD40 signaling has been found to be crucial for the 

generation of effective cytotoxic T lymphocyte responses, which has made CD40 

stimulation via CD154 or agonist antibodies an attractive target for 

immunotherapy.  Interleukin-2 (IL-2) is a cytokine that has been used clinically 

to augment immune mediated anti-tumor effects for the last 30 years.  Because 

of the role it plays in the augmentation, maintenance, and survival of T cell 

responses and its clinical use, IL-2 also made an attractive target for use in 

combination immunotherapy with anti-CD40.  Supplemental Figure 1 outlines the 

standard regimen of anti-CD40 and IL-2 used throughout the course of these 

studies.  The doses of both reagents were reduced in BALB/c mice due to 

toxicities observed in those mice at the higher dose that proved tolerable to 

C57BL/6 mice. 

We have previously shown that cytokine immunotherapy consisting of an 

agonist CD40 antibody in conjunction with IL-2 leads to synergistic anti-tumor 
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effects in a variety of tumor models (168-171).  These anti-tumor effects are 

CD8 T cell mediated and dependent upon the expression of FasL and the 

production of IFN-gamma (171).  The goal of this study was to examine the role 

of antigen specificity in the efficacy of anti-CD40 and IL-2 immunotherapy.  This 

therapy is characterized by a large expansion in CD8 T cells, an observation 

which has been made in both naïve and tumor bearing hosts.  In light of the 

massive expansion in CD8 T cells in the presence or absence of antigen, we 

hypothesized that the anti-tumor effects generated with this therapy are the 

result of the activation and augmented antigen independent lytic capabilities of 

CD8 T cells.   
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Results 

Anti-CD40 and IL-2 immunotherapy leads to CD8 dependent anti-

tumor responses in 3LL bearing C57BL/6 mice 

 Previous studies in our lab have shown that combined immunotherapy 

with anti-CD40 and IL-2 immunotherapy results in anti-tumor effects in IV and 

orthotopic models of Renal cell carcinoma in BALB/c mice.  These models were 

well established and through depletion studies, we had demonstrated that the 

anti-tumor effects generated with anti-CD40 and IL-2 immunotherapy were 

dependent on CD8 T cells, but were NK cell independent.  We observed that 

anti-CD40 and IL-2 immunotherapy was effective in mediating anti-tumor effects 

in a subcutaneous model of the 3LL Lewis lung carcinoma; however, we had not 

established if CD8 T cells were the primary mediators of these effects (Figure 

1a).  To determine this, we inoculated C57BL/6 with 2 x 106 3LL tumor cells 

subcutaneously in the right flank, monitored them for tumor engraftment, and 

then initiated immunotherapy.  As expected, we found that anti-CD40 and IL-2 

was able to cure 3LL bearing mice of their tumors (Figure 1a); however, when 

CD8 T cells were depleted at the initiation of immunotherapy, the anti-tumor 

effects were diminished (Figure 1b).  A possible explanation for the incomplete 

abrogation of anti-tumor effects following CD8 depletion with immunotherapy is 

that mice only received one administration of CD8 depleting antibody.  This was 

due to unforeseen toxicities which presented directly following treatment of the 

mice with the CD8 depleting antibody and anti-CD40 and IL-2, which prevented 
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further administration of the CD8 depleting antibody.  Despite the incomplete 

effects, these data suggest that CD8 T cells are the primary mediators of anti-

tumor effects against subcutaneous 3LL tumors following immunotherapy.  We 

did not perform depletion studies for NK cells in this study because previous 

studies by our laboratory observed that NK depletion during immunotherapy 

does not diminish, but in fact enhances anti-tumor effects after immunotherapy.  

Furthermore, the tumoricidal effects of NK cells are predominantly limited to the 

blood stream and are most effective against metastases and blood-borne tumors.  

As such, their contribution to any anti-tumor effects generated against this tumor 

were likely minimal.   

 

Memory CD8 T cells preferentially expand in response to 

immunotherapy 

 We originally hypothesized that combined anti-CD40 and IL-2 

immunotherapy was arming both the innate and the adaptive arms of the 

immune system by inducing dendritic cell maturation and stimulating T cell 

proliferation.  It was initially presumed that these responses would result in the 

expansion of CD8 T cells that were specific for unknown tumor antigens.  

Curiously, we observed a significant expansion of CD8 T cells after 

immunotherapy in naïve mice that had not received tumor (Figure 2).  We found 

that CD8 T cells begin to expand in the spleen and lymph nodes of non-tumor-

bearing mice as early as day 3 (Figure 2A,B) after the initiation of 
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immunotherapy, and that they continue to expand through days 5 (Figure 2C,D) 

and 11 (Figure 2E,F).   

Phenotypic analysis of CD8 T cells following immunotherapy determined 

that the majority of CD8 T cells following immunotherapy expressed CD44, 

indicating that they were of an effector or memory phenotype (Figure 3A-C).  

These effects were observed with both anti-CD40 and IL-2 immunotherapy 

(Figure 3B), as well as a IL-12 and IL-2 immunotherapy (Figure 3C).  Because 

CD44 is upregulated during homeostatic proliferation as well as during effector 

and memory T cell differentiation, it was not clear if the CD8 populations that 

were proliferating after immunotherapy were the result of the expansion of pre-

existing memory cells, or due to the conversion of naïve cells to an 

effector/memory phenotype.    

To examine the expansion of memory cells versus the conversion of naïve 

cells to a memory phenotype after immunotherapy, we treated thymectomized 

C57BL/6 mice, or unaltered C57BL/6 littermates with immunotherapy and 

harvested spleens on day 11 and day 42 after the initiation of treatment for 

phenotypic analysis.  The thymectomized mice allowed us to examine the effects 

of immunotherapy on naïve T cells in the absence of thymic output of new naïve 

T cells.  We observed that the number of naïve CD8 T cells remained static 11 

days after immunotherapy in both the thymectomized and unaltered mice 

(Supplemental Figure 2C).  Interestingly, the numbers of naïve cells increased 

slightly at day 42 in the unaltered mice, a likely product of thymic output, 
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whereas the number of naïve T cells in the thymectomized mice remained 

unchanged (Supplemental Figure 2D).  These data suggest that immunotherapy 

does not induce the expansion of naïve CD8 T cells.  We also found that found 

that effector/memory CD8 T cells from unaltered and thymectomized mice are 

expanded 11 days after immunotherapy (Supplemental Figure 2A).  Additionally, 

the effector/memory CD8 T cells from immunotherapy treated mice remain 

elevated 42 days after immunotherapy compared to control mice in both the 

unaltered and thymectomized mice (Supplemental Figure 2A,B).  However, the 

numbers of effector/memory CD8 T cells are greatly contracted compared to 

their levels at day 11 (Supplemental Figure 2A,B).  These data demonstrate that 

effector/memory CD8 T cells preferentially expand in response to 

immunotherapy, and remain expanded long after the cessation of therapy. 

In keeping with the observations from the thymectomy experiments, BrDU 

analysis of CD8 T cells from immunotherapy treated C57BL/6 mice showed that 

CD44hi CD8 T cells are proliferating after immunotherapy (Figure 3D-G).  These 

data support the evidence that the increased numbers of CD44hi CD8 T cells are 

due to the expansion of memory T cells, and not the conversion of naïve cells to 

an effector phenotype (Figure 3E).  Remarkably, these experiments were carried 

out in naïve mice in the absence of tumor or antigenic stimulation, which 

demonstrates the cytokine sensitivity of effector/memory CD8 T cells to cytokine 

stimulation. 
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Memory CD8 T cells are activated after immunotherapy but do not bear 

surface markers consistent with recent TCR engagement 

Once we had established that memory CD8 T cells were expanding after 

immunotherapy, we wanted to examine these cells for the expression of other 

activation molecules.  Further analysis determined that in addition to expressing 

high levels of CD44, these cells also demonstrated increased expression of 

memory, activation and effector molecules such as CD122, granzyme B, IFN-

gamma, Ly6C, and NKG2D (Figure 4).  Surprisingly, these cells did not show 

appreciable increases in the expression of CD69, PD-1, or CD25 (Figure 4).  The 

lack of PD-1 and CD25 upregulation following immunotherapy is particularly 

interesting, as this suggests that the activation of these cells has occurred in the 

absence of TCR ligation.  In addition to their presence in the spleen (Figure 4) 

and lymph nodes (data not shown), it is important to note that CD25low PD-1low 

CD8 T cells have also been observed within the tumors of orthotopic renal cell 

carcinoma (Renca) bearing mice following immunotherapy (Data not shown) 

(Wilkins et al, manuscript in preparation).  This is a tumor model in which 

cytokine immunotherapy with anti-CD40 and IL-2, as well as IL-12 and IL-2 has 

shown great efficacy in prolonging the life of tumor bearing mice, so the 

presence of these cells within tumors may be of significance to the therapeutic 

outcome of these therapies (143, 171, 174-177).   

To further interrogate the expression of CD25 and PD-1 under conditions 

of cytokine treatment versus TCR ligation, we performed in vitro experiments 
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where splenocytes were cultured with either high doses of IL-2, or with anti-CD3 

and anti-CD28 antibodies.  We found in these studies that high doses of IL-2 did 

not lead to appreciable increases in the surface expression of PD-1 or CD25 on 

CD8 T cells (Figure 5).  However, upon TCR ligation via anti-CD3 and so-

stimulation via anti-CD28, CD8 T cells significantly upregulate the expression of 

PD-1 and CD25, thus confirming that these surface molecules are good indicators 

for recent TCR stimulation (Figure 5) (178-180).   

Because CD25 is rapidly upregulated in response to TCR ligation, we 

questioned if the reason were not seeing CD25 expression on CD8 T cells 

following immunotherapy was due to the fact that we were looking too late after 

the initiation of immunotherapy (day 11).  To exclude this possibility, we treated 

naïve C57BL/6 mice with the standard regimen of anti-CD40 and IL-2 and looked 

for CD25 expression on CD8 and CD4 T cells on day 3 (Figure 6A,B) and day 5 

(Figure 6C,D) after the initiation of therapy.  We did not observe a significant 

increase in the expression of CD25 on CD8 T cells at these timepoints; however, 

we did notice a marked increase in CD25 expression on CD4 T cells.  We have 

published that this therapy results in a large expansion of regulatory T cells 

(Tregs) (169), so it is likely that the population of CD4 T cells expressing CD25 

are Tregs. 
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Immunotherapy increases the lytic capabilities of CD8 T cells against 

antigen-irrelevant tumor targets 

We next wanted to determine the functional capabilities of CD8 T cells 

following immunotherapy.  To examine the TCR-independent lytic capabilities of 

CD8 T cells following immunotherapy we treated C57BL/6 mice with the standard 

regimen of anti-CD40 and IL-2 immunotherapy, harvested and enriched CD8 T 

cells, then performed redirected lysis assays against P815 targets.  The 

redirected lysis assay allows for the assessment of the MHC-independent killing 

abilities of CD8 T cells through the crosslinking of their CD3-TCR complex with an 

anti-CD3 antibody bound to Fc receptor-bearing radiolabeled target cells (181).  

