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ABSTRACT 

 
 
 

Jennifer S. Pressley 
 
 

(ABSTRACT) 
 
 
 

Tumors evade immune system tumor-controlling functions. T cells critical to 
antitumor immunity are tolerogenic in tumor-burdened animals, and fail to lyse 
neoplastic cells.  Our goal was to investigate the kinetics of immune dysfunction related 
to tumor-burdened host (TBH) memory T cell responses (or the lack thereof).  We 
demonstrate tumor growth impairs T cell activation by modulating CD4+ T cell infiltration 
and systemic CD44 and CD62L activation marker expression, and by downregulating 
TBH TH1 cytokine production by splenic CD4+ T cells.  Since chemotherapeutic 
treatments have potent cytostatic effects, we posited they enhance T cell 
dysfunctionality; which leads to limited therapeutic efficacy.  Paclitaxel is a potent 
chemotherapeutic agent currently being administered in Stage III clinical trials; however, 
it reduces T cell proliferative capacity and interferon-γ (IFN-γ) production.  In contrast, 
our data suggest that administration of low dose paclitaxel prolongs adaptive immunity 
in a limited capacity. We show paclitaxel enhances CD4highCD62Llow cell populations 
that drive TH1 cytokine production and prolongs the production of interleukin-2 (IL-2) in 
TBHs.  We hypothesize that the initiation and maintenance of activated TH1 cell 
populations in patients during therapy serves as a reliable prognostic indicator of a 
favorable therapeutic response.  Paclitaxel’s limited therapeutic effects are due, in part, 
to its suppression of T cell activities; but the administration of low dose chemotherapy in 
combination with immunotherapeutic agents temporally takes advantage of paclitaxel’s 
immunostimulatory capabilities.  Our work will enhance current understanding of 
immune dysregulation during cancer development, and promote advances in the 
monitoring and development of combinatorial cancer treatments. 
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INTRODUCTION 

 

The objective of my study was to quantitatively and qualitatively characterize the 

magnitude and functional activity of the adaptive immune response to Meth-KDE, a 

methycholanthrene-induced nonmetastatic fibrosarcoma. Our laboratory group has 

published studies defining mechanisms by which tumor cells and tumor-induced 

macrophages (Mφs) mediate immunosuppression (10, 12, 270, 271, 274, 275).  

However, little is known about how interactions between tumor cells and antigen- 

presenting cells (APCs) drive misdirected T cell responses.  Indeed, our long-term 

research objective is to understand the cellular and molecular events involved in tumor-

induced T cell dysfunction.  By defining tumor-compromised cellular immune 

mechanisms, measures may be taken to counteract defects and restore cell-mediated 

immunity. 

  

 Adoptive immunotherapy with sensitized T cells is effective in various murine 

tumor models (170, 216, 399) and has led to objective responses in patients with 

advanced malignancies (170, 253, 287, 364).  However, only a small fraction of patients 

respond to this type of immunotherapeutic approach, and many questions remain as to 

what determines the success of adoptive T cell transfers and other therapeutic 

modalities in the clinic (253).  The limited number of positive therapeutic responses has 

provided an impetus to study critical requirements of T cell-mediated immunity.  The 

generation of a protective T cell response is the result of complex interactions between 

cytokines and costimulatory molecules that are produced in activated T cell populations; 
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and the kinetics of how these events are suppressed in the tumor-burdened host (TBH) 

are unknown.   Understanding the events that influence the initial generation and the 

expansion of effector and memory cell populations and their maintenance systemically 

(and in the tumor microenvironment) is critical for the rationale design of 

immunotherapeutic vaccination regimens.   

 

A number of studies, both in our laboratory (101, 271, 272, 275) and others (268, 

284, 293, 375), have defined the role of activated Mφs in host defenses against tumor.  

Mφ activation is regulated by both inductive and suppressive signals, and is suppressed 

in the tumor microenvironment.  Mφs also play key roles in T cell response 

development.  For example, Mφs must express MHC class II molecules to present 

antigen to naive T cells.  These molecules are expressed at low levels on unstimulated 

Mφ populations but are highly expressed on primed Mφs (206).   Since Mφ antitumor 

activities are suppressed in Meth-KDE TBHs, this led us to posit that T cell activation 

and cytokine production may be inhibited in a similar manner.  In addition, we sought to 

define the kinetics of T cell suppression in TBHs – since little work has been done to 

evaluate the mechanism by which tumor proximal (TP; or cells closest to the tumor) and 

tumor distal (TD; or cells distant from the tumor) T cell activity is downregulated. 

 

This study sought to better understand and characterize T cell 

immunosuppression in Meth-KDE TBHs.   We tested the hypothesis that tumor growth 

disrupts T cell activation and functional capacity; and that the most effective therapeutic 
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regimens act to restore T cell responses.  We propose tumors actively suppress T cell 

function by altering the: 

 

1. expression of  activation markers (CD44, CD62L) that direct TP T cells to tumor sites 

and induce their differentiation, 

2. immunostimulatory cytokine production (IFN-γ, IL-2) by memory T cells, and 

3. phenotypes of T cells that infiltrate the tumor microenvironment. 

 

The current study sought to address each individual component of our hypothesis 

more specifically: 

 

• Is T cell activation dysregulated in Meth-KDE TBHs? CD8+ T cell defects are 

frequently reported in cancer patients (63), and CD4+ T cell help is necessary for 

the initiation of CD8+ effector antitumor immune responses.  Since T cell 

activation is critical for proper memory and effector T cell development, we 

assessed the expression of CD4, CD44, and CD62L on systemic and tumor-

infiltrating lymphocytes (TILs). 

 

• Are T cells increasingly skewed away from protective TH1 phenotypes towards 

nonproductive immunity?  Since we posited T cell activation is disrupted in 

response to tumor, we suggested CD4+ T cell cytokine production may drive T 

cells towards misguided phenotypes.  An explanation for dysfunctional immune 

responses in TBHs may be a lack of or misdirection of helper immunity. For 
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example, tumors may suppress the secretion of effector cytokines such as IFN-γ 

and IL-2 that promote the proliferation and differentiation of cytotoxic T 

lymphocytes (CTLs). We used cytokine arrays and ELISAs to evaluate CD4+ T 

cell secretion of key inflammatory and TH1/TH2 cytokines and chemokines. 

 

• Does effective immunotherapy restore TBH T cell response capacity? To 

determine whether optimal antitumor vaccinations rely on the restoration of T cell 

immunity, we investigated mechanisms by which immunotherapeutic vaccine 

regimens overcome immune escape by tumors.  We evaluated T cell responses 

in paclitaxel-treated and paclitaxel + delayed IL-12-treated TBHs.    

 

Data from these studies suggest that T cell activation is compromised in response to 

tumor, but T cell activation does occur in TBHs, although responses are generated at 

“terminal” timepoints. A boost in T cell activation and TH1 cytokine production occurs in 

response to various therapeutic modalities — and may serve as a reliable prognostic 

indicator in the clinic.   This work provides important insight into the kinetics of systemic 

and in situ CD4, CD44, and CD62L T cell activation marker expression and TH1/TH2 

cytokine production throughout the course of tumor development, and suggests 

antitumor T cell immunity may be boosted by immunotherapeutic treatments. This has 

important implications for current immunotherapy protocols, since our data support the 

theory that immune responses do occur in cancer patients. 
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This thesis is divided into five sections.  The first section is a review of relevant 

literature.  The second, third, and fourth sections contain findings and provide data that 

support the theory that tumors antagonize TBH TH1 responses via the disruption of 

memory cell phenotypes and cytokine production.  The Conclusions section offers a 

summary of the results described in the second, third, and fourth sections.  Finally, a 

model of tumor-induced T cell dysfunction is presented.  Possible avenues for future 

investigation are also addressed. 
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LITERATURE REVIEW 

 

The literature review is composed of four subsections. The Dynamics of an Antitumor 

Immune Response details how the immune system responds to cancer via multiple cell 

types (see Profile of the Role of Immune Cells in the Tumor Microenvironment), 

including T cells and macrophages (Mφs), and how these cell populations are altered in 

tumor-burdened hosts (TBHs). The Roles of T cell Activation and TH1/TH2 Responses in 

Tumor Immunity reviews the initiation of T cell-mediated immunity in tumor responses, 

and the potential role of TH1/TH2 polarization in tumor development.  The Cytokines and 

Chemokines section discusses how these molecules serve to both promote and 

antagonize the development of neoplastic cells.  Finally, Immunotherapy:  Past, 

Present, and Future Directions details current cancer treatment options and how the 

immune system is being exploited in the fight against cancer. 

 

I.  The Dynamics of an Antitumor Immune Response 

 

Origins of Neoplastic Cells and the Role of the Immune System in Cancer Progression 

 

Cancer is a popular term for malignant neoplasms, or any new, uncontrolled, abnormal 

growth.  Benign tumors fail to progress beyond their point of origin and can be removed 

surgically, while malignant cancer cells invade tumor-distal sites through attachment 

during leukocyte rolling and the expression of adhesion molecules.  Cancer 
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encompasses a group of diseases occurring in all human and animal populations and 

arising in tissues composed of potentially dividing cells.  The common characteristic of 

the various types of cancer is the transmissable abnormality of cells.  Neoplastic cells 

do not control their proliferative capacity or function, leading to adverse affects on the 

host.  The adverse affects of these cell populations are multiplied when tumor 

angiogenesis, the induction and maintenance of a new blood supply by tumors (113), 

allows malignancies to disseminate throughout the body where they form tumors at 

secondary sites. Eventually, widespread growth and dissemination of abnormally 

functioning cancer cells leads to organ failure, destroys normal cells, and can lead to 

death if left unchecked. 

 

According to Nowell’s Law (290) and a classic description by Hanahan and 

Weinberg (148), neoplastic cells are overgrowths of cells bearing cumulative genetic 

injuries, each of which confers to the cells growth advantages over its neighbors (288, 

289). These neoplastic cells can be the result of genetic mutations in oncogenes, or 

genes that direct cells to divide, genes that direct cells to stop dividing (anti-oncogenes, 

or tumor suppressor genes), and/or defects in programmed cell death (apoptosis) (1, 

320).   A common feature arising from all these cell defects is the ability of the rapidly 

dividing cancer cells to circumvent the body’s key defense mechanism—the immune 

system. 