The lysis of target cells denotes the activation state and lytic capabilities of the 

CD8 T cells.  We found that following immunotherapy, CD8 T cells are capable of 

mediating the antigen independent lysis of tumor targets (Figure 7A).   

We also examined the lytic capabilities of CD8 T cells against allogeneic 

Renca tumor targets in a flow cytometry based assay.  Renca tumor targets were 

labeled with CFSE and co-cultured with CD8 T cells isolated from mice that had 

received either control treatment or immunotherapy.  We found that CD8 T cells 

isolated from immunotherapy treated mice were capable of decreasing the 

frequency of CFSE labeled tumor targets (Figure7B).  These data demonstrate 

that CD8 T cells are effective killers after immunotherapy and do not require TCR 

recognition of tumor targets to mediate cytolytic function in vitro. 
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Summary 

Collectively these data demonstrate that immunotherapy induces the 

expansion and activation of memory CD8 T cells.  We also show that memory 

CD8 T cells do not express CD25 or PD-1 following immunotherapy.  As we also 

demonstrate that TCR ligation leads to the upregulation of PD-1 and CD25 on 

CD8 T cells in vitro, these findings suggest that the CD8 T cell populations 

expanding after immunotherapy have not recently undergone TCR mediated 

activation.  Despite the lack of apparent TCR stimulation, CD8 T cells are 

effective killers of tumors in vivo, and of TCR irrelevant tumor targets in vitro 

following immunotherapy.  In light of these findings, we hypothesized that the 

anti-tumor effects generated by CD8 T cells following high dose cytokine 

immunotherapy are antigen independent, and not due to tumor recognition by 

antigen specific CD8 T cells.  The next series of studies sought to identify the 

role of antigen specificity in the antitumor effects generated after anti-CD40 and 

IL-2 immunotherapy. 
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Part Two 

CD8 T cell responses following anti-CD40/IL-2 immunotherapy:   

The role of antigen specificity 

Introduction 

OT-1 mice:  A model for examining antigen specific responses 

Based on the data presented in part one of this dissertation, we had 

reason to believe that antigen recognition of the tumor by TCRs on CD8 T cells 

following immunotherapy was not required for the generation of antitumor 

effects.  To examine this, we used OT-1 TCR transgenic mice in a variety of 

adoptive transfer and direct immunotherapy treatment scenarios.  OT-1 mice 

provide an excellent model with which to examine the expansion and effector 

function of antigen specific responses.  OT-1 mice are a strain of TCR transgenic 

mice that possess a TCR specific for chicken ovalbumin (OVA).  These mice have 

been backcrossed onto a C57BL/6 background, and were initially developed as a 

tool to examine positive selection within the thymus (182); however, due to their 

reactivity to a well characterized xeno-antigen, their use has been greatly 

expanded.  The TCR transgenes these mice express were derived from a CD8 T 

cell clone which expresses a TCR specific for OVA.  The T cell clone 149.42 

expresses the Valpha 2 and Vbeta 5 variable regions of the TCR and recognizes 

the SIINFEKL peptide of OVA presented within the context of the H2-Kb MHC I 

molecule (182-184).  To generate mice expressing the complete TCR, cDNA from 

the entire alpha chain of the CD8 T cell clone 149.42 was cloned in a pES4 
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expression vector and co-injected into blastocysts along with the genomic beta 

chain construct (pK5913.CB18.31).  The blastocysts were from F1 (B6 x bm1) 

mice.  Two founder lines, 253-2 and 243-2, were identified, and the 243-2 line 

was backcrossed onto a B6 background and submitted to the Jackson Laboratory 

mouse repository for distribution (182-186).  

 OT-1 mice are slightly lymphopoenic and possess some additional unique 

phenotypic qualities.  First, in the thymus there is a skewing of the CD4:CD8 T 

cell ratio in favor of CD8 T cells, all of which express high levels of the transgenic 

TCR.  While there is a two-fold increase in the number of CD8 T cells in the 

spleen and lymph nodes of these animals, there have been reports that 

demonstrate as much as a 7-fold reduction in the number of CD4 T cells 

observed in 9 week old OT-1 mice (183, 187).  Interestingly, during thymic 

positive selection, OT-1 T cells are positively selected by peptides other than the 

antigenic SIINFEKL OVA peptide to which they respond in the periphery, as it has 

been demonstrated by several groups that the stimulation of fetal thymic organ 

cultures from OT-1 mice with the SIINFEKL peptide results in the rapid deletion 

of double positive cells (183, 187).  However, due to their high affinity for 

SIINFEKL peptide presented within the context of H2-Kb, CD8 T cells from these 

mice proliferate vigorously in response to stimulation in the periphery and display 

strong cytolytic functions against ova-bearing target cells.   

The phenotypic and activation characteristics of OT-1 mice made them a 

good model for examining the effects of immunotherapy on antigen specific CD8 
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T cell responses.  In the following studies, we employed a variety of adoptive 

transfer and direct treatment regimens which allowed us to examine and 

compare the proliferative, phenotypic, and cytolytic capabilities of antigen 

specific CD8 T cells in both the presence and absence of antigen.   
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Results 

Adoptively transferred OT-1 memory CD8 T cells proliferate after anti-

CD40 and IL-2 immunotherapy 

It has been reported that approximately 90%-95% of the CD8 T cells in 

OT-1 mice on a C57BL/6 background express the transgenic TCR, and that these 

mice have a skewing of their CD4:CD8 T cell ratio, favoring the CD8 T cells (183, 

187).  To determine if our in-house bred OT-1 mice recapitulated these 

frequencies, we examined OT-1 and C57BL/6 littermates for their expression of 

the Valpha2 and Vbeta5.1/5.2 TCR subunits.  Indeed, we found that 

approximately 95-98% of the CD8 T cells in OT-1 mice possessed dual 

expression of the Valpha 2 and Vbeta 5.1/5.2 TCR compared to only 2-5% 

observed in wildtype C57BL/6 mice (Figure 8A,B).  Additionally, we observed that 

our in-house OT-1 mice possessed approximately 5-fold fewer CD4 T cells than 

CD8 T cells (Figure 8C). 

Once we had established a method for identifying OT-1 T cells and 

validated the phenotype of our colony, we next wanted to determine if 

immunotherapy could expand antigen specific T cells in the absence of ovq 

antigen.  To examine this, we performed adoptive transfer studies where we 

adoptively transferred 2.5 x 106 OT-1 lymph node cells into naive C57BL/6 hosts 

and then treated the recipients with control reagents, anti-CD40 and IL-2, or ova 

vaccination.  This regimen is outlined in supplemental figure 3.  The ova 

vaccinations consisted of the IP administration of ovalbumin emulsified in 
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incomplete freund’s adjuvant.  On day 11 after the initiation of therapy, spleens 

and lymph nodes were harvested and analyzed for the presence of CD8 T cells 

co-expressing the TCR antibodies for Valpha2, and Vbeta5.1/5.2. We found that 

immunotherapy results in the expansion of adoptively transferred OT-1 T cells in 

the spleens (Figure 9A) and lymph nodes (Figure 9B), even in the absence of ova 

vaccination (Figure 9).  We next wanted to determine if the memory subsets of 

the adoptively transferred OT-1 T cells expanded in response to immunotherapy, 

as we has previously observed in wildtype C57BL/6 mice (Figure 3).  

Approximately 25-30% of transgene positive CD8 T cells in control treated mice 

express CD44 (Figure 10A), so we expected to see an expansion of these cells 

after immunotherapy.  We found that the percentages and total numbers of 

adoptively transferred OT-1 CD8 T cells expressing CD44 increased following 

immunotherapy (Figure 10B,D,E).  As expected, we also saw a slight increase in 

the frequency, and significant increases in the total numbers of CD44hi OT-1 

CD8 T cells in the mice that received OVA vaccination (Figure 10C).  We 

concluded that the increases in CD44hi OT-1 T cells following immunotherapy 

were likely due to the expansion of memory CD8 T cells, whereas the increases 

in CD44hi T cells after ova vaccination were due to the conversion of naïve CD8 

T cells (CD44lo, CD62Lhi) to an effector phenotype (CD44hi, CD62Lhi) due to 

direct stimulation of the transgenic TCR with the OVA antigen.  In keeping with 

the observation that immunotherapy is inducing the expansion of memory T 
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cells, we also found that the adoptively transferred OT-1 CD8 T cells that are 

BrDU positive, are also predominantly of a CD44hi phenotype (Figure 11).   

 

Direct immunotherapy treatment of OT-1 mice induces the expansion 

of memory CD8 T cells, but not the upregulation of CD25  

We next wanted to determine if the direct treatment of OT-1 mice 

recapitulated the effect of immunotherapy on adoptively transferred CD8 T cells.  

We treated OT-1 mice with the standard C57BL/6 dose of anti-CD40 and IL-2 

and examined the memory expansion of transgene positive CD8 T cells following 

therapy.  This treatment regimen is outlined in supplemental figure 4.  We found 

that direct treatment with immunotherapy or ova vaccination increased the 

frequency of CD44hi transgene positive CD8 T cells (Figure 12B,C) compared to 

control.  The treatment of OT-1 mice with OVA vaccination provided a unique 

opportunity to directly examine the upregulation of CD25 in response to TCR 

engagement.  As we observed in C57BL/6 mice, immunotherapy treatment of 

OT-1 mice did not result in the upregulation of CD25 (Figure 13A,D) or PD-1 

(Figure 13C,E) on transgene positive CD8 T cells.  However, when we examined 

the blood of OT-1 mice that had been vaccinated with OVA, we saw an increase 

in the expression of CD25 by transgene positive CD8 T cells (Figure 13B,D).  PD-

1 levels were also elevated on splenic CD8 T cells following ova vaccination 

(Figure 13C,E). 
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We also performed in vitro studies to examine the role of TCR 

engagement on the upregulation of CD25 on OT-1 CD8 T cells.   OT-1 

splenocytes were cultured with either high doses of IL-2, or with anti-CD3 and 

anti-CD28 antibodies.  We found in these studies that high doses of IL-2 did not 

lead to appreciable increases in the surface expression of PD-1 or CD25 on  

transgene positive CD8 T cells (Figure 14).  However, upon TCR ligation via anti-

CD3 and co-stimulation via anti-CD28, the transgene positive CD8 T cells 

significantly upregulate the expression of PD-1 (Figure 14E) and CD25 (Figure 

14D).  These data once again demonstrate that CD25 and PD-1 are valid 

markers for examining the presence of TCR engagement on populations of CD8 

T cells (178-180).   

In light of the increased frequency of memory T cells in OT-1 mice after 

direct treatment with immunotherapy, and due to the fact that we had observed 

increased proliferation and elevated numbers of OT-1 T cells following adoptive 

transfer, we expected to see an increase in the number of transgene positive 

cells in the OT-1 mice following immunotherapy.  Surprisingly, this was not the 

case.  We did not see increases in the numbers of transgene positive CD8 T cells 

following immunotherapy (Figure 15).  Even more surprising, was the dramatic 

decrease in the number of transgene positive CD8 T cells we observed in the OT-

1 mice that received OVA vaccination alone (Figure 15).  Collectively these data 

demonstrate that OT-1 memory CD8 T cells expand in response to 

immunotherapy, however this expansion does not result in increased numbers of 
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transgene-bearing CD8 T cells.  As we demonstrated in Figure 8, OT-1 mice have 

a deficit in CD4 T cells.  It may be that there are too few CD4 T cells in OT-1 

mice to provide the cytokine help needed to generate proliferative responses to 

OVA vaccination.  Other possible explanations for the decreases in the numbers 

of CD8 T cells following the vaccination of OT-1 mice are presented in the 

discussion.   

 

OT-1 CD8 T cells display effector functions and TCR independent tumor 

killing after direct treatment with immunotherapy 

To further examine the role of antigen specificity in the anti-tumor effects 

generated after immunotherapy, we wanted to determine the functional 

capabilities of OT-1 CD8 T cells after immunotherapy.  To examine the lytic 

function of OT-1 CD8 T cells following immunotherapy, we used EL4 as TCR 

irrelevant targets and the EL4 ova transfected cell line, EG.7, as a positive 

control for TCR-mediated killing.  We observed that OVA vaccination resulted in 

the increased killing capacity of ova-expressing EG.7 targets cells, but not of the 

parental EL4 cell line.  This was expected, as we had already demonstrated that 

ova vaccination induces the expansion of OT-1 CD8 T cells and the upregulation 

of CD25 (Figures 12 and 13), both factors indicating that the cells were 

activated.  Remarkably, immunotherapy augmented the ability of OT-1 CD8 T 

cells to kill the parental EL-4 cell line (Figure 16A).  This was in addition to 

augmenting the lysis of the ova-expressing EG.7 line (Figure 16A).  These data 
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illustrate two important points; 1)  TCR tg T cells are activated by cytokine and 

become antigen independent killers, and 2)  Immunotherapy can augment 

antigen specific CD8 T cell responses in OT-1 mice despite the previously 

reported deleterious effects of immunotherapy on CD4 T cells, and the decreased 

CD4 cellularity in these mice.  This was demonstrated by the vigorous killing of 

the ova-bearing EG.7 cell line by OT-1 CD8 T cells following immunotherapy 

(Figure 16A). 

We also wanted to determine if OT-1 mice were capable of rejecting a 

tumor that did not express OVA in vivo.  We proposed that if immunotherapy 

augmented the antigen independent killing capabilities of CD8 T cells, we would 

see anti-tumor effects in TCR transgenic mice where the majority of CD8 T cells 

possessed TCRs specific for a peptide not expressed by the tumor.  For these 

studies, we subcutaneously inoculated OT-1 mice with 2x106 3LL cells in the 

right flank and initiated anti-CD40 and IL-2 immunotherapy 7 days later.  We 

observed a significant increase in the survival of immunotherapy treated OT-1 

mice compared to untreated controls (Figure 16B).  These studies provide a 

proof of principle that the activation of effector memory cells by strong cytokine 

stimulation can result in antigen-independent antitumor effects. 

 

Summary 

 OT-1 mice provided an excellent model with which to examine the effects 

of anti-CD40 and IL-2 immunotherapy on antigen specific CD8 T cell responses.  
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We found that the majority of CD8 T cells in OT-1 mice express the transgenic 

TCR (approx 95%), and that when treated with immunotherapy in either an 

adoptive transfer or direct treatment scenario, these cells adopted a memory 

phenotype.  As expected, adoptively transferred OT-1 CD8 T cells proliferated 

and expanded vigorously in response to immunotherapy, however we were 

surprised to find that these proliferative responses were not recapitulated in the 

direct treatment model.  While OVA vaccinated OT-1 CD8 T cells upregulated 

CD25, and there was an increase in the frequency of CD44hi T cells, the total 

numbers of CD8 T cells actually decreased after vaccination.  Possible 

mechanisms behind this cell loss are addressed later in the discussion.   

To determine if OT-1 T cells were capable of TCR-independent killing after 

immunotherapy, we examined the ex vivo killing of OVA expressing and TCR 

irrelevant tumors after immunotherapy, as well as the in vivo anti-tumor effects 

generated after immunotherapy.  We found that OT-1 CD8 T cells are capable of 

mediating tumor lysis in vitro and anti-tumor effects in vivo after 

immunotherapy.  Collectively, these data demonstrate that immunotherapy with 

anti-CD40 and IL-2 can induce TCR-independent activation and killing 

mechanisms in TCR transgenic T cells and support our hypothesis that the 

antitumor effects generated with this therapy are not antigen specific in nature.  

In light of these findings, we next wanted to determine a possible mechanism for 

tumor recognition by CD8 T cells following immunotherapy.  We selected NKG2D 
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as a possible candidate for these interactions.  These results are discussed in the 

next section. 
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 Part Three 

CD8 T cell responses following anti-CD40/IL-2 immunotherapy:   

The role of NKG2D in tumor recognition 

 

Introduction 

NKG2D: The merging of innate and adaptive immune function 

 NKG2D is a stimulatory immunoreceptor expressed by NK cells, 

activated CD8 T cells, and to a lesser extent on gamma-delta T cells and CD4 T 

cells (188).  NKG2D signaling plays a crucial role in the NK cell mediated 

antitiumor effects generated with IL-2 and IL-18 combination therapy (189), and 

it has been observed that NKG2D ligation on CD8 T cells can induce MHC-

unrestricted cytotoxicity after cytoking stimulation in vitro (82).  There are 

qualitative differences in NKG2D signaling between NK cells and CD8 T cells.  

While NKG2D signaling on NK cells can trigger immediate cytolytic activity, 

NKG2D ligation on CD8 T cells provides more of a co-stimulatory signal and acts 

to enhance proliferation and effector function. (80, 190, 191).   

 In humans, NKG2D ligation on CD8 T cells or NK cells triggers the DAP10 

adaptor molecule to signal the lipid kinase cascade. However, NKG2D signaling is 

more complex in the mouse where there are two isoforms of NKG2D that have 

been identified (NKG2DS and NKG2DL), both of which associate with both DAP10 

and DAP12 adaptor molecules. It was originally thought that DAP12 was only 

expressed by activated NK cells; however, subsequent studies found that 
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cytokine activated CD8 T cells upregulate the expression of DAP12.  Karimi and 

colleagues found that silencing DAP 12 in human cytokine activated CD8 T cells 

reduced their cytolytic abilities (82, 192, 193).  As DAP12 possesses an 

intracellular ITAM motif which can trigger protein tyrosine-kinase pathways, it 

stands to reason that loss of this pathway would have profound effects on the 

activity of CD8 T cells (82). 

 Traditionally, NKG2D ligands are not expressed on healthy tissues, but 

have been found to be upregulated on malignant tissues, tumor cell lines, virally 

infected cells, and upon engagement of the DNA-damage-response pathway 

(188, 190, 194-198).  NKG2D ligands in humans include the stress-inducible 

nonclassical MHC molecules, MICA and MICB, as well ULBP1, ULBP2, ULBP4, and 

ULBP4.  ULBP1 to 3 have been found to be expressed on malignant tissues (80, 

198).  In the mouse, the three families of NKG2D ligands include the Rae-1 

family of molecules (α, β, γ, δ), H60, and MULT1.  These ligands are also 

upregulated on malignant tissues and tumor lines (199).  

Because of the selective expression of NKG2D ligands on stressed and 

malignant cells, and because the activation of NKG2D on immune effector cells 

can elicit cytotoxic responses from CD8 T cells and NK cells, it has been 

proposed that NKG2D signaling may play a role in the generation of a variety of 

immune responses.  NKG2D interactions have been observed to have an impact 

on NK and CD8 T cell responses in the context of tumor immunity and 

immunoediting, autoimmunity, graft rejection, and viral immunity NKG2D (188, 
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196, 200, 201).  In light of the ability of NKG2D activation to induce MHC-

unrestricted CD8 T cell function, and the broad expression of NKG2D ligands on 

tumor cells, we considered NKG2D to be a likely mediator for the interactions 

between our immunotherapy expanded memory T cells and tumor cells.  Both 

tumor lines in which anti-CD40 and IL-2 have been used to good effect express 

high levels of the NKG2D ligand Rae-1 (189, 199), among others, so we decided 

to perform in vitro and in vivo studies to examine the role of NKG2D signaling in 

the antitumor effects generated by anti-CD40 and IL-2 immunotherapy. 
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Results 

Wildtype C57BL/6 and adoptively transferred OT-1 CD44hi CD8 T cells 

express NKG2D after immunotherapy or antigen stimulation 

Once we had established that cytokine activated CD8 T cells were capable 

of non-specific killing after immunotherapy, the question still remained of how 

these cells were recognizing tumor targets in vivo.   We turned to the lectin-like 

receptor, NKG2D, as a possible candidate.  NKG2D is expressed on NK cells as 

well as activated CD8 T cells, upon which it acts as a co-stimulatory molecule.  

NKG2D ligation on cytokine activated CD8 T cells has been found to mediate 

anti-viral immunity, as well as anti-tumor effects (188, 191, 196, 200).  Because 

a variety of NKG2D ligands are expressed on several tumor types, NKG2D is an 

attractive mechanism by which the immunotherapy expanded memory T cells 

may be recognizing tumor cells in the absence of TCR ligation. 

We first wanted to determine if NKG2D was upregulated on CD8 T cells in 

C57BL/6 mice following immunotherapy.  We found that NKG2D is upregulated 

exclusively on the CD44hi subset of CD8 T cells following immunotherapy (Figure 

17A-C), and that both the frequencies and numbers of NKG2D expressing 

NKG2D+ CD8 T cells increase following immunotherapy (Figure 17D,E).  NKG2D 

was also upregulated exclusively on the CD44hi subset of CD4 T cells after 

immunotherapy (Figure 17F,G and data not shown).  Subsequent studies 

performed in mice that received adoptively transferred OT-1 CD8 T cells yielded 

similar results.  We observed an increase in the frequency of NKG2D-expressing 
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CD44hi transgene positive CD8 T cells following immunotherapy (Figure 18B).  