 

The immune system is a complex, adaptive system that has evolved to protect 

the host from invading pathogenic microorganisms and cancer.  It can generate an 
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enormous variety of molecules and cell types capable of nonspecifically and specifically 

eliminating foreign invaders.  The observation that tumor growth activates immune 

defense mechanisms, yet neoplastic tissue evadesd these mechanisms, delineates the 

paradox of tumor immunology.  Many cancers elicit antitumor immune responses.  The 

presence of tumor cells can induce the upregulation of effector cytokine production and 

promote the proliferation of T cells and antigen-presenting cells (APCs) that despite 

their presence and activation status are incapable of protecting the TBH (36, 53, 168, 

170, 208, 215, 216, 225, 414).  Our studies show a direct causal relationship between 

tumor presence and immune dysfunction, suggesting that neoplastic tissue instigates 

immunologic degeneration (101, 270-275, 277).  For example, tumors actively recruit 

phagocytic APC populations like Mφs and dendritic cells (DCs) by producing 

chemotactic agents (174), including transforming-growth factor-β (TGF-β) and Mφ 

chemotactic protein-1 (MCP-1; renamed CC-chemokine ligand-2 or CCL2) (101, 214, 

274, 356, 388). However, immune cell populations recruited by tumor cells can promote 

tumor growth and angiogenesis and inhibit immune system function.  Particularly, 

tumor-derived molecules and tumor-associated Mφ (TAMs) populations inhibit other 

immune cell populations, including effector cell functions, by hindering lymphocyte 

proliferation and activation (6, 33, 212, 222, 275, 280, 281, 292, 293, 384, 427).  Taken 

together, these studies suggest that the presence of tumors both directly and indirectly 

inhibits TBH immune systems. The most effective cancer treatments will account for 

immune-suppressing factors in the tumor microenvironment and their effects on TP- 

cells, and the methods of TD-induced immune dysfunction that result in the loss of 

systemic antitumor immune surveillance. 
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Harnessing Cell-Mediated Immunity to Fight Cancer 

 

The exquisite specificity of antigen recognition by the T cell arm of immunity provides an 

important basis for cancer immunotherapy (172).  Optimal antitumor immunity requires 

the priming of CD4+ and CD8+ T cells specific for tumor-associated antigens (TAs). 

Current studies in tumor immunology focus largely on effector mechanisms that drive 

cytotoxic T lymphocyte (CTL) generation (164, 165, 168, 236).  In melanoma, current 

vaccine protocols include the administration of Class I and II major histocompatibility 

complex (MHC) TAs in adjuvants that assist in the generation of tumor-specific CTLs 

(53, 168, 363, 412, 416). However, little is understood about how APC populations  

such as Mφs and dendritic cells (DCs) interact with CD4+ T cells to steer cell-mediated 

immunity and ultimately direct CD8+ T cell responses. CD4+ T cells provide important 

regulatory signals required for the priming of CTLs that then directly assault tumor cells 

(172), yet the biological mechanisms by which APCs guide T cell responses are 

clouded. We show that TBH Mφ populations are skewed by tumors and misguide T cell 

responses by producing cytokines and chemokines that hamper lymphocyte 

proliferation, homing, and activation.  The most effective cancer therapies will 

successfully redirect T cell immunity via the induction of APCs that stimulate effective 

cell-mediated responses.  

 

Mφs are Essential to Antitumor Immunity   
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Until recently, Mφs have been labeled as scavenger cells chiefly involved in the initiation 

of inflammatory responses.  Current studies (82, 138, 245, 268, 275, 280, 293, 343, 

375, 389) suggest Mφs influence immune responses in diverse and fundamental ways. 

Mφs are both positive and negative immune mediators.  As positive effectors, Mφs play 

a role in tumor defense (341) through vital functions such as phagocytosis and antigen 

presentation (101, 293).  Mφs are activated upon stimulation by Mφ-activating factors 

like interferon-γ (IFN-γ) and lipopolysaccharide (LPS), leading to the production of 

interleukin-12 (IL-12), interleukin-18 (IL-18), tumor necrosis factor-α (TNF-α), and 

reactive oxygen intermediates such as nitric oxide (NO).   Various modalities of adoptive 

immunotherapy with Mφs have been performed with routes of application varying from 

intravenous, intraperitoneal and intrapleural, and through selective hepatic artery 

perfusion (17, 206).  Clinical responses in terms of measurable tumor growth regression 

are limited, although biological responses, such as elevated serum neopterin levels, IL-

6 appearance in sera and ascitic fluids, increase in granulocyte blood count, and an 

increase of IL-1, IL-6, and TNF-α in peritoneal fluids are reported in several studies (17, 

18, 206). Tumors may subvert Mφ function to suppress T cells and simultaneously 

support tumor growth (13). 

 

Mφs can mediate both tumor cell killing and the stimulation of tumor 

development, depending on the state of Mφ activation and the developmental stage of 

the tumor (206).  This finding revealed the dual nature of Mφs which, depending on their 

in vivo context, can impart diametrically opposed activities (101).  Mφs exist as a 

heterogenous population in their hosts.  “Classically activated” (Type I/M1) Mφs become 
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activated in response to IFN-γ signaling and a secondary TNF-α signal or toll-like 

receptor (TLR) ligation that induces TNF-α production by Mφs (246, 268).  Classically 

activated Mφs are responsible for tumor control through the production of NO, increased 

expression of class II MHC (206), and increased TNF-α and IL-12 production.  While 

classically activated Mφs are not more phagocytic than their unactivated counterparts, 

they do migrate to inflammation sites and increase the production of toxic oxygen 

species (NO), and inflammatory cytokines (268, 375).  Classically activated Mφs may 

drive TH1-mediated immunity (268). Our work shows that tumors produce significant 

amounts of the immunoregulatory cytokines transforming growth factor (TGF)-β, 

prostaglandin-E2 (PGE2; discussed later), and IL-10 (12), which leads to a dampening of 

Mφ activation states in our system.   

 

Besides the downregulation of classically activated Mφs, tumors may activate 

“alternatively” and “Type-II activated” Mφs.  Alternatively activated Mφs, as described by 

Gordon (137) fail to make NO, are not efficient at antigen presentation, and upregulate 

interleukin-1 receptor antagonist (IL-1RA) and IL-10 production.  Alternatively activated 

Mφs also inhibit T cell proliferation and differentiation.  Consequently, alternatively 

activated Mφs may serve more of a regulatory and recovery function, and indirectly 

promote tumor development.     

 

Type II (or M2) Mφs (246) could be preferentially induced by tumors.  The type II-

activated Mφ was initially identified during an examination of conditions under which IL-

12 transcription was terminated.  Ligation of FcR-γ receptors on activated Mφs turned off 
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IL-12 synthesis and induced the secretion of IL-10 (16).  Type II Mφs are distinct from 

alternatively activated Mφs because they do not induce arginase and, with the exception 

of IL-12 and IL-10, the production of many of the other cytokines produced by classically 

activated Mφs such as TNF-α, IL-1, and IL-6 remains intact (246).   

 

TBH Mφ populations are skewed towards nonproductive phenotypes.  The 

release of IL-10 and TGF-β may preferentially drive Mφs to misdirect T cell responses. 

Importantly, Mφs play a central role in the presentation of antigens to T cells and, in 

normal encounters, may drive a cell-mediated immune response to fight tumors.  

However, tumors modulate a cytokine environment that preferentially induces immune 

responses that are inefffective against tumor. For example, a methylcholanthrene-

induced fibrosarcoma designated Meth-KDE that is used in studies in our laboratory 

releases prostaglandin-E2 (PGE2) (12).  PGE2 is one of the major immunomodulatory 

factors derived from many types of tumors (262). PGs are important regulators of Mφs 

(38, 262). PGs are synthesized via the enzyme cyclooxygenase (COX), which 

generates intermediary substrates from arachidonic acid (260).  Next, PG synthase 

enzymes aid in the metabolism of intermediary substrates and are named according to 

the PG they produce, for example PGE2 is generated by PGE synthase (175).  Once 

synthesized, PG mediate their actions via transmembrane G protein-coupled receptors 

(EP1, EP2, and others) (260).  Once synthesized, PGE2 inhibits the production of TNF-

α, a potent tumoricidal molecule that is released by activated Mφs (385).   Other groups 

report that tumor-derived TGF-β, IL-4, and IL-6 activate tumor-peripheral resting Mφs 

and downregulate in situ activated Mφ populations (101, 152, 384).   Taken together, 
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these studies suggest that although Mφs are capable of mediating tumor cytotoxicity, 

displaying TAs, and stimulating antitumor T cells, cancer cells routinely circumvent 

antitumor Mφ activities, rendering the host incapable of mounting a successful antitumor 

immune response (101).    

 

The Dual Role of Mφ-derived TNF-α is Exploited by Tumors 

 

TNF-α is a major mediator of inflammation, with actions directed towards both tissue 

destruction and recovery from damage (84, 100, 137).  Induction of TNF-α by stimuli, 

often via TLRs, induces an inflammatory cytokine cascade—upregulating other 

inflammatory cytokines, chemokines, and growth factors which then, in turn, recruit and 

activate a wide range of cells to sites of infection, tissue damage, and, importantly, 

tumor development.  In addition to direct tumoricidal activity, TNF-α has 

immunoregulatory properties—including the enhancement of T cell activation and 

proliferation (307), B cell activation, and peripheral blood mononuclear cell proliferation 

(9, 12). High dose TNF-α is a potent anticancer agent—it destroys tumor blood vessels 

and promotes tumor necrosis (206, 355, 374).  However, TNF-α increases protein 

degradation in skeletal muscle and has been linked cachexia, a progressive wasting 

syndrome often seen in cancer patients (383).  Clinical trials involving the administration 

of TNF-α have generated mixed responses, and are associated with severe toxicities 

(106) .    
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 Paradoxically, previous data from our laboratory show that TNF-α also exerts 

immunosuppressive effects (9, 11).  TNF-α suppresses alloreactive CD4+ T cell 

proliferation only in the presence of accessory Mφ populations—but enhances 

proliferation in Mφ-depleted cultures (9).  We show that tumor growth induces 

constitutive expression of membrane TNF-α (mTNF-α) and is enhanced in TBHs as 

compared to normal hosts (NHs) (unpublished observation).  Since Mφs are the main 

TNF-α producers during tumor growth, the in vivo action of TNF-α may exert some 

suppressive effects on T cell immunity during cancer (9).  Other groups demonstrate 

TNF-α is expressed by a range of tumors (44), and its presence is generally associated 

with poor prognosis.  For example, in prostate cancer, tumor cell TNF-α production 

correlates with the loss of androgen responsiveness (44).  Chronic production of TNF-α 

and other inflammatory cytokines in the tumor microenvironment might offer one 

explanation for the link between chronic inflammatory conditions and increased 

susceptibility to cancer (374).  The dual nature of TNF-α action in cancer is best 

exemplified in the clinic where positive (albeit mixed) responses to TNF-α administration 

(392) and antagonists (like the drug Embrel, which is used to treat rheumatoid arthritis) 

(240) are documented. 

 

 Structurally TNF-α is a 17 kDa polypeptide and acts biologically in a trimeric 

form.  TNF-α binds to two distinct cell surface receptors.  TNF-Receptor I (TNFRI, p55 

or CD120a) is ubiquitiously expressed on the surface of mammalian cells, while TNF-

Receptor II (TNFRII, p75 or CD120b) is more restricted and commonly found on 

hematopoietic cells (44). Soluble TNFRI (sTNFRI) and TNFRII (sTNFRII) are 
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extracellular domains of TNFRI and TNFRII, respectively, and are potent TNF-α 

antagonists (48).   The soluble forms of the TNFRs are proteolytically cleaved via 

metalloproteases (78) and shed into the surrounding extracellular matrix.  “Shedding” 

can be induced by a variety of cytokines (128), including TNF-α itself (218), as well as 

by agents such as retinoids, thiols, and phorbol esters in vitro (48).  A number of studies 

have identified elevated levels of sTNFRI and sTNFRII in the biologic fluids of patients 

with a variety of solid malignancies (48, 144, 258).  However, whether the limiting 

effects of sTNFRs decrease the efficacy of TNF-α-inducing cancer treatment regimens 

remains unclear.  