Interestingly, we also observed a moderate increase in the frequency of NKG2D+ 

CD44hi transgene positive OT-1 CD8 T cells following OVA vaccination (Figure 

18C,D); however, the total number of NKG2D positive cells was much greater in 

the immunotherapy treated mice (Figure 18B,E).  These data support the notion 

that NKG2D acts in a co-stimulatory fashion on CD8 T cells after both cytokine 

and TCR mediated activation. 

 

Direct treatment of OT-1 mice results in an increase in the number of 

NKG2D positive CD8 T cells 

Because we had observed TCR-independent antitumor effects in OT-1 

mice against TCR irrelevant tumors in OT-1 mice, we wanted to determine if 

NKG2D was upregulated following direct treatment.  We observed the same 

phenomena after direct OT-1 treatment as seen after adoptive transfer and in 

wildtype mice.  Immuntherapy or OVA vaccination resulted in an increase in the 

frequencies of NKG2D positive CD8 T cells (Figure 19A,B).  As we observed in 

the adoptive transfer experiments, NKG2D expression increased after 

vaccination, however, the total number of NKG2D positive cells was higher in the 

immunotherapy treated group (Figure 19C).  These differences are likely due in 

part to the method of stimulation (TCR versus cytokine), as well as to the vast 

decrease in CD8 T cell cellularity we observed in OT-1 mice following OVA 

vaccination (Figure 15).   
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NKG2D blockade diminishes antitumor effects in vitro and in vivo 

 Renca tumor cells express high levels of the NKG2D ligand, Rae-1 gamma, 

which makes them an attractive target for NKG2D mediated recognition in vitro 

and in vivo (Figure 20A).  To examine a role for NKG2D in antitumor responses 

in vitro, we treated C57BL/6 mice with anti-CD40 and IL-2 and examined the 

ability of isolated CD8 T cells to lyse Renca tumor targets in the presence or 

absence of an NKG2D blocking antibody.  We observed a two-fold decrease in 

the lysis of Renca cells when NKG2D was blocked in vitro (Figure 20B).  To 

examine the role of NKG2D in antitumor responses in vivo, BALB/c mice were 

inoculated with subcutaneous Renca tumors and then treated with 

immunotherapy with or without the administration of an NKG2D blocking 

antibody.  The immunotherapy treated mice displayed complete tumor 

regression, whereas, the tumors in the group that received NKG2D blockade and 

immunotherapy did not regress (Figure 20C,D).  It is important to not that 

NKG2D blockade did not completely abrogate the anti-tumor responses after 

immunotherapy.  These data suggest that the TCR independent tumor 

recognition which occurs after immunotherapy is NKG2D assisted, but that there 

are likely other mechanisms contributing to tumor recognition and killing.   
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Summary 

 In this final section, we submit NKG2D as a possible mechanism by which 

CD8 T cells recognize tumor cells following immunotherapy.  We found that 

NKG2D is upregulated on CD8 T cells following immunotherapy in wildtype 

C57BL/6 mice, after OT-1 adoptive transfer, and after direct OT-1 treatment.  

We also observed an increase in NKG2D expression by OT-1 CD8 T cells 

following OVA vaccination, which suggests that NKG2D may have a function in 

the generation of antigen specific responses as well.  Final proof of the role of 

NKG2D in anti-tumor effects following immunotherapy is provided with the 

observation that NKG2D blockade reduces the lytic capability of CD8 T cells in 

vitro, and that NKG2D diminishes the antitumor effects generated against NKG2D 

ligand-bearing tumors in vivo.  
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Discussion  

Advantages of antigen-independent CD8 T cell activation 

To date, most immunotherapy regimens have focused on the 

development of antigen specific responses by CD8 T cells against known tumor 

antigens.  These methods are efficacious because they allow for the generation 

of targeted anti-tumor immunity and are less likely to cause damage to healthy 

tissues; however, these therapies are limited by our knowledge of tumor 

associated and tumor specific antigens.  Other challenges to antigen specific 

therapies include the phenomena of immunoediting, where the antigenicity of a 

tumor is shaped or edited based on the immune response generated against it.  

This principle has been found to apply to tumor antigen targeted immunity in the 

development of antigen loss variants which downregulate the expression of the 

targeted antigen in response to immune recognition (23).   While cytokine 

therapy increases the likelihood of toxicities due to the systemic administration, 

the generation of MHC-unrestricted killers may prove beneficial for the treatment 

of less antigenic tumors.  

Using a model of systemic cytokine immunotherapy, we observed that 

effector memory CD8 T cells expand in secondary lymphoid tissues, as well as 

within tumor tissues.    Remarkably, these cells do not express surface molecules 

that would denote recent TCR engagement, and are able to mediate the antigen-

independent lysis of tumor targets, regardless of their TCR specificity.  These 
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data suggest that under conditions that result in strong cytokine stimulation, 

tissue resident memory CD8 T cells are poised to function as innate effectors and 

contribute to tumor immunity, independent of their antigen specificity. 

The expansion and activation of memory cells via cytokine rather than 

TCR stimulation may give these cells a survival advantage in the context of 

tumor immunity.  PD-1 is a suppressive molecule that is upregulated on T cells 

following TCR ligation (168, 169, 202, 203) .  One of the ligands for PD-1, B7-H1 

(PDL-1) is upregulated on several tumors and is highly inducible by IFN-gamma 

(202, 203).  B7-H1 is one method by which tumor cells are thought to control 

immune responses within their microenvironment.  The ligation of PD-1 on the 

surface of tumor infiltrating T cells has been shown to induce anergy in those 

cells (204).  The cytokine driven memory cells that we describe here are not 

activated via their TCR, and therefore do not upregulate PD-1, thus leaving them 

less susceptible to the suppressive environments created by tumor cells.  This 

finding is significant in light of the high levels of IFN-g which are produced in 

response to these immunotherapies.   

 

The paradoxical effects of immunotherapy and vaccination on TCR 

transgenic T cells: Are OT-1 CD8 T cells helpless? 

 OT-1 mice provide an attractive model with which to examine the effects 

of anti-CD40 and IL-2 immunotherapy on antigen specific T cells.  Initial studies 

were performed which examined the expansion and function of OT-1 cells 
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following adoptive transfer.  However, when direct treatments were performed 

into OT-1 mice, we observed a surprising lack of CD8 T cell expansion.  This lack 

of expansion was surprising considering the fact that we had demonstrated that 

memory cells are the target population of this therapy, and that approximately 

15%-25% of OT-1 CD8 T cells possess a memory phenotype in resting animals.  

The lack of expansion following anti-CD40 and IL-2 was also of interest because 

these cells were functionally active following therapy as evidenced by their 

expression of CD44 and NKG2D as well as their cytolytic function against OVA-

bearing and antigen irrelevant tumors.   

We have developed two hypotheses to address the lack of expansion of 

OT-1 CD8 T cells after immunotherapy, as well as the dramatic loss of CD8 T 

cells following OVA vaccination:   

1. The “Helpless” Hypothesis:  OT-1 mice have been found to possess fewer 

CD4 T cells than wildtype B6 mice.  It may be that CD4 T cells are 

required for the expansion of CD8 T cells and to provide cytokine help, 

even in the presence of high levels of exogenous IL-2.  While it has been 

established that CD4 T cells are not necessary for the antitumor effects 

generated with this immunotherapy, studies are currently underway to 

determine if CD4 T cells are necessary for the expansion of CD8 T cells 

following immunotherapy.  Despite the decreased numbers of CD4 T cells 

in OT-1 mice, sufficient responses would still be expected after 

immunotherapy due to the fact that CD40 ligation can bypass the need for 
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CD4 T cell help in the generation of CD8 T cell responses.  However, 

antigen specific responses after vaccination may require more CD4 help 

than is possible, given the decreased numbers in these mice. 

2.   The Precursor Frequency Hypothesis:  This hypothesis likely explains the 

decreased number of CD8 T cells in the OT-1 mice following ova 

vaccination.  It has been demonstrated that the expansion of TCR 

transgenic cells can be hindered by the transfer of too many of those cells 

in adoptive transfer studies (205-207).  It is estimated that 1 in 100,000 

cells will be specific for a particular antigen (129).  In the case of 

transferring too many cells, or in the case of directly treating an OT-1 

mouse, those frequencies are excessively higher.  This puts these cells at 

a disadvantage due to excessive competition for antigen and cytokines.  It 

may be that the precursor frequency of ova-specific T cells is so high, that 

even in the case of anti-CD40 and IL-2, they are unable to proliferate.  

This lack of proliferation is significant despite the observation that CD8 T 

cells from OT-1 mice treated directly with either immunotherapy or 

antigen vaccination are active and are capable of effector function.  These 

data suggest that the activation threshold for cytolytic activity differs from 

that which is required to induce cell proliferation. 
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NKG2D, killing, and tumor recognition mechanisms 

We propose that immunotherapy activated CD8 T cells possess multiple 

killing and recognition mechanisms that are beneficial to the generation of 

immune responses against a variety of tumor types.  NKG2D has been found to 

play a role in the immunoediting of spontaneous tumor models where NKG2D 

ligand expression on spontaneous tumors was much higher in NKG2D knockout 

mice than in wildtype.  NKG2D blockade did not result in the complete 

abrogation of anti-tumor effects in vitro or in vivo, therefore, there are likely 

other recognition and killing mechanisms that these cells use to identify tumor 

targets.  Some of these may include LY49d, Fas-FasL interactions, and TRAIL 

receptor-TRAIL interactions.  The presence of other recognition mechanisms is 

also displayed by the direct OT-1 in vitro killing data.  The EL4 tumor line does 

not express any identifiable NKG2D ligands; therefore, other mechanisms were 

likely involved in the TCR-independent killing we observed in vitro after 

immunotherapy.  It would be of particular interest to examine these post-

immunotherapy cells for their expression of other NK cell activating and 

inhibitory receptors.  The NK cell activating receptor, Ly49D signals through the 

same DAP12/ITAM as NKG2D and is expressed by T cells in patients suffering 

from chronic inflammatory disorders and autoimmunity (208-210).  The 

triggering of transgene expressed Ly49D on cytokine activated CD8 T cells leads 

to T cell proliferation, IFN-g production, and cytolytic activity.  These effects 

were triggered by the ligation of Ly49D with an MHC-I ligand in the absence of 
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TCR engagement (210).  As such, Ly49D may play a supporting role in the 

antigen-independent recognition of tumor cells. 

The differences between mouse and human NKG2D expression are 

significant.  NKG2D has been found to be consitutively expressed on virtually all 

CD8 T cells in humans, whereas this expression is inducible on CD8 T cells in the 

mouse (211).  In the human scenario, this would leave any NKG2D ligand-

bearing tissue vulnerable to targeting by all CD8 T cells.  A recent study by 

Cerboni and colleagues has proposed a mechanism by which NKG2D mediated 

killing is regulated.  This study shows that antigen activated human CD4 and 

CD8 T cells upregulate the expression of the NKG2D ligands MICA and ULBP3, 

and that the expression of NKG2D ligands by CD4 T cells induces the 

downmodulation of NKG2D on CD8 T cells, thus effectively controlling the 

function of these cells (211).  A similar method of NKG2D modulation has been 

observed in several clinical tumor scenarios, where tumors have been found to 

shed soluble NKG2D ligands which effectively bind NKG2D expressed on T cells 

and NK cells and decrease their function (211-217).  It would be of interest to 

examine the expression of NKG2D ligands on CD4 and CD8 T cells following 

immunotherapy, as this may play a role in the diminution of the antigen-

independent immune responses generated with this therapy.   
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Personal perspectives and future directions 

 Are antigen specific responses really needed to combat cancer?  It is very 

likely that we are expanding both antigen specific and tumor antigen irrelevant T 

cell clones.  Kory Alderson and I proposed several times to perform a timing 

experiment to determine if the early pre-immunotherapy exposure to tumor 

antigens during tumor engraftment affected the nature of the response 

generated ie, antigen specific or not.  We proposed that the longer the period of 

antigenic exposure, the greater the opportunity there would be for the 

generation of antigen specific responses, and therefore, the greater the 

opportunity for these antigen specific T cells clones to expand in response to 

immunotherapy.  This theory is supported by the observation that short-term 

vaccination with a xeno-antigen bearing B16ova tumor followed by 40/2 

immunotherapy results in a loss of secondary responses.  We propose that the 

CD4 T cell disregulation that occurs as a result of immunotherapy had a greater 

impact in the B16ova model than in the orthotopic renca model because 

immunotherapy was initiated within 4 days of tumor injections.  This is in 

contrast to the orthotopic renca model, where mice were exposed to antigen for 

11 days before the initiation of therapy, thus allowing for the effective priming of 

antigen specific T cells before the initiation of immunotherapy and any 

deleterious effects on CD4 T cells could occur.  These data are supported by the 

secondary anti-tumor responses we observed in the orthotopic Renca model, but 

not in the B16ova model after immunotherapy.  Long term studies examining the 
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effects of this therapy on spontaneously arising tumors would be of interest and 

may give greater insight into the role of tumor antigen exposure in the types of 

primary and memory CD8 T cell responses generated with immunotherapy.  

These studies would also be more clinically relevant, as human tumors develop 

over long periods of time and in the presence of immune effectors that may or 

may not recognize tumor antigens.  

In a grander view of the implications of antigen independent immune 

activation, cytokine expanded CD8 memory T cells have an advantage over 

antigen specific responses because they don’t express high levels of the 

regulatory molecules that tumors can use to derail an immune response (ie PD-

1).  Additionally, because they are able to kill independently of any one particular 

antigen, they are less likely to affect the development of antigen loss variants.  

On the other hand, one can not ignore the very real toxicities and possibilities for 

autoimmunity that may arise from the antigen-independent polyclonal activation 

of memory T cells.  Anti-CD40 and IL-2 immunotherapy is associated with severe 

toxicities. Our group and others have shown that systemic administration of anti-

CD40 and IL-2 can result in dose limiting toxicities which include splenomegaly, 

the induction of pro-inflammatory cytokines such as TNFα, IFNγ, and IL-12, and 

the development of intestinal lesions (173, 218-220).  The intestinal effects of 

CD40 stimulation are such that an agonist CD40 mAb was recently used to 

simulate a model of wasting disease and colitis in immune deficient mice (221).   
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 While the acute toxicities observed after immunotherapy are severe, they 

generally regress quickly upon cessation of treatment.  We have unpublished 

data which shows that the NKG2D+ subset of CD8 T cells disappear within 8 days 

of cytokine withdrawal, thus suggesting that this subset of cytokine expanded 

memory T cells rapidly contract in the absence of continued cytokine support.  

This contraction may be the product of the preferential expression of the 

intermediate affinity IL-2 receptor, CD122, and not the high affinity IL-2 

receptor, CD25.  Additionally, the fact that many of the CD8 T cells possess an 

effector memory phenotype after immunotherapy may mark them for decreased 

longevity.  Effector memory cells are noted for their immediate effector functions 

upon re-stimulation; however, they are terminally differentiated and do not 

undergo successive rounds of proliferation as would be expected of central 

memory T cells.  Further study into the longevity and contraction of these cells is 

warranted in light of the toxicities observed with high dose cytokine 

immunotherapy.   

The phenomena of bystander proliferation is an example of cytokine 

sensitivity, in which memory T cells of a particular specificity can proliferate and 

gain effector function by responding to the cytokines produced by an immune 

response that is generated to another antigen.  In the present study, we 

demonstrate that memory CD8 T cells expand in response to strong cytokine 

immunotherapy.  We also show that memory CD8 T cells are able to mediate 
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anti-tumor effects after cytokine immunotherapy in an antigen and TCR-

independent manner, and that tumor recognition is NKG2D assisted.   

We have unpublished data which demonstrates that memory CD8 T cells 

upregulate NKG2D in the lungs of influenza infected mice, and that these cells 

are capable of killing in an antigen independent fashion.  These are tissue-

resident memory CD8 T cells and are not recruited from the draining mediastinal 

lymph nodes, distant lymph nodes, or spleen as we only see an expansion of 

these CD8 T cells in the lungs of infected mice.  These data, combined with the 

studies presented in this dissertation make a case that memory CD8 T cells may 

play a dual role in the periphery.  Their primary role is to lie in wait for a 

reencounter with their cognate antigen, but they can also act as a pool of 

“innate” effectors which respond to high cytokine milieus such as those 

generated in the case of cytokine immunotherapy, or during viral infections.  

Follow-up experiments are currently underway to further examine the role of 

pathogen-induced inflammation on the expansion of tissue-resident memory T 

cells in a systemic Listeria monocytogenes model. 

The exact killing mechanisms utilized by the expanded memory CD8 T 

cells have yet to be determined.  We found that CD8 T cells upregulate the 

expression of granzyme B following immunotherapy, and as perforin and 

granzyme release are the common mediators in short-term killing assays, these 

mechanisms likely played a role in our in vitro killing studies.  Early studies from 

our lab also demonstrated that IFN-gamma and Fas Ligand are necessary for the 
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antitumor responses generated against Renca (171).  It may be that the killing 

pathways utilized are determined by the nature of CD8 T cell response.  NKG2D 

signaling on CIK CD8 T cells has been found to exclusively trigger perforin-

dependent tumor killing, so this may be the dominant killing mechanism which 

occurs in the absence of TCR ligation, whereas TCR triggering induces killing 

through the Fas-FasL pathway.   

In summary, it is likely that both antigen specific and antigen independent 

responses are generated during anti-CD40 and IL-2 immunotherapy, and that 

the killing mechanisms involved are likely determined by the nature of the 

response ie: NKG2D/perforin-granzyme, or TCR/ Fas-FasL.  Due to its co-

stimulatory role in the event of TCR signaling, it is possible that NKG2D 

activation plays a role in both antigen dependent and antigen independent 

responses.  Further studies into the role of antigen and tumor timing before the 

administration of immunotherapy, and differences in killing mechanisms would 

be of great interest.   
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Figure 1.  Anti-CD40 and IL-2 immunotherapy prolongs the survival of 

tumor bearing mice in a CD8 T cell dependent manner.  A-B) C57BL/6 

mice were injected S.C. with 2x106 3LL tumor cells on Day 0.  On day 11 post 

tumor injection, mice were treated with the standard regimen of anti-CD40 and 

IL-2 or control reagents, and were monitored for survival. (B) In some groups, 

CD8 T cells were depleted by the administration of a CD8 T cell depleting 

antibody on the first day of immunotherapy treatment.  Data are representative 

of at least two independent experiments.  Data were plotted using the Kaplan-

Meier technique and statistics were generated by Log-rank test.   
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Figure 2.  Immunotherapy with anti-CD40 and IL-2 induces the 

expansion of CD8 T cells in the absence of tumor or exogenous antigen.  

Naïve C57BL/6 mice were treated with the standard immunotherapy regimen and 

A,C,E) spleens and B,D,F)  axillary, brachial, and inguinal lymph nodes were 

harvested on days A,B) 3, C,D) 5, and E,F) 11.  The frequency of CD8 T cells was 

determined by flow cytometry and total numbers were generated by applying the 

percent positive against the total cell number as determined with a coulter 

counter.  Data are representative of at least 3 independent experiments.  

Statistics were generated by Student’s t- test with Welch’s correction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 75

 

 



 76

Figure 3.  Memory CD8 T cells expand and proliferate after 

immunotherapy.  C57BL/6 mice received the standard regimen of anti-CD40 

and IL-2 (B,E), IL-12 and IL-2 (E,F), or rat IgG and PBS control treatments 

(A,D).  Mice were sacrificed on day 5 (C) or day 11 (A-B) and spleens cells were 

labeled for CD8, CD44, and CD62L and analyzed by flow cytometry.  Data were 

gated on CD8 T cells and are shown as CD44 plotted against CD62L (A-C).  (D-F) 

Mice were injected with 1mg BrDU IP on day 10, and harvested on day 11.  

Splenocytes were labeled for CD8, CD44, and BrDU incorporation and analyzed 

by flow cytometry.  Data were gated on CD8 T cells and dot plots show CD44 

populations plotted against BrDU.  F) BrDU incorporation is shown as an overlay 

of control versus immunotherapy treatment. G) Total number of BrDU positive 

CD8 T cells per spleen.  Statistics were generated by Student’s t-test.  Data are 

representative of at least three independent experiments. 
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Figure 4.  Phenotype of CD8 T cells following the standard regimen of 

anti-CD40 and IL-2 immunotherapy.  C57BL/6 mice were treated with the 

standard regimen of anti-CD40 and IL-2.  Spleens were harvested on day 11 post 

initiation of immunotherapy and CD8 T cells were analyzed for their expression 

of surface and activation molecules: A) LY6c, B) CD69, C) CD122, D) NKG2D, E) 

IFN-gamma, F) Granzyme B, G) PD-1 H) CD25.  (H) Another group of mice also 

received treatment with IL-12 and IL-2. 
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Figure 5.  TCR ligation with anti-CD3 and anti-CD28 upregulates the 

expression of CD25 and PD-1 on CD8 T cells in vitro. Spleens were 

harvested from naïve C57BL/6 mice, dissociated into single cell suspensions, and  

cultured with 1ug/ml anti-CD3 antibody and 5ug/ml anti-CD28 antibody (solid 

lines), 20,000 IU recombinant human IL-2 (dashed lines), or were left untreated 

(shaded) for 72 hours.  Cultures were then washed and CD8 T cells were labeled 

for their expression of CD25 and PD-1. 