 

Other members of the TNFR family (CD27, CD134/OX40, CD137) not only play 

vital roles in inflammatory responses but in the maintenance of functional T cell 

responses as well (55, 406). Mice deficient in TNFR-associated factor 2 (TRAF2), an 

adaptor protein that links members of the TNFR family including TNFRII, CD40, 4-IBB, 

OX40, and CD27 have profound T lymphocyte defects.  Cannons et al. (55) reported 

that TRAF-/- mice show decreases in mixed lymphocyte reaction responses and in 

secondary T cell responses to influenza.  Thus, TNF-α and its other constituents may 

cooperate to provide optimal inflammatory responses and contribute to the promotion of 

optimal T cell survival and memory.  TNF-α is critical to both innate and adaptive 

immunity; it plays a vital role in mediating antitumor immune responses and tumor 

surveillance.  In many instances, TNF-α exhibits widespread effects; providing a bridge 

between APC and T cell function by enhancing the activities of both. 
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Dynamics of APC/T Cell Interactions in TBHs 

 

To escape, cancers subvert anticancer immune responses—knowledge of their many 

escape pathways (170) exposes the possibilities of reconstituting antitumor immunity.  

This knowledge is a must if we are to harness the immune system’s antitumor activity to 

treat cancer. TBH T cell failure to effectively recognize and eliminate tumor cells is a 

major escape mechanism.  Typically, naive CD4+ T cells can differentiate into various 

effector subsets following activation by APCs like Mφs.  Mφs, as a major infiltrate 

component of most tumors (our tumor model is no exception), control neighboring T 

cells.  However, tumor-induced alterations in Mφs contribute to fundamental differences 

in their cytokine production (polarized to a M2 phenotype), which leads to a cytokine 

environment that preferentially induces inappropriate TH subsets that are tumor growth-

favorable.  Effective cancer therapy requires overcoming these unsuitable Mφ-T cell 

interactions that lead to misdirected immune responses. 

 

The immune response of a host to pathogens, exogenous antigens, and/or 

cancer antigens has classically been separated into an initial innate immune response, 

beginning immediately after encounter with antigen, and a later adaptive response that 

begins hours to days post-challenge (50).  At the crossroads of these two systems lie 

APCs—i.e. Mφs and DCs—that are charged with the uptake and presentation of 

antigens to T cells, and ultimately activate properly biased T cell responses.  Many 
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cancers avoid antitumor immune responses by disrupting critical APC-T cell interactions 

(88, 125).   

 

 When T lymphocytes are activated by encounters with APCs, crucial interactions 

at the “immunologic synapse”, the junction at the cell surface between the T cell antigen 

receptor (TCR) and numerous other cell surface costimulatory molecules, occur.  These 

interactions elicit a wide range of positive, negative, and modulating effects (403).  

Tumors dysregulate either the TCR directly by downregulating its expression or the 

expression of TCR-associated molecules such as CD3 (39), or disrupt costimulatory 

molecule interactions (8) to augment T cell proliferation and differentiation, programmed 

cell death (apoptosis), or induce T cell anergy (unresponsiveness).   In a nontumor-

burdened host, after interacting with APCs, T cells divide and differentiate into effector T 

cells that produce defined sets of cytokines depending on the source of antigen and 

type of costimulation. TBH APCs are suppressed, and downstream T cell effector 

function is limited.  Importantly, T cell subset differentiation is also impaired, leading to 

misdirected, adaptive immunity that helps contribute to neoplastic disease progression. 

 

CD8+ and CD4+ T Cells are Suppressed in TBHs 

 

The immune system has a protective role in the prevention of tumor development.  The 

quality of the host antitumor immune response is dictated by the type of T cell response 

generated. T cells are critical to the cell-mediated adaptive immune response, and 

defects in the in vitro cytotoxic and proliferative function of T cells from cancer patients 
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are frequently detected (36, 253, 305, 315, 362, 365, 415).  Two well-defined 

subpopulations of T cells exist, and they are distinguished by expression of the surface 

membrane glycoproteins CD4 and CD8.  CD4+ T cells are also called T-helper cells 

(TH), and CD8+ lymphocytes are designated as cytotoxic T cells (Tc or CTLs). 

 

Until recently, it was thought that most spontaneously-arising tumors were non-

immunogenic and that antibody responses dominated the host’s immunity against 

cancer.  However, work by clinicians and researchers suggests that tumors do not 

persist because of an absence of TAs (40, 176, 233, 236, 249), but survive as a result 

of a deficiency in the activation of the immune system (36, 107, 207, 212, 245, 293, 

356, 384, 425).  Studies show T cell-mediated immunity is critical to cancer prevention 

(249, 300).  Current work focuses not only on identifying multiple TAs on the surface of 

tumor cells, but defining their hierarchy and relevance for prognosis, role in 

spontaneous tumor rejection, and immunotherapeutic relevance (170). 

 

Fundamental to cancer pathology is the lack of recognition of tumors by 

circulating CTLs as harmful to the host. Tumor-specific CTLs mediate cancer cell lysis 

following TCR ligation.   Naive CD8+ T cells are maintained in the periphery in a 

quiescent state and, once activated, respond vigorously to antigens.  These antigen 

activation events trigger the proliferation and differentiation of responding T cells, 

leading to the production of effector cytokines and the killing of antigen-sensitized target 

cells (197).  Current immunotherapeutic regimens focus on increasing and/or 

maintaining effective, long-term CTL immune responses to TAs; therefore, it is 
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necessary to define parameters that regulate the development, maintenance, and 

function quality of T cell responses to tumor (197).  Although recognition of the cognate 

antigen is critical for the induction of primary CD8+ T cell responses, other parameters, 

such as the cooperation with other cell types, including CD4+ T cells, heavily influence 

this process (197, 351, 352).  Studies show that while CD8+ T cell responses may be 

induced in the absence of functional CD4+ T cell help, subsequent secondary immune 

responses are compromised (197) and even lead to the loss of CD8+ effector cell 

function (397) and subsequent deletion (181, 197).  Even in the presence of functional 

or enhanced effector immunity, the body fails to see rapidly proliferating, abnormal cells 

as a threat and instead recognizes tumor cells as “self.”  Cancer cells are allowed to 

exist and proliferate despite the presence of an otherwise functional immune system.  

To enhance the immune response and induce the recognition of abberant cancer cells, 

researchers are increasingly focusing on the restoration of CD4+ immune cell function in 

TBHs (53, 170, 216, 302, 394, 412). In addition to providing help during priming to 

achieve full activation and effector function of tumor-specific CTL (172), CD4+ T cells 

may play a broad role in mediating antitumor immune cell effector functions. 

 

II.  The Roles of T Cell Activation and TH1/TH2 Responses in Tumor Immunity 

 

Biasing the T Cell Response is Essential for Tumor Immunity: Evaluation of TH1/TH2 

Paradigm Dynamics 

 

Dysfunctional CTL responses in TBHs are often the result of a lack of or misdirection of 

helper immunity. It is widely accepted that CD4+ T helper cells are comprised of 
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individual subsets.  CD4+ T helper 1 (TH1) and T helper 2 (TH2) cells are characterized 

by distinct cytokine production profiles. TH1-polarized cells may stimulate more optimal 

antitumor immunity, since they produce IFN-γ and IL-2 and are involved in cell-mediated 

immunity (410). TH2 cells produce IL-4, IL-5, IL-6 and IL-10 (188) and promote humoral 

immunity by stimulating antibody production by B cells, particularly IgE responses (278).  

TH2 cells are often associated with strong antibody and allergic responses (278).  These 

two categories of T cells appear to share a common precursor and cross-regulate each 

other's development (410).  TH1/TH2 differentiation has an important role in immune 

responses to many disorders including infection and autoimmune diseases.   For 

example, TH1 responses are prevalent in delayed allergic responses, rheumatoid 

arthritis, and multiple sclerosis (32, 267).  Skewed TH2 responses are documented in 

systemic autoimmune diseases such as systemic lupus erythematosus and asthma 

(283, 358).   

 

In cancer, defining the relationship between TH1/TH2 abnormalities and tumor 

pathology is more difficult.  TH2 imbalances exist in large B cell lymphoma patients and 

in children with acute lymphoblastic leukemia (170); however, other groups report 

decreased numbers of TH1 and TH2 cells in leukemia patients, with a TH2 decrease (in 

cell number) found more frequently in the later stages of disease (426).  In most cases, 

clinical studies are unable to evaluate immune response kinetics—since patients often 

come to the clinic with late-stage disease.  Moreover, the methodologies used to 

evaluate TH1/TH2 ratios vary widely (65, 76, 232, 252, 267, 278, 319), and it is not yet 

known whether TH1/TH2 imbalances result from or induce dysfunctional antitumor 
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immune responses.  Finally, whether successful therapeutics redirect antitumor 

immunity has yet to be elucidated. 

 

Regulatory T Cells also Direct T Cell Response Development 

 

In addition to the more traditional examination of TH1/TH2 ratio abnormalities in 

response to disease, increased attention is being paid to the potentially pathologic role 

of regulatory T cells (Tregs) (298, 316, 371, 382).  Tregs are implicated in controlling 

responses to chronic pathogens (99, 252), and profoundly inhibit CD4+ and CD8+ T cell 

activation, proliferation, and effector function; although the mechanism of this inhibition 

remains unclear (99). Currently there are indications that the interaction of Tregs with 

TGF-β and its receptor (61, 62, 140, 195, 229) promote Treg activation.  Tregs are then 

able to inhibit IL-2 production (381), and/or initiate the downregulation of costimulatory 

molecules on APCs (57, 195).  Depletion of Tregs in newborn mice leads to the 

spontaneous development of various autoimmune diseases, whereas reconstitution of 

the depleted populaton prevents the development of autoimmunity (347).  Defective 

Tregs may play a key role in tumor pathogenesis by conditioning APCs to become 

tolerogenic in addition to suppressing T cell responses (34, 41, 130, 193, 295, 339, 391, 

419).   Therefore, Tregs may hamper antitumor immunity and contribute to tumor immune 

escape. 

 

 Tregs are complex in nature and capable of exerting their suppressive function via 

multiple pathways.  Much remains to be elucidated about this subgroup of cells, but it is 
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known that multiple subtypes of Tregs share phenotypic markers but inhibit via different 

mechanisms (99).  For instance, naturally occurring thymus-derived Tregs are primarily 

directed towards self-antigens, while “adaptive Tregs” are derived in the periphery from 

mature T cells under specific conditions of persistent antigen stimulation (99, 195, 347).  

However, some common characteristics are present.  Following stimulation with their 

cognate antigen, both subgroups appear to exert their suppressive effects on all T cells 

(99, 382).   Tregs share many markers with recently activated T cells, including CD38, 

HLA-DR, CD45RO, and CD25 (99, 347). What appears to distinguish Tregs from 

activated T cells is the level of CD25 and CD62L expression  (Tregs are 

CD25high/CD62Lhigh) (347).  Other defined molecular markers of Tregs include forkhead 

box P3 (FOXP3) (339, 424), glucocorticoid-induced tumor necrosis factor receptor-

related protein (GITR) (295), and even cytotoxic T lymphocyte-associated antigen 4 

(CTLA-4) (229). An additional subset of CD8+CD28low Tregs have also been described 

(132).  These cells play a role in the in vivo suppression of self-reactive T cells (129), 

and may mediate antigen-specific immunosuppression by killing CD4+ T cells (183).   