A)  Forward scatter/ Side Scatter plot and gating scheme 

B)  CD8 T cell gating scheme 

C)  CD25 expression on CD8 T cells 

D)  PD-1 expression on CD8 T cells 
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Figure 6.  CD25 is expressed on CD4 T cells but not CD8 T cells early 

after immunotherapy.  C57BL/6 mice were treated with the standard regimen 

of anti-CD40 and IL-2 (blue dashed histograms) or (red shaded histograms) 

control treatments.  Spleens were harvested on days 3 and 5 post initiation of 

immunotherapy and CD4 and CD8 T cells were analyzed for their expression of 

CD25.  Data were gated on CD4 (B,D) or CD8 (A,C) T cells and CD25 expression 

is expressed as histograms. 
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Figure 7.  Splenocytes harvested from immunotherapy treated mice 

display increased antigen independent cyotoxicity .  (A) C57BL/6 mice 

were treated with anti-CD40 and IL-2 and harvested on day 11.  Spleens were 

dissociated into single cell suspensions and CD8 T cells were isolated with MACS 

columns and incubated with anti-CD3 bound, chromium-51 labeled P815 tumor 

target cells for 18 hours. Supernatants were removed, mixed 1:1 with 

scintillation fluid and analyzed by scintillation counter.  Statistics were generated 

by two way ANOVA with Bonferoni post test. (B)  C57BL/6 mice were treated 

with anti-CD40 and IL-2 and harvested on day 11.  Spleens were dissociated into 

single cell suspensions and CD8 T cells were isolated with MACS columns.  CD8 T 

cells were then cultured for 18 hours in the presence of CFSE labeled Renca 

tumor targets.  CFSE labeled cells were identified by flow cytometry, and the 

percentage of remaining Renca cells are reported here as a percentage of CFSE 

positive cells. Statistics were generated by Mann-Whitney test. 
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Figure 8. Gating Scheme and cellularities for OT-1 mice  Blood was 

collected from the tail vein of an (B) OT-1 mouse and a (A) transgene negative 

C57BL/6 littermate and CD8 T cells were analyzed for the expression of the V 

alpha 2 and V beta 5.1/5.2 T cell receptor subunits by flow cytometry. C) Spleens 

were collected from rIgG/PBS- treated control mice and labeled for CD4, CD8, 

and the expression of the V alpha 2 and V beta 5.1/5.2 T cell receptor subunits 

by flow cytometry.  The frequency of CD8 T cells was determined by flow 

cytometry and total numbers were generated by multiplying the percent positive 

against the total cell number as determined with a coulter counter.  Data are 

representative of at least 3 independent experiments.  Statistics were generated 

by one-way ANOVA with the Tukey post-test. 
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Figure 9.  Immunotherapy with anti-CD40 and IL-2 results in the 

expansion of OT-1 TCR Tg CD8+ T cells in the absence of antigen.  

C57BL/6 received an adoptive transfer of 2.5 x 106 OT-1 lymph node cells IV on 

day -4.  On day 0, mice received treatment with anti-CD40 and IL-2 or control 

reagents.  Spleens (A) and axillary, brachial, and inguinal Lymph nodes (B) were 

harvested 11 days after the initiation of treatments.  Statistics were generated by 

Student’s t -test with Welch’s correction and one-way ANOVA with the tukey 

post-test.  Data are representative of at least three independent experiments. 
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Figure 10.  Immunotherapy increases frequencies and numbers of 

CD44hi OT-1 CD8 T adoptively transferred cells.  C57BL/6 mice received an 

adoptive transfer of 2.5 x 106 OT-1 lymph node cells IV on day -4.  On day 0, 

mice received a vaccination with an emulsion of 500ug ovalbumin (OVA) in 200ul 

incomplete Freund’s adjuvant (IFA) IP (C), anti-CD40 and IL-2 (B), or control 

reagents (A).   Spleens were harvested 11 days after the initiation of treatments, 

and splenocytes were labeled for CD8, Valpha 2 TCR, Vbeta 5.1/5.2 TCR, CD62L, 

and CD44 expression and were analyzed by flow cytometry.  Data were gated on 

CD8 positive T cells, followed by gating on cells expressing both the Valpha 2 

and Vbeta 5.1/5.2 TCRs (data not shown).  Data are shown as CD44 populations 

plotted against CD62L.  Frequencies (D) and total numbers (E) of CD44hi OT-1 

CD8 T cells increase after immunotherapy.   Data are representative of at least 3 

independent experiments.  Statistics were generated by one-way ANOVA with 

the tukey post-test. 
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Figure 11.  Adoptively transferred CD44hi CD8 T cells proliferate in 

response to immunotherapy in the absence of antigen.  C57BL/6 mice 

received an adoptive transfer of 2.5 x 106 OT-1 lymph node cells IV on day -4 

and began treatment with the standard (B) anti-CD40 and IL-2 immunotherapy 

or (A) control regimen on day 0.  Mice were injected with 1mg BrDU IP on day 

10, and harvested on day 11.  Splenocytes were labeled for CD8, Valpha 2 TCR, 

Vbeta 5.1/5.2 TCR, and CD44 expression and BrDU incorporation and were 

analyzed by flow cytometry.  Data were gated on CD8 positive T cells, followed 

by gating on cells expressing both the Valpha 2 and  beta 5.1/5.2 TCRs (data not 

shown).  Data are shown as CD44 populations plotted against BrDU.  (C) BrDU 

incorporation is shown as an overlay of control versus immunotherapy treatment. 
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Figure 12.  Memory CD8 T cells from OT-1 mice expand after direct 

treatment with immunotherapy or vaccination.  On day 0, OT-1 mice 

received a vaccination with an emulsion of 500ug ovalbumin (OVA) in 200ul 

incomplete Freund’s adjuvant (IFA) IP (C), anti-CD40 and IL-2 (B), or control 

reagents (A).   Spleens were harvested 11 days after the initiation of treatments, 

and splenocytes were labeled for CD8, Valpha 2 TCR, Vbeta 5.1/5.2 TCR, CD62L, 

and CD44 expression and were analyzed by flow cytometry.  Data were gated on 

CD8 positive T cells, followed by gating on cells expressing both the Valpha 2 

and Vbeta 5.1/5.2 TCRs (data not shown).  Data are shown as CD44 populations 

plotted against CD62L (A-C).  Frequencies of CD44hi OT-1 CD8 T cells increase 

after immunotherapy (D).   Data are representative of at least 3 independent 

experiments.  Statistics were generated by one-way ANOVA with the tukey post-

test. 
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Figure 13.  OT-1 CD8 T cells upregulate CD25 and PD-1 in response to 

OVA vaccination but not immunotherapy in vivo.  (A) OT-1 mice received 

the standard regimen of anti-CD40 and IL-2 or rat IgG and PBS control 

treatments.  Mice were sacrificed on day 11 and spleens cells were labeled for 

CD8, Valpha 2, Vbeta 5.1/5.2, and CD25 and were analyzed by flow cytometry.  

(B) OT-1 mice were vaccinated with an emulsion of 500ug OVA in 200ul 

incomplete Freund’s adjuvant (IFA) IP and blood was collected from vaccinated 

mice and untreated control mice three days later and labeled for CD8, Valpha 2, 

Vbeta 5.1/5.2, and CD25. (C) OT-1 mice received a vaccination with an emulsion 

of 500ug OVA in 200ul incomplete Freund’s adjuvant (IFA) IP, or anti-CD40 and 

IL-2, or control reagents.   Spleens were harvested 11 days after the initiation of 

treatments, and splenocytes were labeled for CD8, Valpha 2 TCR, Vbeta 5.1/5.2 

TCR, and PD-1.  Data were gated on CD8 positive T cells, followed by gating on 

cells expressing both the Valpha 2 and Vbeta 5.1/5.2 TCRs (data not shown).  

The frequency of CD25+ (D) and PD-1+ (E) TCR transgenic CD8 T cells in OT-1 

mice following immunotherapy or OVA vaccination.  Data are representative of at 

least two independent experiments.  Statistics were generated by one-way 

ANOVA with the Tukey post-test. 
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Figure 14.  OT-1 CD8 T cells upregulate CD25 in response to OVA 

vaccination but not immunotherapy in vitro. Spleens were harvested from 

naïve OT-1 mice, dissociated into single cell suspensions, and  cultured with 

1ug/ml anti-CD3 antibody and 5ug/ml anti-CD28 antibody (solid lines), 20,000 IU 

recombinant human IL-2 (dashed lines), or were left untreated (shaded) for 72 

hours.  Cultures were then washed and CD8 T cells were labeled for their 

expression of CD25 and PD-1. 

A)  Forward scatter/ Side Scatter plot and gating scheme 

B)  CD8 T cell gating scheme 

C)  Valpha 2 and Vbeta 5.1/5.2 gating scheme 

D)  CD25 expression on CD8 T cells 

E)  PD-1 expression on CD8 T cells 
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Figure 15.  CD8 T cells do not expand when OT-1 mice are directly 

treated with immunotherapy or OVA vaccination.  On day 22, some mice 

received a vaccination with an emulsion of 500ug ovalbumin (OVA) in 200ul 

incomplete Freund’s adjuvant (IFA) IP.  On day 0, mice received a boost with 

500ug OVA, anti-CD40 and IL-2, or control reagents.  Spleens were harvested 11 

days after the initiation of treatments, and splenocytes were labeled for CD8, 

Valpha 2 TCR, and Vbeta 5.1/5.2 TCR and were analyzed by flow cytometry.  

Data were gated on CD8 positive T cells, followed by gating on cells expressing 

both the Valpha 2 and Vbeta 5.1/5.2 TCRs (data not shown).  Data are shown as  

the total number of Valpha 2 and Vbeta 5.1/5.2 positive CD8 T cells per spleen.  

Data are representative of at least 3 independent experiments.  Statistics were 

generated by one-way ANOVA with the tukey post-test. 
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Figure 16. OT-1 mice reject TCR irrelevant tumors after 

immunotherapy in vivo and in vitro.  (A) OT-1 mice were treated with anti-

CD40 and IL-2, control regimen, or were immunized with 100ug OVA emulsified 

in IFA and harvested on day 11.  Spleens were dissociated into a single cell 

suspension and incubated with chromium-51 labeled EG.7 (ova-EL4) or EL4 

tumor target cells for 4 hours. Supernatants were removed and analyzed on a 

gamma counter.  Data are presented as percent lysis at a 50:1 effector:target 

ratio.  Statistics were generated by one way ANOVA with Tukey post test.  (B) 

OT-1 mice were injected subcutaneously with 2x106 3LL tumor cells on Day 0.  

On day 7 post tumor injection, mice were treated with the BALB/c regimen of 

anti-CD40, and a reduced dose of 3x105 IU rhIL-2, or control reagents and were 

monitored for survival.  Data were plotted using the Kaplan-Meier technique and 

statistics were generated by Log-rank test.   
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Figure 17.  Immunotherapy increases the frequency and number of 

NKG2D+ CD8 T cells. C57BL/6 mice received the standard regimen of (B) anti-

CD40 and IL-2 or (A) rat IgG and PBS control treatments.  (A-C) Mice were 

sacrificed on day 11 and spleens cells were labeled for CD8, CD44, and NKG2D 

and analyzed by flow cytometry.  Data were gated on CD8 T cells and are shown 

as CD44 plotted against NKG2D.  (C) NKG2D expression is shown as an overlay 

of control versus immunotherapy treatment. (D) Frequencies and (E) total 

number of NKG2D+ CD8 T cells per spleen following control and immunotherapy 

treatment.  Statistics were generated by Mann-Whitney test (D) or Student’s t-

test (E). 
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Figure 18.  Immunotherapy and OVA vaccination results in increased 

frequencies and numbers of adoptively transferred NKG2D+ OT-1 CD8 T 

cells.  C57BL/6 received an adoptive transfer of 2.5 x 106 OT-1 lymph node cells 

IV on day -4.  On day 0, mice received (C) a vaccination with an emulsion of 

500ug ovalbumin (OVA) in 200ul incomplete Freund’s adjuvant (IFA) IP, (B) anti-

CD40 and IL-2, or (A) control reagents.   Spleens were harvested 11 days after 

the initiation of treatments, and plenocytes were labeled for CD8, Valpha 2 TCR, 

Vbeta 5.1/5.2 TCR, NKG2D, and CD44 expression and were analyzed by flow 

cytometry.  Data were gated on CD8 positive T cells, followed by gating on cells 

expressing both the Valpha 2 and Vbeta 5.1/5.2 TCRs (data not shown).  Data 

are shown as CD44 populations plotted against NKG2D. (D) Frequencies  and (E) 

total numbers of NKG2D+ VαVβ+ CD8 T cells following adoptive transfer and 

immunotherapy with or without OVA vaccination.  Data are representative of at 

least 3 independent experiments.  Statistics were generated by one-way ANOVA 

with the tukey post-test. 
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Figure 19.  The number and frequency of NKG2D+ TCR Tg CD8 T cells 

increases in OT-1 mice after direct immunotherapy treatment.  OT-1 

mice were treated with anti-CD40 and IL-2, control regimen, or were immunized 

with 100ug OVA emulsified in IFA  and harvested on day 11.  (A)  Spleen cells 

were labeled for CD8, Valpha 2, Vbeta 5.1/5.2, and NKG2D and were analyzed 

by flow cytometry (Shaded: control, Dashed blue: immunotherapy, Solid green: 

OVA vaccine).  The (B) frequencies and (C) total numbers of NKG2D+ TCR Tg T 

cells in OT-1 mice following direct control, OVA vaccination, or immunotherapy 

treatment.  Data are representative of at least 2 independent experiments.  

Statistics were generated by one-way ANOVA with the tukey post-test. 
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Figure 20.  CD8 T cells mediate anti-tumor effects in vitro and in vivo in 

an NKG2D assisted manner after immunotherapy. (A) Renca tumor cells 

were cultured in RF10C media, dissociated with collagenase, and labeled with an 

antibody against Rae-1γ. (B) C57BL/6 mice were treated with anti-CD40 and IL-2 

and harvested on day 11.  Spleens were dissociated into single cell suspensions 

and CD8 T cells were isolated with MACS columns.  CD8 T cells were then 

cultured for 4 hours in the presence of chromium-51 labeled Renca tumor targets 

with 20μg/mL anti-NKG2D blocking antibody or a hamster IgG control.  

Supernatants were removed, mixed 1:1 with scintillation fluid and analyzed on a 

scintillation counter. Statistics were generated by Student’s t  test with Welch’s 

correction.  (C-D) BALB/c mice were inoculated with 2x106 Renca tumor cells 

subcutaneously.  Anti-CD40 and IL-2 immunotherapy was initiated 7 days later 

with or without the administration of an NKG2D blocking antibody.  Tumor 

volumes were measured and mice were monitored for survival.  Statistics were 

generated by Student’s t -test with Welch’s correction (C) and two-way ANOVA 

with the Bonerfoni post-test.  Data are representative of at least two 

independent experiments. 
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Table 1.  Human Tumor Antigens 

Category Example Antigen Cancer Histology 

1. Oncofetal CEA Colorectal carcinoma 

2. Oncoviral HPV E6, E7 Cervical carcinoma 

3. Overexpressed/ 
    Accumulated 

Her2/neu 
Telomerase 

Multi 
Multi 

4. Cancer-testis MAGE family Multi 

5. Lineage Restricted Melan-A/MART-1 
Tyrosinase 

Prostate-specific 
antigen 

Melanoma 
Melanoma 
Prostate 

6. Mutated BCRA1/2 
BCR-Abl 
MART-2 

P53 
Ras 

Breast, ovarian carcinoma
CML 

Melanoma 
Multi 
Multi 

7. Posttranslationally 
    altered 

MUC1 Ductal carcinoma, RCC 

8. Idiotypic Ig, TCR B, T leukemia, lymphoma, 
myeloma 

Adapted from Principles of Cancer Biology by L.J. Kliensmith (223) and The 
Biology of Cancer by R.A. Weinberg (224). 
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Supplemental Figure 1.  Schema of the standard anti-CD40 and IL-2 

immunotherapy regimen.  Mice received 5 consecutive days of treatment with 

anti-CD40.  IL-2 was administered IP twice a day on days 2, 5, 8, and 11.  The 

dosing of anti-CD40 for C57BL/6 mice consisted of 80ug/0.2ml administered 

intraperitoneally (IP).  BALB/c mice received a reduced dose of anti-CD40 

consisting of 65ug/0.2ml IP.  The doses of IL-2 consisted of 106 IU for C57BL/6 

mice and 5x105 IU of recombinant human IL-2 administered IP.  Control mice 

received equivalent doses of rat gamma globulin in 0.2ml administered IP 

instead of anti-CD40, and 0.2ml of sterile PBS in place of IL-2. 
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Supplemental Figure 2.  Effector/Memory CD8 T cells expand in 

response to immunotherapy, but naïve CD8 T cells do not. 

Surgically thymectomized C57BL/6 mice or their unaltered littermates were 

treated with the standard anti-CD40 and IL-2 immunotherapy regimen and 

harvested 11 (A,C,) and 42 (B,D) days later.  The numbers of CD8 T cells with a 

naïve T cell phenotype (CD62Lhi CD44lo) or memory phenotype (CD44hi, CD62L 

hi/lo) were determined by flow cytometry. A) The number of effector/memory 

CD8 T cells per spleen on day 11. B) The number of effector/memory CD8 T cells 

per spleen on day 42.  C) The number of naïve CD8 T cells per spleen on day 11.  

D) The number of naïve CD8 T cells per spleen on day 42. 

(Adapted from Alderson et al. Manuscript in preparation) 
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Supplemental Figure 3.  Schema for OT-1 adoptive transfer 

experiments 

C57BL/6 mice received an adoptive transfer of 2.5 x 106 OT-1 lymph node cells 

IV on day -4 and began treatment with the standard anti-CD40 and IL-2 

immunotherapy or control regimen on day 0.  Spleens were harvested on day 11 

following immunotherapy and analyzed for phenotype and proliferation by BrDU 

incorporation. 
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Supplemental Figure 4.  Schema for the direct treatment of OT-1 mice.  

OT-1 mice received a vaccination with an emulsion of 500ug ovalbumin (OVA) in 

200ul incomplete Freund’s adjuvant (IFA) IP 22 days before the initiation of 

immunotherapy.  On day 0, mice received the standard C57BL/6 regimen of anti-

CD40 and IL-2, control treatments, a boost with 500ug of OVA IV, or an OVA 

boost combined with anti-CD40 and IL-2.  Spleens were harvested on day 11 

following immunotherapy and analyzed for phenotype and function by flow 

cytometry and killing assays. 
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Materials and Methods 

 

Mice 

Female C57BL/6 and BALB/c mice were purchased from the Animal Production 

Area of the National Cancer Institute (Frederick, MD). Male and Female OT-1 

(C57BL/6-Tg(TcraTcrb)1100Mjb/J) breeder pairs were purchased from the 

Jackson Laboratories (Bar Harbor, ME).  Wiltype B6 females were bred to 

hemizygous OT-1 males and offspring were tested for transgene expression by 

flow cytometry for dual expression of the Valpha 2 and Vbeta 5 TCRs.  TCR 

positive (experimental) and TCR negative (control) offspring with birthdates 

within two weeks of each other were consider age matched and were used 

together for experiments.  For some studies, male and female OT-1 mice and 

age matched C57BL/6 controls were purchased from Jackson Laboratories for 

direct use.  ThmX mice received a surgical thymectomy procedure by Charles 

River Laboratories at 6-8 weeks of age.  Mice were housed under specific 

pathogen free conditions at the University of Nevada, Reno, Laboratory Animal 

Research Facility, and were between 12 and 24 weeks of age at the initiation of 

each experiment.  All mouse experiments were performed with the consent and 

approval of the University of Nevada, Reno, Institutional Animal Care and Use 

Committee. 
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Cell Lines and Reagents 

Renca is a spontaneously originating renal adenocarcinoma line derived 

from BALB/c mice.   Renca were maintained in vitro in  RF10 complete media 

(RF10C), which consists of RPMI 1640 (Cambrex, Walkersville, MD) 

supplemented with 10% Fetal bovine serum (Gemini Bio-Products, Sacramento, 

CA), 2mM L-glutamine (Cambrex, Walkersville, MD), 1mM sodium pyruvate, 1X 

non-essential amino acids, 10mM Hepes buffer (Invitrogen, Grand Island, NY), 

50ug/mL penicillin/streptomycin (Mediatech, Herndon, VA), and 5 x 10-5M 2-

mercaptoethanol (Invitrogen, Grand Island, NY).  Renca was dissociated from 

flasks using Trypsin EDTA 1X (Mediatech, Herndon, VA).   3LL is a Lewis Lung 

carcinoma of C57BL/6 origin.  Culturing conditions for 3LL were identical to those 

used for Renca except DPBS without calcium and magnesium was used for 

dissociation instead of trypsin (Mediatech, Herndon, VA). P815, EL-4, and EG.7 

cell lines were also maintained in RF10 complete media.  EG.7 was supplemented 

with 0.1% G418 sulfate solution (Invitrogen, Carlsbad, CA). 