The phenotypic characterization of Tregs has been extensive, however, much remains 

unknown.  How these cells become hyperactivated in TBHs, and whether their 

suppressive effects can be effectively reversed or surmounted is an area of intense 

investigation. 

  

The Role of T Cell Activation Markers:  CD44 and CD62L (L-Selectin) Expression  
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It is clear that the adaptive immune system is capable of utilizing multiple effector 

pathways to exert any number of different effects on the immune system and its 

constituents.  However, all T cells must become activated before they are able to 

execute their respective functions.  Circulating CD4+ and CD8+ T cells contain both 

naïve cells and antigen-primed cells, i.e. memory cells, which can be distinguished from 

each other on the basis of T-cell activation marker expression (188).  Memory T cell 

populations are more effective at cytokine production and antigen-specific response 

generation than naive cells.   Optimal T cell activation requires two distinct signals.  The 

first signal is mediated by MHC-restricted, antigen-specific triggering of the TCR 

complex and a second signal costimulatory cascade (213, 264, 380, 403). This second 

signal is provided by cytokines and through surface receptors such as CD28 (380).  

Once the cell is activated other surface markers are upregulated or lost, and the cell is 

able to secrete cytokines, perform effector functions, or becomes anergic/apoptotic.   

 

 To detect T cell activation status, it may be appropriate to not only identify markers 

induced by proliferation, but to also examine molecules that are indicative of the 

promotion of T cell adhesion capabilities and migratory capacity since these cells are 

best at homing to sites of infection.  In 1986, Jalkenan et al. (180) demonstrated that 

antibodies specific to epitopes on CD44 selectively blocked the binding of lymphocytes 

to endothelial cells. In addition, coengagement of CD44 and CD2 receptors leads to 

dramatic increases in T cell proliferation (75).  Recent work has focused on the 

adhesion-promoting activities of CD44 and their role in tumor metastasis development 

(20, 64, 155, 378).  Cells that are CD44-positive and express low levels of a second T-
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cell activation marker, L-selectin (CD62L), have a memory phenotype and their 

presence may be critical to antitumor immunity (188).  CD62L is a homing receptor 

expressed by naïve T cells that plays an important role in T cell trafficking (253).  After 

interacting with antigen-presenting DCs and/or Mφs, CD62L expression is 

downregulated (399).  Activated T cells then circulate to sites of inflammation as effector 

memory cells. To date, little is known about the kinetics of T cell responses to tumors 

systemically and in situ.  T cell activation in TBHs may be downregulated and contribute 

to the skewing of TBH T cell responses toward nonproductive phenotypes.  Therefore, 

desirable CD44high/CD62low effector T cell populations may not occur or be hampered by 

the tumor as a means of immune escape.  Since these effector populations either 

contribute directly to tumor cell killing via cell lysis or indirectly via cytokine production, T 

cell activation is a target for tumor immune escape (399).  The reversal of T cell 

activation suppression in TBHs may, therefore, promote lymphocyte homing and 

cytokine production, and contribute to T cell antitumor responses. 



 25 

Table 1.  Summary Table of the Roles of Activated T Cell Subsets 

 
 
 

Cell phenotype Functional significance 
1CD4+ 2CD44high  3CD62Llow activated memory cells 
CD4+CD44low CD62Lhigh quiescent or naive cells 
CD4+ CD62Lhigh (4CD25+ 5Foxp3+) Tregs (370) 
CD4+CD62Llow TH1  cells (253) 
 
 
1CD4:  highly expressed on helper T cells that recognize MHC class II antigens (130)  
 
2CD44:  upregulated on activated T cells (153, 171), antibodies to specific to CD44 epitopes block the 
binding of lymphocytes to endothelial cells (180), coengagement of CD44 and CD2 receptors leads to 
dramatic increases in T cell proliferation (75)  
 
3CD62L (L-selectin):  a homing receptor expressed by naive T cells that plays an important role in T cell 
trafficking (253); after interacting with APCs activated T cells downregulate CD62L expression (399) 
 
4CD25:  IL-2 receptor alpha chain (370); *Tregs expressing CD25 are anergic, meaning they do not 
proliferate in response to antigen stimulation ,TGF-β may induce the Treg phenotype (398), depletion of 
CD4+CD25+ T cells in newborn mice leads to autoimmune diseases (347)   
 
*may be problematic as a Treg marker, since CD25 is also expressed on non-regulatory cells in immune 
activation settings and responses to pathogens (347), therefore functional assays for IL-10 secretion and 
the suppression of T cell proliferation are used to confirm the cell type, the transcription factor 5Foxp3 is 
also expressed by Tregs (31, 424) and may be used for phenotypic analysis  
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III. Cytokines and Chemokines 

 
Cytokines are the Chemical Messengers of the Immune System 

 
 
The development of a protective immune response involves key interactions between 

lymphoid cells, inflammatory cells, and hematopoietic cells. Ultimately, host resistance 

to infectious agents and tumors is dependent upon the two major components of the 

immune system:  innate and adaptive responses. Complex interactions between these 

systems are regulated by cells of the immune system and a group of secreted proteins 

collectively designated cytokines to denote their role in cell-to-cell communication (28).  

Recent progress in the fields of tumor immunology and immune regulation shows that 

the capacity of certain cytokines to link natural resistance to adaptive immunity by 

interacting with host cells, such as DCs and T cells, is important for the induction of 

adaptive antitumor immune responses and long-term therapeutic effects (28). In 

addition to regulating cell development and functionality, some cytokines possess direct 

effector functions (173, 263).  

 

There is no amino acid sequence motif or three-dimensional structure that links 

all cytokines; rather, immunologists group them into classes based on their functional 

similiarities (91) and their interactions with specific receptors (145).  Cytokines are 

soluble, nonantibody, nonantigen-specific mediator molecules that direct cellular 

activities in the absence or presence of direct cell-cell contact (91).  The glycoproteins 

included in this broad category are numerous, and the exact definition of what 
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constitutes a cytokine is ever-expanding.  Originally designated lymphokines 

(lymphocyte-derived) (72) and monokines (monocyte-derived) (304) to denote their 

cellular sources (91), cytokines such as interleukin-1 (IL-1) and TNF-α can be 

proinflammatory and produce fever, inflammation, tissue destruction, and in some 

cases, shock and death; or anti-inflammatory, directing healing and reducing 

inflammation. Other cytokines, such as IL-2, are traditionally considered to be a part of 

the adaptive immune response (28).  Cytokine actions are often wide-ranging and have 

effects distant from their source.  Since these molecules serve as major mediators of 

host defense, it is not surprising that immunotherapeutic approaches are exploiting their 

pleotropic effects to fight cancer (208, 220, 367) and autoimmune diseases (308).  

 

Cytokine Therapy and Cancer 

 

In the early 1980s, after cloning multiple cytokine genes and the introduction of protein 

production by recombinant DNA technology, large scale clinical testing of cytokines 

became feasible (170).  This, together with promising preclinical results in various 

experimental animal tumor models (47, 66, 119), led to the initiation of multiple clinical 

cancer trials (170, 329).  Unfortunately, in spite of their promise, beneficial responses to 

cytokines are limited and associated with significant side-effects (156).  With the 

exception of a small subset of patients with advanced renal cell carcinoma or malignant 

melanoma responding to IFN-γ (201) or IL-2 treatments (74, 328), most solid tumors, 

high-risk leukemias and lymphomas are largely resistant to cytokine administration 

(170).  
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Harnessing the positive aspects of immunotherapy in order to enhance cancer 

therapies remains particularly attractive to researchers and clinicians since 

immunotherapeutic reagents often have profound antitumor effects -- although often the 

mechanisms behind positive treatment outcomes are poorly understood.  IL-2 was first 

described in 1976 (265) and clinical trials using the cytokine began in 1984 (329).  IL-2 

has potent mitogenic and activating effects on T cells and NK cells as well as  on 

vasculature tissues (86).  As previously mentioned, high-dose IL-2 is now being used to 

treat many cancers (15, 215, 321), including metastatic melanoma and advanced renal 

cell carcinoma.  In melanoma, 4-7% of patients typically experience a complete 

response (regression of lesions).  Most patients who do respond will not relapse (86).  

However, IL-2 is highly toxic at therapeutic doses, and its administration is often carried 

out in a hospital setting (327).  As is the case with other cytokine therapies currently 

under investigation (25, 431), the underlying reasons for IL-2’s varying degrees of 

success are largely unknown.   The positive outcomes that are associated with various 

modalities of cytokine therapies -- while intermittent -- suggest that, if properly 

harnessed, these molecules are able to exert potent antitumor effects that may augment 

existing therapeutic modalities. 

 

A Group of Cytokines, Designated Chemokines, Play Important Roles in Homing, 

Adhesion, and Recirculation 
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Many groups have proposed that pro- and anti-inflammatory cytokines may exert 

influence on the expression of a subgroup of cytokine molecules designated as 

chemokines (because of their chemoattractant properties) (356). Chemokines 

participate, by regulating cell trafficking, activation, and controlling angiogenesis, in the 

host response during infection and inflammation (395).  A superfamily of small 

molecular weight, inducible proinflammatory cytokines are involved in a wide variety of 

immune responses, and act primarily to induce chemotaxis and chemokinesis of 

immune cell populations. These molecules are ligands for seven-transmembrane, G 

protein-linked receptors that induce a signaling cascade in human T cells and provide 

costimulation for T cell activation, in addition to participating in transendothelial 

migration of leukocytes (191).   

 

Three classes of chemokines have been identified (279) and are named based 

on the arrangement of conserved cysteine (C) residues of the mature proteins (356):  

the CXC or CXCR chemokines have one amino acid residue separating the first two 

conserved cysteine residues; the CC or β chemokines in which the first two conserved 

cysteine residues are adjacent; and the C or γ chemokines, which lack two (the first and 

third) of the four conserved cysteine residues. The CXC chemokines (e.g., IL-8 

[CXCL8], MIP-2 [CXCL1]) act primarily on neutrophils as chemoattractants and 

activators, inducing neutrophil degranulation with release of myeloperoxidase and other 

enzymes. The CC chemokines (e.g., MIP-1α [CCL3], MIP-1β [CCL4], RANTES [CCL5], 

MCP-1 [CCL2]), and the C chemokines (e.g., lymphotactin [XCL1]), chemoattract and 
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activate monocytes, DCs, T lymphocytes, NK cells, B lymphocytes, basophils, and 

eosinophils (23, 92, 212, 243, 244, 356).   

 

Chemokines and Cancer 

 

The leukocyte infiltrates of cancers are regulated by chemokine production in the tumor 

microenvironment (325).  Since lymphocytes and APC populations are able to persist in 

situ, it is likely that these cells are induced to contribute to the growth and spread of 

malignancies by tumors.  In human cancer, it has recently been elucidated that CC 

chemokines are the major determinants of Mφ and lymphocyte infiltration in carcinomas 

of the breast, ovary, and cervix, and in sarcomas and gliomas (23, 24, 325).  The 

importance of chemokines in cancer is also translatable to murine models.  Robinson et 

al. (325) reported that a murine transplantable model of breast cancer produces high 

levels of CCL5 (also called RANTES; regulated upon activation normal T cell expressed 

and secreted), and that a potent antagonist for its receptor, CCR5, designated Met-

CCL5 slows tumor growth and reduces Mφ infiltrates (325).   

 

 Chemokines play critical roles in the recruitment of lymphocyte and monocyte 

populations to the tumor microenvironment, but it is important to note that chemokines 

in tumors are more than leukocyte attractants (244).  Chemokines activate monocytes 

and stimulate angiogenesis.  In addition, tumor cells express chemokine receptors and 

can respond to in situ chemokines with increased proliferation and survival (244).  All of 
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these factors ultimately contribute to the restructuring of the extracellular matrix and 

tumor cell metastasis.   

 

CCL5/RANTES 

 
Chemokines are heavily involved in the extravasion process by triggering of integrins 

and the chemoattraction of cell subsets (359).  Chemokines are a diverse set of 

molecules, exerting pleiotropic effects on multiple cell populations. Chemokines are 

promiscuous in nature, with most binding to two or more receptors each (357).  A 

chemokine of particular interest to researchers is the 8-kDa secreted protein CCL5 (4).  

Like other chemokines, CCL5 is highly pleiotropic and binds to CCR1, CCR3, and 

CCR5 (357).  Concentrations of CCL5 are elevated in the peritoneal cavity of women 

with endometriosis and correlate with disease severity (198, 219).  CCL5 plays a pivotal 

role in the regulation of inflammatory cell infiltration in a variety of renal diseases and 

after kidney transplantation (146, 306). In addition, human immunodeficiency virus (HIV) 

reportedly infects human Mφs through the internalization of CCR5—a CCL5 receptor 

(357). 

 

   In cancer, tumor cell-derived CCL5 is detected in many clinical specimens (212, 

234, 286), and increased CCL5 plasma levels correlate with poor prognosis in breast 

cancer patients (4, 286).  CCL5 is primarily chemotactic for monocytes/Mφs and 

lymphocytes, and plays a pivotal role in the regulation of inflammatory cell infiltration in 

a variety of instances.  Paradoxically, CCL5 is capable of recruiting cell populations that 

play central roles in antitumor immunity (Mφs and effector T cells), but high levels of 
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CCL5 expression by cancer cells do not correlate with increased tumor cell 

immunogenicity.  It is not known whether tumor-derived CCL5 helps tumors to recruit 

and suppress Mφ activation status, which may serve as another mechanism of tumor 

immune escape.  In fact, Adler et al. (4) report that tumors expressing low levels of 

CCL5 exhibit decreased growth rates in vivo and have a greater number of tumor-

infiltrating lymphocyte (TIL) populations.    

 

Chemokines and Angiogenesis 

 

In addition to chemoattractant properties, chemokine effects on angiogenesis are well 

documented (19, 23, 210, 212, 395).  Links between chemokines, angiogenesis, and 

cancer are under current investigation (23, 44, 77, 243, 244, 325, 395).  This is 

reasonable, since neovascularization is a vital, inevitable part of tumor progression and 

metastasis (118, 202, 212).  Chemokines may promote tumor growth by regulating TIL 

and TAM populations along with regulating the restructuring of TBH vasculature such 

that it is more hospitable to tumor cells.   

 

 Angiogenesis is a process in which new blood vessels are developed using the 

pre-existing vascular system (428).  This involves endothelial cell division, selective 

degradation of the basement membrane and the surrounding extracellular matrix, 

endothelial cell migration, and the formation of new blood vessels (163).  Once these 

blood vessels are established, the endothelial cells undergo tissue-specific changes to 

generate functionally distinct vessels (163).   
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 This dynamic process is an important factor in the formation of new blood 

vessels during wound healing, organ regeneration, menstruation, and the formation of 

the placenta (428).  In a pathological setting, angiogenesis may play a role in 

rheumatoid arthritis, psoriasis, and tumor growth (110-112, 116, 117, 163). 

Angiogenesis is complex biological event and as a consequence is tightly regulated by 

pro- and anti-angiogenic factors.  Recent advances in immunology and in the 

understanding of the underlying mechanisms involved in angiogenesis have led to the 

development of potent anti-angiogenic drugs (114-116, 205).  Currently anti-angiogenic 

therapy is under intense investigation and represents a novel strategy for the treatment 

of cancer and other human disorders where pathological angiogenesis plays an 

important role (114, 116, 250, 428). 

 

Vasoendothelial Growth Factor (VEGF) 

 

VEGF is a key proangiogenic factor, which regulates multiple biological responses that 

lead to the restructuring of the vasculature in many normal and abnormal angiogenic 

events (107, 150, 163, 202).  VEGF a family of angiogenic factors, and includes VEGF-

A the prototype along with VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F, and PIGF 

(163).  All of the family members have a common VEGF homology domain.  Three 

VEGF receptors have been identified, and are designated VEGFR-1/Flt1, VEGFR-

2/KDR/Flk1, and VEGFR-3 (90).   
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Recently, VEGFR-1 was implicated in mobilization of bone-marrow derived cells 

(56) and chemotaxis (26, 71, 90).  VEGFR-1 plays a critical role in monocyte/Mφ 

migration and differentiation (82).  Dikov et al. (90, 158) and Hiratsuka et al. (90, 158) 

report that disrupting a kinase domain in VEGFR-1 impairs VEGF-dependent migration 

of Mφs and has no other major effects on homozygous knockout mice.  In addition, 

VEGFR-1 modulates the earliest stages of vascular development (163).  Embryos 

lacking VEGFR-1 show increased vascularization and number of endothelial cells, 

accompanied by an increased endothelial cell mitotic index (194).  Therefore, VEGFR-1 

may negatively modulate early endothelial differentiation events (163).  VEGFR-2 is 

crucial to the differentiation of hemopoietic and endothelial progenitors, and is involved 

in leukocyte rolling and adhesion.  VEGFR-2 activation induces the production of 

platelet-activating factor (PAF), which promotes the expression of other angiogenic 

factors and chemokines, including Mφ inflammatory protein 2 (MIP-2) (2, 163, 186, 291, 

296).  Finally, VEGFR-3 is generally restricted to lymphatic endothelial cells, and its 

activation stimulates mitosis, migration, differentiation, and survival of these cell 

populations (163). 

 

In cancer, VEGF is produced consitutively by tumor cells (107, 108), is found in 

the sera of cancer patients (211), and in situ (90, 376).   Angiogenesis induced by 

VEGF is also indirectly regulated.  A mutation in the p53 tumor suppressor gene 

promotes VEGF expression in cancer cells (318); this mutation is present in about 50% 

of all cancers and is also inactivated by viral oncoproteins (163).  VEGF expression is 

under current investigation as a potential prognostic indicator — it is posited that 
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increased VEGF levels in cancer patients may correlate with poor clinical outcomes 

(107, 163).   Clinical use of angiogenic agents, including VEGF will need to take into 

account the known biology of various cancers, and of the immune response to cancer.  

Current research (2, 41, 90, 107, 163, 225) in this area by both basic scientists and 

clinicians hold great promise, and conventional treatment modalities are being 

challenged and refined to work with novel immunotherapeutic approaches.  

 

IV.  Immunotherapy:  Past, Present, and Future Directions 

 

Using the Immune System to Fight Cancer:  Lessons from the Past 

 

Immunotherapy is a relatively novel concept.  At the beginning of the 20th century, even 

the concept of an immune “system” was completely foreign.  As recently as the early 

1960s, the functions of lymphocytes were virtually uncharacterized (86).  The options for 

cancer patients of this era were extremely limited.  Surgical resection was (and still is) a 

choice, but if metastatic disease occurs the cancer becomes inoperable.  Radiation 

therapy had also recently been discovered but, despite some impressive successes, 

was only associated with a limited number of positive outcomes.  Systemic 

chemotherapy would not be described until the 1940s (85, 86).   

 

 In 1891 William Coley, a surgeon at Memorial Sloan Kettering Cancer Center in 

New York, noted that some of his cancer patients who developed and survived 

erysipelas (an often fatal disease at that time) went on to exhibit cancer regression 
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(131, 263).  Coley believed that some property of the microorganisms involved in the 

erysipelas infection was responsible for the antitumor effect seen in these patients; he 

went on to posit that vaccinating cancer patients with an extract of Streptococcus and 

Serratia could induce tumor regression (86).  Remarkably, a significant proportion of 

Coley’s patients had tumor regression. “Coley’s toxin” (170), used to treat an initial 

series of 10 patients eventually expanded to include over 800 and, as late as 1934, was 

the only known systemic treatment for cancer (86).   

 

 While Coley’s studies were optimistic, early clinical trials using immunotherapy 

had mixed results (80, 251).  Researchers began to question whether tumors were 

sufficiently distinct from normal tissue to activate the immune system (131).  

Investigators (131, 393) showed that protective immunity could be induced against 

nonimmunogenic tumors, if the tumor cells used to immunize the mice were 

mutagenized. Today researchers have adopted the theory that tumor cells may be 

antigenic but not immunogenic (131).   

 

Immunotherapy:  Its Present State and Future Directions 

 

Oncologists still use conventional chemotherapeutic methods where drugs are 

administered that kill rapidly dividing host cells (139, 312).  However, response rates are 

(even today) less than encouraging, especially if the patient presents with late-stage 

metastatic disease.  The most active single agent used to treat melanoma is 

decarbazine, with an overall objective response rate of approximately 20% (162).  Side 
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effects of decarbazine and similar drugs are substantial, ranging from mild to severe 

and include alopecia, neutropenia, neuropathy, malaise, nausea, renal and neurologic 

toxicities, anemia, and lymphocytopenia. 

 

In contrast, immune therapy, where treatments are aimed at reactivating the 

immune system, are a less toxic and promising alternative (120, 192, 196, 206, 345).  

Cancer is caused, in part, by the loss of immune surveillance leading to the inability of 

the immune system to destroy cancer cells.   Remarkable advances have been made 

since Coley deliberately infected his cancer patients (73, 86).  Today, multiple types of 

immune therapy are being aggressively explored by many researchers (3, 49, 51, 58-

60, 124, 249, 321, 330).  Therapies like vaccines (86, 126, 239, 297, 330, 354, 363, 

379, 416), T cell infusions (196, 340), and/or exogenous cytokines (28, 135, 285, 317, 

340, 365) act through mechanisms that:  1) stimulate the antitumor response, either by 

increasing the effector cells or by producing one or more soluble mediators such as 

cytokines; 2) decrease suppressor mechanisms; 3) modulate tumor cell immunogenicity 

and susceptibility to immunologic defenses; and/or 4) improve tolerance to cytotoxic 

drugs or radiotherapy (192).   

 

The lack of effective treatment for advanced stage cancers with conventional 

therapies, such as radiation and chemotherapy, has highlighted the need to develop 

alternative therapeutic strategies (53). The potential role played by immunological 

events in cancer and the expanding availability of well-characterized TAs (133, 236, 

249, 299, 416) is allowing researchers to directly target ineffective cell-mediated 

immune responses to cancer. Cancer vaccination protocols focus on increasing antigen 
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presentation to T cells by increasing the peptide/MHC density at the T cell activation site 

(177, 178, 233, 239, 326, 363, 423), enhancing costimulatory activity, and/or increasing 

APC recruitment to vaccination sites (42).   The efficacy of this approach relies on the 

ability to induce stronger immunity against tumor-selective antigens than against normal 

tissue antigens present on the tumor cell’s surface.   Late-stage (III and IV) cancer 

patients — the primary pool from which clinical trials are designed — may require more 

direct targeting of the cancer cells themselves (42); since they are severely 

immunocompromised and typically have increased tumor burdens as compared to 

(early) stage I and II patients. 