The anti-mouse CD40 antibody, clone FGK115 was generously donated by 

Bruce Blazar M.D. (University of Minnesota).  The subclone FGK115-B3 was 

kindly isolated by the laboratory of Thomas Kozel Ph.D (University of Nevada, 

Reno) and antibody was generated via ascites production in our laboratory, as 

previously described (222).  Total protein content was determined by 

spectrophotometry.  Antibody content was determined by rat IgG ELISA.  

Endotoxin content was tested by Limulus Amoebocyte Lysate (LAL) assay (QCL-
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1000) (Lonza, Basel, Switzerland).  The endotoxin levels between antibody lots 

ranged between 0.51 EU/mg of antibody and 10 EU/mg.  Rat gamma globulin 

was utilized as an antibody control for all assays and was purchased from 

Jackson Immunoresearch (West Grove, PA).  Recombinant human Interleukin-2 

(IL-2; TECIN. Teceleukin) was provided by the National Cancer Institute 

(Frederick, MD). Recombinant murine IL-12 was purchased from Peprotech 

(Rocky Hill, NJ). BrDU was purchased from BD Pharmingen (San Diego, CA) as 

part of a FITC BrDU labeling kit.  

Purified anti-mouse-CD3 (clone 145-2C11) and anti-mouse CD28 (clone 

37.51) antibodies were purchased from ebioscience (San Diego, CA) and used in 

vitro at concentrations of 1ug/ml and 5ug/ml, resectively.  The non-depleting 

NKG2D blocking antibody (Clone CX5) was a generous gift from Dr. Lewis Lanier 

of the University of California, San Francisco.  The CD8 depletion antibody (clone 

YTS169.4) was purchased as whole ascites from Taconic labs (Hudson, NY) 

 

Flow Cytometry  

Single cell suspensions of spleen and lymph node tissues were gently dissociated 

with 25G needles.  Cells were filtered through nylon mesh and washed two times 

in staining buffer before antibody labeling.  Staining buffer consisted of DPBS 

(Mediatech, Herndon, VA) with 1% FBS (Gemini Bio-products, Sacramento, CA) 

and 1% penicillin/streptomycin (Mediatech, Herndon, VA).  Cells were labeled 

with Fc Block and antibodies for 20 minutes, and then washed two times with 
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staining buffer before data acquisition on a three color FACScan flow cytometer 

using Cell Quest software (Becton Dickinson, San Jose, CA), a 5-color FC 

500/MPL (Beckman Coulter, Fullerton CA), or on a custom configured LSRII using 

the FACDiva software (Becton Dickinson, San Jose, CA). All data was analyzed 

using FlowJo software (Treestar, Ashland, OR). The laser and filter configurations 

for the custom LSRII flow cytometer are presented in addendums 2-5.  A list of 

antibodies, vendors, clones, and dilutions are included in addendum 1.  FITC 

BrDU staining kits were purchased from BD Pharmingen (San Diego, CA) and 

used according to manufacture’s instructions.  For intracellular cytokine staining, 

cells were stimulated for 4 hours in RF10 complete media supplemented with 

400ng/ml phorbol 12-myristate 13-acetat (PMA) (Fluka-Sigma, St. Louis, MO), 

1uM ionomycin calcium salt (Sigma, St. Louis, MO), and 1ug/ml Golgi plug (BD 

Pharmingen, San Diego, CA) before surface antibody labeling. IntraPrep Reagent 

kits (Beckman Coulter, Brea, CA) were used for the fixation and permabilization 

of cells, according to manufacturer’s instructions.   

 

Cell Preparations 

Single cell suspensions of spleen and lymph node tissues were gently dissociated 

with 25G needles.  Cells were filtered through nylon mesh and washed two times 

in staining buffer and were resuspended in RF10C media or staining buffer.  Red 

blood cells were lysed with zap-oglobin II lytic reagent (Beckman Coulter, Brea, 

CA) and total tissue cell counts were determined on a Coulter Z1 particle counter 
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(Coulter Electronics, Arlington, TX).  Blood was collected in BD Micro-fine tubes 

containing EDTA (Bedford, MA).  Red blood cells were lysed in blood samples 

with FACSLyse (BD Biosciences, San Jose, CA). 

 

Redirected lysis assay 

Spleens were harvested from C57BL/6 mice 5 days after the initiation of 

immunotherapy.  CD8 T cells were enriched with MACS column according to 

manufacturer’s instructions (Miltenyi, Auburn, CA) and were serial diluted in 96 

well plates in RF10C media.  P815 mastocytoma cells were labeled with 100uCi 

Cr-51 (NEZ030S, Perkin Elmer, Waltham, MA) per 106 cells for 1 hour, washed 

twice with 50ml DPBS and resuspended in RF10C.  P815 tumor cells were then 

incubated for 30 minutes with 10ug/ml anti-CD3 antibody (clone 2C11, 

ebioscience, San Diego, CA).  10,000 P815 target cells were added per well and 

assays were incubated at 37C for 4 hours.  Plates were centrifuged at 1000 RPM 

for 5 minutes and supernatants were removed and mixed 1:1 with scintillation 

fluid and analyzed on a Wallac scintillation counter (Wallac, Turku, Finland). 

Specific release was calculated as: 

Percent lysis = Experimental - Spontaneous x 100%
    Total - Spontaneous 
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CFSE cytotoxicity assay 

Renca was dissociated from flasks using Trypsin EDTA 1X (Mediatech, Herndon, 

VA), washed twice in DPBS, and resuspended in 5uM Vybrant CFDA SE Cell 

tracter reagent (Invitrogen, Eugene, OR) and incubated for 10 minutes at 37C.  

Cells were washed once, resuspended in 20ml DPBS and allowed to purge for an 

additional 10 minutes at room temperature.  50,000 Cells were then added to 

5ml tubes and co-incubated with various concentrations of splenocytes harvested 

from immunotherapy and control treated mice.  Tubes were incubated overnight 

and CFSE positive cells were analyzed by flow cytometry. 

 

OVA Vaccinantion 

Ovalbumin (Sigma, St. Louis, MO) was diluted at a concentration of 5mg/ml in 

DPBS (Mediatech, Herndon, VA).  Appropriate concentrations of Ovalbumin were 

subjected to water into oil emulsification with a 1:1 ratio of ovalbumin to 

incomplete Freund’s adjuvant (Sigma, St. Louis, MO).  Emulsification was 

performed with glass syringes and 47.6mm micro-emulsifying needles (Fisher 

Scientific, Pittsburgh, PA).  Emulsifications were immediately injected IP into 

recipient mice. 

 

Treatment Protocols 

C57BL/6 mice were treated with 80ug anti-CD40 antibody for 5 consecutive days.  

1x106 IU recombinant human IL-2 was administered BID on days 2, 5, 8, and 11.  
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BALB/c mice received the same timed regimen, except the doses of anti-CD40 

were lowered to 65ug, and 500,000 IU IL-2 was administered.  Administration of 

IL-2 and CD40 was separated by a minimum of 4 hours, and a maximum of 20 

hours to prevent toxicities.  In experiments where IL-12 was used as an 

alternative to anti-CD40, 0.5ug recombinant murine IL-12 was administered 

during 5 consecutive days.  1x106 IU of IL-2 were administered in the IL-12 

studies at the same time as given in the anti-CD40/IL-2 regimen. In experiments 

involving BrDU staining, 1mg/0.2ml of BrDU was injected IP one day before 

harvest.  For in vivo depletion studies, 50ug/0.2ml anti-NKG2D (clone CX5) 

antibody was injected intratumorally concurrent with anti-CD40 and IL-2 therapy 

(days 1-5, 8, and 11).  For CD8 T cell depletions, one IP injection of 300ug/0.2ml 

was given on the first day of immunotherapy treatment. 

 

Statistics. Statistical analysis was performed using Prism software (Graphpad 

Software Inc.) Analysis of percentages with two test groups was performed with 

the Mann-Whitney analysis.  For analysis of three or more groups, the non-

parametric ANOVA test was utilized with the Bonferroni or Tukey post-tests.  

Analysis of cell numbers between two test groups was performed using Student’s 

t-test.  Welch’s correction was applied to Student’s t-test data sets with 

significant differences in variance. Survival data were analyzed by Log Rank Test. 

Data were tested for normality and variance, a p-value of <0.05 was considered 

significant.  * <0.05, **<0.01, ***<0.001. 
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Flow Cytometry antibodies, and LSRII laser and filter configurations 

Reagent Supplier Isotype Clone 
Dilution 

(10ul/tube)
          
FITC-anti-mouse TCR Vbeta 
5.1/5.2 BD PharMingen M IgG1 K MR9-4 20 
PE-anti-mouse TCR Valpha 2 eBioscience R IgG2a  B20.1 16 
AF700-anti-mouse CD4 BioLegend R IgG2b K GK1.5 80 
Pacific Orange-anti-mouse CD8a Invitrogen R IgG2b 5H10 4 
FITC-anti-mouse CD8a  eBioscience R IgG2a k 53-6.7 40 
anti-mouse CD16/32  eBioscience R-IgG2b k 93 20 
PE-anti-mouse CD25  eBioscience R IgG1 L PC61.5 32 
PE-Cy5-anti-mouse CD25  eBioscience R IgG1 L PC61.5 16 
FITC-anti-mouse CD27 eBioscience H IgG LG.7F9 40 
APC-anti-mouse/human CD44  eBioscience R IgG2b k IM7 64 
PC7-anti-mouse/human CD44  eBioscience R IgG2b k IM7 32 
Pacific Blue-anti-mouse CD45 BioLegend R-IgG2b k 30-F11 40 
PC7-anti-mouse-CD62L  eBioscience R IgG2a k MEL-14 128 
FITC-anti-mouse CD69 eBioscience H IgG H1.2F3 20 
Biotin-anti-mouse CD122  eBioscience R IgG2a K 5H4 40 
PE-anti-mouse PD-1  eBioscience Ar H IgG J43 32 
Biotin-anti-mouse PD-1  eBioscience H IgG J43 20 
FITC-anti-mouse Ly-6C PharMingen R IgM K AL-21 32 
PE-Isotype control for a-GZMB Invitrogen M IgG1   2 
PE-anti-Granzyme B  Invitrogen M IgG1 GB12 2 
AF647-Rat-IgG1 k (Ctrl for IFNg) eBioscience R-IgG1 k eBRG1 16 
AF647-anti-mouse IFNg eBioscience R IgG1 k XMG1.2 16 
PC7-anti-mouse NKG2D   eBioscience R IgG1 K CX5 8 
PE-anti-mouse NKG2D  eBioscience R IgG1 K CX5 8 
APC-Cy7-Streptavidin eBioscience     16 

IntraPrep Reagent kit 150 tests  
Beckman-
Coulter       
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