 

Immunostimulatory responses impart selective pressure on tumor cells, which 

leads to immunoediting and selection of variant tumor cells that escape immune 

recognition by several mechanisms, including TA downregulation (361), MHC 

downregulation or loss (109), defects in antigen-processing (309, 396, 402), and 

secretion of immunosuppressive cytokines (12, 342, 414).  Peptide vaccinations rely 

heavily on effector cell populations (mainly CTLs) to correct for widespread immune 

system dysfunction (330, 365), but, the cellular mechanisms involved are for the most 

part undefined.  Even more recently documented positive responses to immune 

therapy, while encouraging, are not consistent (363).  Determining the mechanisms 

involved will lead to more focused, effective treatment regimens.  Once the underlying 

mechanics are understood, therapy can be augmented by focusing on multiple immune 

system functions and players.  This seems logical because cancer relies on a 
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combination of immune system dysfunction and has multiple-documented escape 

mechanisms (361). 

 

Enhancing the Efficacy of Immunotherapy:  Revisiting Chemotherapeutics in Order to 

Augment Treatments 

 

Immunotherapy can be active and specific, as in peptide vaccinations, or rely on 

nonspecific treatment, as with cytokine and chemokine/anti-angiogenic therapies.  In all 

cases, demonstrable positive clinical results range from about 20% to 40% (131). 

Because tumors often induce profound systemic immunosuppression (22, 159, 249, 

429) and chemotherapeutic agents further compound this result, the use of 

immunotherapeutic regimens to simultaneously assault the tumor and restore effector 

cytokine production by immune cells in the TBH may lead to greater antitumor efficacy. 

 

Effective combinations of chemotherapy and immunotherapy agents will exploit 

multiple immune system components, as well as directly target rapidly proliferating 

cancer cells by halting cell cycle progression (37, 182, 401). Increasing treatment 

quantity and/or combining therapies may not have the desired effect.  Studies show 

combinatorial therapy does not always successfully compound the positive aspects of 

treatment methods and can be no more effective than each treatment alone (254, 421). 

The successful establishment of combinatorial treatment regimens will require an 

understanding of the mode of action of each therapeutic component and must account 

for compounding interactions between treatment methods. Effective combinatorial 

treatment will depend on the understanding and proper exploitation of basic 
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immunologic functions and host chemotherapeutic responses.  Current mixed results 

achieved in response to combinatorial therapeutic regimens suggest that if harnessed 

correctly, treatment outcomes are indeed capable of compounding the positive effects 

of therapies, while minimizing the negative ones (179, 204, 261, 363).  A lack of basic 

understanding of the underlying biological mechanisms involved prevents consistent 

clinical outcomes.  The utilization of combined therapy depends on the development of 

the most appropriate treatment regimens and requires significant understanding of the 

mode of action of each therapy alone and how treatments positively and negatively 

interact; since the effects of treatment modalities are not always synergistic.  

Combinatorial therapy remains an elusive yet attractive option for cancer patients. 

 

Paclitaxel and Delayed IL-12:  Candidates for the Successful Application of 

Combinatorial Therapy  

 

Using a BALB/c nonmetastatic methylcholanthrene-induced transplantable fibrosarcoma 

designated Meth-KDE (101, 269, 270, 272), we initially characterized the positive 

effects of a chemotherapeutic treatment regimen using the antineoplastic agent 

paclitaxel (269, 271, 277, 311).  Tumors are induced in a population of age-matched 

individuals, and become palpable at 10 to 14 days post inoculation.  At 21 days TBHs 

are severely immunocompromised and death occurs at 28 to 35 days.  This well-

established nonmetastatic tumor model allows the researcher to analyze differences in 

TP and TD cells, and is easily manipulated in a timely manner since the tumor 

progression rate is substantial. Paclitaxel is a potent chemotherapeutic originally 
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extracted from the bark and leaves of the Western yew Taxus brevifolia (275).  

Paclitaxel shows significant antitumor efficacy in human clinical trials (147, 333, 366, 

411).   Paclitaxel’s primary mechanism of antineoplastic activity resides in its ability to 

irreversibly polymerize α/β tubulin, thereby disrupting microtubule network and inhibiting 

eukaryotic cell division by causing a block in the cell cycle at the G2/ M phase (272, 

420).   

The Chemical Structure of Paclitaxel 

 

 

 

 

 

 

Disruption of cellular microtubules leads to rapid neoplastic cell death and inhibition of 

tumor progression (93). More important, pretreatment of TBH Mφs with paclitaxel also 

partially reverses tumor-induced Mφ suppressor activity (272).  However, paclitaxel’s 

positive immunotherapeutic effects may be offset by its inherent antineoplastic function -

- the cytotoxic effects on bystander T cells and other rapidly proliferating immune cells 

essential to anticancer responses are inhibited by its halting of cell cycle progression. 

 

To offset the negative immunologic effects of paclitaxel treatment, we have 

complemented our chemotherapeutic regimen with the immunostimulatory cytokine IL-

12. IL-12 is a heterodimeric, highly pleotropic cytokine that stimulates innate and 
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adaptive immune responses (28, 301, 386).  Biologically active IL-12 consists of a 40 

kDa (p40) and a 35 kDa (p35) subunit linked by a disulfide bond (126). The IL-12 p40 

subunit can also be linked to a recently defined p19 subunit to form the heterodimeric 

structure of IL-23 (294). The structure and T cell stimulatory effects of IL-12 are similar 

to, but distinct from those of IL-12 (231).  IL-12 supports the proliferation of activated T 

cells and promotes the differentiation of CD4+ T cells into TH1 helper effector cells and 

of CD8+ T cells into CTLs (310). Therefore, IL-12 augments cytolytic activities of T cells.  

IL-12 may have chemotactic properties, as it induces the migration of T cells to tumor 

masses (417). Full antitumor activity of IL-12 alone is demonstrated in nonestablished 

tumor models, where treatment is administered directly following tumor inoculation 

(134).   These studies may have limited clinical relevance, since cancer patients have 

existing disease.  IL-12 also has been associated with considerable toxic side effects 

that are due to the induction of high levels of IFN-γ (224).  In contrast the administration 

of IL-23 in murine model of colon adenocarcinoma and metastatic melanoma leads to 

lower levels of IFN-γ production compared to IL-12 administration, and local production 

of IL-23 inhibits subcutaneous and metastatic tumor growth in vivo (224).  However, it 

has been reported that positive therapeutic responses to IL-23 is less effective at 

eradicating tumors than IL-12 (226).  The mechanism of action of the cytokine is still 

under investigation. 

 

The Mechanism of IL-12 Action Compliments Paclitaxel Therapy: a Description of the 

IL-12 Signaling Pathway 

 



 43 

IL-12’s complete antitumor activity is documented to a greater extent.   In some tumor 

models the antitumor effects of IL-12 are attributed to NK T cells from athymic nude 

mice or in mice expressing only the Vα14Vβ8 TCR, and conventional T cells are not 

required (349).  Conversely, in other models, depletion of CD4+ and CD8+ T cells 

completely eliminates the antitumor effects of IL-12 (46, 282, 324).  These results 

suggest that CD4+ and CD8+ T cells can act in concert to inhibit tumor growth after IL-12 

treatment. Taken together, these data suggest that IL-12 has pleotropic effects on 

multiple cell populations.  The murine p40 and p35 subunits share 70 percent and 60 

percent homology, respectively, with their human counterparts (346, 430) and show 

functional homology in situ.   

 

Studies in a murine system are comparable to studies of IL-12 function in human 

models.  In mice, the mechanism of action of IL-12 has been investigated extensively.  

Mice deficient in either IL-12 (241) or the IL-12 receptor (IL-12R) (189) are unable to 

mount TH1 responses, suggesting IL-12 is critical for the generation of TH1 immunity 

(190).  IL-12 activates the JAK2 (Janus Kinase-2)-STAT4 (Signal Transducer and 

Activator of Transcription) signaling cascade.  Mice defective in STAT4 also 

demonstrate impaired TH1 development and have a TH2 response propensity (189).  A 

STAT4-independent mechanism of TH1 response development may exist, since 

reduced levels of IFN-γ are produced by STAT4-/- lymphocytes when cultured under TH1 

differentiation-promoting conditions (154). The mediators of the STAT4-independent 

pathway are being investigated.   
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STAT4-dependent signaling occurs when IL-12R binding stimulates the 

activation of JAK2, which tyrosine phosphorylates STAT4. STAT4 then translocates to 

the nucleus and interacts with the promoter region of the IFN-γ cytokine gene (21).  The 

master regulator of TH1 development via STAT4 signaling is another molecule, T-bet (T-

box expressed in T cells; also known as Tbx-21) (143, 154). When naive CD4+ T cells 

recognize antigen in the presence of IFN-γ, coordinate signaling is activated through the 

T cell receptor (TCR) and STAT1, respectively, which leads to increased expression of 

T-bet (154).  Once induced, the increase in T-bet promotes the expression of IL-12Rs 

on the surface of the cell (235).  IL-12R expression enables the induction of the JAK2-

STAT4 pathway, thereby promoting TH1 response development.  

 

Since IL-12 has potent T cell stimulatory effects, is currently being extensively 

characterized in clinical trials, and also is highly pleotropic, we hypothesized IL-12 

treatment would complement paclitaxel therapy — and propose this treatment regimen 

may be relevant in a clinical context.  We have demonstrated that paclitaxel’s cytostatic 

immunosuppressive activities can be overcome with supplementary delayed IL-12 

treatment (311).  Others using combined therapies consisting of paclitaxel and immune 

stimulating cytokines have had limited success (422).  

 

In contrast to these studies, in which immunotherapy either preceded or was 

delivered in direct combination with paclitaxel administration (68), we administered IL-12 

exclusively following chemotherapy, based on our previous in vitro studies (273, 277) 

that showed addition of IL-12 reversed paclitaxel-mediated suppression of lymphocyte 
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reactivity in vitro only when cytokine was provided 24 hours after removal of the 

chemotherapy agents from culture.  In this way, the immunostimulatory cytokine is able 

to assist in the recovery of lymphocyte populations following paclitaxel administration 

and imparts distinct and independent antitumor activities (311).  We suggest a 

fundamental understanding of the mechanisms utilized by each component of antitumor 

therapy is necessary to maximize positive therapeutic responses.  For example, we 

demonstrate the potential impact dosing regimen may have on treatment outcomes, a 

hypothesis made based on a comprehension of the mode of action of each treatment 

alone. 

 

In summary, we note that preclinical and clinical experiences in the field of tumor 

immunology are expanding, and hold great promise.  However, the generation of 

consistent, positive treatment outcomes has been elusive.  Accumulating evidence 

suggests that innate and adaptive immunity are both critical components in antitumor 

responses.  We suggest that tumor-induced downregulation of in situ inflammatory 

factors, such as TNF-α by cytokines and chemokines, coupled with the dysregulation of 

T cell activation and helper phenotypes results in misdirected tumor immunity.  The 

most effective cancer treatment regimens will restore balance to both primary and cell-

mediated immune responses.   Our work aims to expand on the current understanding 

of immune dysregulation during cancer development, which will lead to significant 

advances in the monitoring and development of novel cancer treatment regimens. 
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Section II:  

 

 

 

 

Post-Chemotherapeutic Administration of Interleukin-12 Retards 

Tumor Growth and Enhances Immune Cell Function:  Combination 

Therapy Using Paclitaxel and IL-12 
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ABSTRACT 

 

The antineoplastic agent paclitaxel (TAXOL™) is a potent inhibitor of tumor cell division 

that also suppresses lymphocyte proliferative responses.  Because chemotherapy-

induced immunosuppression may limit the patient’s antitumor responses, we 

investigated the possibility that the T cell stimulatory cytokine interleukin-12 (IL-12) 

could be used to reverse paclitaxel-mediated lymphocyte suppression.  Recognizing 

that IL-12 treatment following paclitaxel exposure promotes T cell responses in vitro, we 

evaluated the antitumor efficacy of IL-12 administration concurrent with and subsequent 

to paclitaxel treatment.  Simultaneous administration of IL-12 and paclitaxel failed to 

limit tumor outgrowth or extend survival beyond chemotherapy alone, although 

recombinant IL-12 therapy did not manifest negative effects.  In contrast, post-

chemotherapeutic IL-12 significantly delayed tumor outgrowth and extended survival in 

tumor-burdened BALB/c mice.  Correlative enhancements in ex vivo immune cell 

effector function were observed following paclitaxel and temporally-delayed IL-12 

therapy.  Collectively, these data demonstrate an immunotherapeutic efficacy of IL-12 

that augments the chemotherapeutic activities of paclitaxel when delivered in the 

appropriate temporal sequence. 
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INTRODUCTION 

 

Recombinant cytokines have proven useful for stimulating immune responses and 

alleviating the suppressive side effects of both tumor-derived immunosuppressive 

molecules (28, 200) and lymphosuppressive chemotherapies (321, 350, 422).  

Administration of the macrophage (Mφ)- and dendritic cell (DC)-derived cytokine 

interleukin-12 (IL-12) has shown preclinical and clinical efficacy as an anticancer 

therapeutic agents (151, 255, 323, 324, 336, 390).  IL-12 enhances cytotoxic T 

lymphocyte (CTL)- (266, 390) and T-helper type 1 (Th1)- (238) mediated responses, 

suggesting that IL-12 could be advantageous in combination with existing 

chemotherapies (422).  The LPS-mimetic chemotherapeutic paclitaxel (TAXOL™) 

induces Mφ production of small amounts of bioactive IL-12p70 heterodimer through an 

autocrine feedback mechanism involving nitric oxide (272).  Addition of recombinant IL-

12 to paclitaxel pre-treated cultured T cells partially restores proliferative responses 

(273).  The therapeutic efficacy of paclitaxel may be partially explained by Mφ-derived 

IL-12 promoting T cell proliferation, activation, and effector function.  These previous 

studies suggest that combination therapy using paclitaxel and exogenous IL-12 may 

impart immunologic benefits and enhance antitumor efficacy.  

 

A significant consideration in the development of a combined 

chemo/immunotherapy is the mode of action of the chemotherapeutic agent.  

Paclitaxel’s primary antineoplastic mechanism is the irreversible polymerization of 
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microtubules and subsequent arrest of cell cycle progression (93, 123, 332).  However, 

paclitaxel is not tumor-cell specific, and current clinical therapeutic regimens are based 

on systemic administration, thus allowing paclitaxel the opportunity to act on both tumor 

and normal tissues.  The cells most sensitive to clinically-administered doses of 

paclitaxel are those undergoing rapid cell division, and proliferating T lymphocytes show 

enhanced susceptibility to paclitaxel-mediated cytostasis or cell death (69, 273).  

Therapeutic intervention designed to enhance T cell activation or proliferation must be 

coordinated with the potential enhanced sensitivity of lymphocytes to chemotherapy-

mediated killing.  We hypothesized that a combinationatorial regimen of paclitaxel and 

IL-12 therapy, with a temporal delay in the administration of IL-12 to allow for T cell 

efflux of paclitaxel and restoration of proliferative competency, would provide enhanced 

anti-tumor efficacy as compared to co-administration of the same agents.  Using our 

established murine fibrosarcoma model, we assessed this possibility, evaluating both 

tumor outgrowth and immune cell function.  Collectively, this study demonstrates that 

temporally-staggered dual treatment provides enhanced anti-tumor function, as 

compared with paclitaxel or IL-12 administered individually or simultaneously, 

suggesting unique in situ functionality for each agent.  These data provide a model for 

therapeutic application of combination chemotherapy/immunotherapy strategies with 

direct clinical applicability.   
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MATERIALS AND METHODS 

 

Murine Tumor Model 

 

 Eight to 12 week-old BALB/c (H-2d) male mice (Jackson Laboratories, Bar Harbor, ME) 

were used as the source of tumor-bearing host (TBH) Mφs and lymphocytes.  A BALB/c 

nonmetastatic methylcholanthrene-induced transplantable fibrosarcoma (designated 

Meth-KDE) was used, as described (12, 102). Tumors were induced in a population of 

age-matched animals, which were coded and randomly divided into treatment groups.  

Tumor progression was assessed by measuring tumor diameter using a vernier caliper 

and recorded as the product of two orthogonal diameters (a x b).  The first diameter was 

identified as the longest surface length (a), with the second diameter being the 

subsequent orthogonal width (b).  Repeated observations with the vernier caliper varied 

by less than 5%.  All animal protocols were consistent with accepted NIH guidelines for 

the care and use of laboratory rodents, and the Virginia Tech Institutional Animal Care 

and Use Committee approved all procedures. 

 

Medium and Reagents  

 

Immune cells were cultured in serum-free RPMI-1640 medium with 2 mM L-glutamine 

(Sigma Cell Culture, St. Louis, MO).  All media contained 50 mg/L gentamicin sulfate 

(Tri-Bio Laboratories, State College, PA), 25 mM sodium bicarbonate (NaHCO3), and 25 
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mM HEPES buffer (Sigma).  The RPMI-1640 medium was endotoxin-free (<10 pg/ml) 

as assessed by the Limulus Amebocyte Lysate assay (Sigma). 

 

Recombinant murine IL-12 (specific activity 2.5 x 106 U/ml, endotoxin content 

<10 pg/ml) was generously provided by the Genetics Institute (Cambridge, MA).  For in 

vivo application, IL-12 was diluted in PBS and administered at 1 µg/animal (optimal 

dose) by intraperitoneal (IP) injection.  

 

Paclitaxel was obtained from Calbiochem (La Jolla, CA).  For in vitro studies, 

paclitaxel was dissolved in 100% DMSO (Mallinckrodt Chemical, Paris, KY) to a 4 mM 

stock solution, stored at -80°C, and diluted to assay concentrations in RPMI-1640 

medium immediately before use.  The final concentration of DMSO in cultures was less 

than 1%.  For in vivo application, paclitaxel was prepared in the same manner as for 

human chemotherapeutic regimens; paclitaxel was dissolved in 50% polyoxyethylated 

castor oil (Cremophor EL, Sigma) and 50% dehydrated alcohol at 6 mg/ml, stored at      

-80°C, and diluted in sterile PBS immediately before administration.  Paclitaxel was 

administered by IP injection at doses of 20 mg/kg.  Total injection volume was < 0.2 

ml/animal to avoid Cremophor-induced toxicity, and animals treated with vehicle alone 

had no adverse reactions or vehicle-induced death (not shown). 
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Lymphocyte Collection and Culture   

 

Splenic Mφs from 21-day TBH mice were collected by plating pooled whole spleen cells 

for 2 h (150 x 15 mm Pyrex glass plates), washing away nonadherent cells with warm 

RPMI-1640 medium, and collecting adherent Mφs in cold medium by scraping.  Red 

blood cells were lysed by 0.83% ammonium chloride (Sigma) treatment and all cells 

were cultured at 37°C in a humidified atmosphere containing 5% CO2.  Purified CD4+ T 

cells were collected, as described.  Periodically, T cells were stained with anti-CD4 

antibody and analyzed via flow cytometric analysis to confirm isolation of CD4+ T cell 

populations (not shown).  Cells were cultured at 37°C in a humidified atmosphere 

containing 5% CO2.   

 

Nitrite Production 

 

To assess Mφ nitric oxide (NO) production, 21-day TBH Mφs (4 x 105 cells) from treated, 

vehicle-treated, or untreated TBH control animals were cultured in 96-well flat-bottom 

tissue culture plates (Corning Cell Wells, Corning, NY).  Each well contained a total 

volume of 200 mL serum-free RPMI-1640 medium supplemented with 50 U/ml of 

interferon-γ (IFN-γ) and/or 1 µg/ml lipopolysaccharide (LPS).  Nitrite levels in culture 

supernatants were measured using Griess reagent (141), as described (271).  Viability 

assays (Alamar Blue™, BioSource International, Camarillo, CA) (348) verified >95% Mφ 

viability throughout the culture periods (not shown). 
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Cytokine Quantification  

 

Cytokine production by 21-day TBH splenic CD4+ T cells (4 x 105) from treated, vehicle-

treated, or untreated TBH controls was measured in supernatant from cells cultured in 

24-well flat-bottom plates with concanavalin A (Con A, 8 mg/ml).  Cytokine production 

by 21-day TBH splenic Mφs (4 x 105) from treated, vehicle-treated, or untreated TBH 

control animals was measured in supernatants from cells cultured in 24-well flat-bottom 

plates and induced as described for nitrite above.  Cell-free supernatants were collected 

at 24 h and assayed for IFN-γ (T cells) or tumor necrosis factor-α (TNF-α) and IL-12p70 

(Mφs) by specific ELISA (Quantikine M, R&D Systems, Minneapolis, MN), per the 

manufacturer's directions. 

 

Proliferation Assays   

 

Proliferation by 21-day TBH splenic CD4+ T cells (4 x 105) from treated, vehicle-treated, 

or untreated TBH control was measured following activation of cells in 24-well flat-

bottom plates with concanavalin-A (Con-A, 8 mg/ml) for 3 days.  Eighteen h before 

harvest, cultures were pulsed with 1 µCi per well [3H]-TdR, (sp. act. 6.7 Ci/mM; DuPont-

NEN Research Products, Boston, MA).  Cells were harvested with a Skatron (Chantilly, 

VA) automated cell harvester and sample activities determined using a Beckman LS 

6000SC scintillation counter. 
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Statistics and Calculations  

 

 Treatment groups contained a minimum of five animals, and lymphoid cells from all 

mice in each group were pooled for each in vitro experiment.  Triplicate cultures were 

tested for nitrite generation, cytokine production, and proliferation.  Data are means ± 

SEM of triplicate determinations in a single experiment.  All experiments were repeated 

at least three times; representative experiments are shown.  Comparisons were 

calculated using a Student’s T test with Minitab 13.1 (Minitab, Inc, State College, PA), 

and all comparisons are significant at p < 0.05, unless otherwise stated. 
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RESULTS 

 

IL-12 Administration Concurrent with Paclitaxel Fails to Impede Tumor Outgrowth or 

Enhance TBH Survival.   

 

Paclitaxel mediates direct cytotoxic and cytostatic antitumor activity (52, 123, 227) that 

can reduce tumor growth (35, 257), and IL-12 induces nonspecific immunotherapeutic 

functionality that also delays tumor progression (67, 160, 387).  Because these agents 

have independent efficacy, and IL-12 reverses paclitaxel-mediated immunosuppressive 

activities in vitro (277), we assessed the efficacy of paclitaxel and IL-12 combined 

therapy on tumor progression.  Initially, we determined if IL-12 administration concurrent 

with paclitaxel treatment inhibited outgrowth of day 10 established fibrosarcomas.  TBH 

were treated with paclitaxel (20 mg/kg) and IL-12 (1 µg/animal), individually or in 

combination, or with vehicle alone (not shown).  At days 10, 15, and 20, paclitaxel or IL-

12 treatment alone delayed tumor outgrowth (Figure 1a) and enhanced survival by a 

mean of 6.3±1.0 or 6.4±1.8 days, respectively (Figure 1b), relative to untreated TBH.  In 

contrast, simultaneous treatment with paclitaxel and IL-12 failed to delay tumor 

outgrowth (Figure 1a p > 0.10), and there was no survival advantage (0.0±0.9 days 

relative to untreated TBH, Figure 1b, p > 0.10).  Vehicle alone did not influence survival 

(p < 0.05, data not shown).  These data, consistent with those of Zagozdzon et al. (422) 

in a leukemia model, suggest that paclitaxel and IL-12 each induce antitumor efficacy, 

but the individual mechanisms of action are temporally incompatible and fail to control 
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tumor outgrowth.  The T cell stimulatory capacity of IL-12 may be limited by paclitaxel’s 

cytostatic effects. 
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Figure 1.  Concurrent Administration of Paclitaxel and IL-12 is Ineffective for Control of Tumor 
Outgrowth (a) Concurrent administration of paclitaxel and IL-12 failed to significantly (p > 0.10) slow 
tumor outgrowth as compared to untreated, paclitaxel alone, and IL-12 alone treated TBHs.  Treatment 
was initiated only after primary tumors were palpable (day 10).  TBH (n=10 per treatment group) were 
treated with paclitaxel alone (20 mg/kg), IL-12 alone (1 µg/animal), paclitaxel (20 mg/kg) and IL-12 (1 
µg/animal) concurrently at days 10, 15, and 20; or with vehicle alone (not shown).  Tumor size was 
measured using a vernier caliper (see Materials and Methods section).  Vehicle alone did not influence 
survival (not shown). (b) Concurrent  paclitaxel and IL-12 treatment failed to increase survival rates of 
TBHs.  Following tumor induction, treatment was initiated as previously described (Figure 1a, n=10 per 
treatment group).  Combined paclitaxel and IL-12 treatment did not increase TBH survival.  Animals 
treated with paclitaxel alone or IL-12 alone had increased survival rates as compared to TBHs treated 
with paclitaxel and IL-12 simultaneously.  Vehicle alone did not influence survival.  Experiments shown in 
parts a and b were repeated a minimum of 3 times, results shown are representative. 
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Temporally-Delayed IL-12 Administration Enhances Survival in Paclitaxel-treated TBH 

 

Although simultaneous administration of paclitaxel and IL-12 failed to induce a 

therapeutic effect, in vitro evidence (15) strongly suggested that IL-12 could alleviate the 

antiproliferative effects of paclitaxel, which is most suppressive of rapidly-dividing cells.  

Therefore, we evaluated whether IL-12 can reconstitute antitumor responses following 

paclitaxel treatment.  As before, treatment was initiated only after primary tumors were 

palpable (day 10).  TBH were treated with paclitaxel (20 mg/kg), IL-12 (1 mg/animal), 

paclitaxel plus delayed IL-12 (1 day after chemotherapy), or vehicle alone.  Paclitaxel 

was administered at days 10, 15, and 20, and IL-12 was administered at days 11, 16, 

and 21.  Regardless of treatment with paclitaxel and IL-12, tumor outgrowth was 

unchanged to day 16.  After day 16, tumor diameter was significantly reduced in the 

group receiving combined treatment (p < 0.05) (Figure 2a).  Animals receiving paclitaxel 

treatment with delayed IL-12 administration survived 10.6±1.0 days longer post-tumor 

induction, as compared to untreated TBH (Figure 2b).  At day 21 post-tumor induction 

(the last time point at which direct comparisons are possible), tumors in the combined 

treatment group had only become measurable.  Vehicle alone did not influence tumor 

outgrowth or survival (not shown).  These data establish a multimodal approach for 

treating solid tumors, using repeated rounds of chemotherapy and temporally-delayed 

immunotherapy to synergistically delay tumor outgrowth and enhance survival.   
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Figure 2.  Effect of Administration of Paclitaxel and Delayed IL-12 on Tumor Outgrowth and TBH 
Survival  (a)  Paclitaxel and delayed IL-12 treatment decreases tumor outgrowth kinetics in the TBH.  
Following tumor induction, treatment was initiated only after tumors were palpable (day 10).   Paclitaxel 
(20 mg/kg) was administered at days 10, 15, and 20, and IL-12 (1 µg/animal) was administered at days 
11, 16, and 21 (n=10 per treatment group).   There was no difference in the rate of tumor growth from 
induction to day 16, regardless of treatment.  At day 17, tumor diameter was significantly reduced in the 
group receiving combined treatment (p < 0.01) compared to untreated TBH.  At day 21, tumor size in the 
combined treatment group was significantly smaller as compared to untreated TBH (p < 0.05) or 
paclitaxel-treated animals (p < 0.01).  Vehicle alone did not influence survival.    (b)  Paclitaxel and 
delayed IL-12 treatment increases survival rate in the TBH.  Following tumor induction, treatment was 
initiated as described above.  Treatment of TBH with the combination of paclitaxel and delayed IL-12 
significantly enhanced survival as compared to untreated TBH (p < 0.01) or paclitaxel or IL-12 alone (p < 
0.05).  Vehicle alone did not influence survival.  Experiments shown in parts a and b were repeated a 
minimum of 3 times, results shown are representative. 
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Paclitaxel and Delayed IL-12 Treatment Primes Mφs for Enhanced Effector Function 

after Activation 

 

We previously reported that in vitro treatment with paclitaxel activated IFN-γ-primed Mφs 

for enhanced cytotoxic molecule production of NO and TNF-α (271).  Mφ priming and 

activation are significantly impaired by the presence of tumor (21) and contribute to 

systemic T cell dysfunction that favors tumor progression (20, 21).  Because paclitaxel 

has LPS-mimetic effects on murine Mφ activation, we determined whether combined 

therapy with paclitaxel and IL-12 primes Mφs for enhanced activity. TBH splenic Mφs 

were isolated at day 21 from hosts that had been treated with paclitaxel alone, IL-12 

alone, paclitaxel and delayed IL-12 (as described) or untreated TBH.  Mφs were cultured 

with IFN-γ (50 U/ml) and LPS (1 µg/ml, to achieve maximal in vitro priming and 

activation, respectively).  Following combined treatment, but not paclitaxel or IL-12 

treatment alone, Mφs produced significantly (p < 0.01) higher levels of the cytotoxic and 

effector molecule NO, as compared to similarly activated cells from untreated TBH 

(Figure 3a).  Mφ from the combination treatment group were strongly responsive to LPS 

in the absence of in vitro IFN-γ, suggesting an in situ systemic Mφ priming activity, even 

in the presence of tumor burden.  Mφ TNF-α secretion in response to in vitro activation, 

significantly increased after combination therapy, as compared to untreated TBHs or 

single-treated animals (p < 0.05) (Figure 3b).  Paclitaxel and delayed IL-12 treatment 

partially reconstitutes Mφ activation and cytotoxic molecule production potential, which 

may impart additional protective activity to the host. 
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Figure 3.  Combined Paclitaxel and Delayed IL-12 Treatment Increases Nitric Oxide and TNF-α  
Production in TBH Mφs (a) Combined therapy with paclitaxel and IL-12 primes Mφs for enhanced NO 
secretion.  Splenic Mφs were isolated from 21-day TBHs treated with paclitaxel, IL-12, paclitaxel plus IL-
12, or vehicle alone as described.  Mφs were cultured with IFN-γ (50 U/ml) and LPS (1 µg/ml) for 72 h 
(optimal time).  NO production, measured using Griess reagent, was significantly increased in Mφs 
following combined therapy as compared to untreated TBH (p < 0.01), paclitaxel alone-treated TBH (p < 
0.01), and the IL-12 alone-treated TBH (p < 0.01).  (b) Combined therapy with paclitaxel and IL-12 primes 
Mφs for enhanced TNF-α secretion.  Splenic Mφs were isolated as previously described.  Mφs were 
cultured with IFN-γ(50 U/ml) and LPS (1 µg/ml) for 72 h (optimal time).  TNF-α production, as measured 
by ELISA (see Materials and Methods), was significantly increased in Mφs following combined therapy as 
compared to untreated TBH (p < 0.01), paclitaxel alone-treated TBH (p < 0.05) and the IL-12 alone-
treated TBH (p < 0.05). 
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Paclitaxel and Delayed IL-12 Treatment Reconstitutes Mφ Production of IL-12p70 

 

We have reported that tumor burden impairs Mφ production of bioactive IL-12p70, and 

that paclitaxel enhances TBH Mφ production IL-12 through an autocrine feedback 

mechanism involving NO (272).  Because paclitaxel and delayed IL-12 therapy 

enhanced Mφ NO directly ex vivo, we hypothesized that the combined treatment 

regimen may enhance IL-12 production capacity by endogenous Mφs.  In agreement 

with expectations based on our previous in vitro studies (14), paclitaxel treatment was 

sufficient to enhance splenic Mφ IL-12p70 production ex vivo (p < 0.05), while Mφs from 

IL-12-treated TBH failed to produce additional IL-12 (p > 0.1) (Figure 4).  However, IL-

12p70 production was significantly increased in splenic Mφs following combined therapy, 

as compared to untreated TBH single agent-treated animals (p < 0.05).  Mφ response to 

LPS alone by Mφs from combination-treatment animals was elevated, although to a 

lesser extent than for NO, suggesting an in situ priming of a portion of the Mφs.  While 

IL-12 treatment had no impact on Mφ capacity to produce IL-12 ex vivo, administration 

of IL-12 subsequent to paclitaxel significantly enhanced endogenous IL-12 production 

capacity, which may lead to partial restoration of successful anti-tumor immune 

responses in the TBH.  
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Figure 4.  Paclitaxel and Delayed IL-12 Treatment Reconstitutes Mφ  Production of IL-12p70.  
Paclitaxel and delayed IL-12 therapy enhances production of biologically active IL-12p70.  TBH splenic 
Mφs were isolated as previously described.  Mφs were cultured with IFN-γ (50 U/ml) and LPS (1 µg/ml) for 
72 h (optimal time).  IL-12p70 production, as measured by ELISA (see Materials and Methods), was 
significantly increased in Mφs following combined therapy as compared to untreated TBH (p < 0.05), 
paclitaxel alone-treated TBH (p < 0.05), and the IL-12 alone-treated TBH (p < 0.05).   IL-12p70 production 
was not significantly increased in IL-12 alone-treated TBH as compared to the untreated TBH (p > 0.10). 
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Temporally-delayed IL-12 Treatment Restores CD4+ T cell IFN-γ Production and 

Proliferative Capacity after Paclitaxel Therapy 

 

The conundrum of combined chemo- and immuno-therapy protocols arises from the 

differential mechanisms of action.  While IL-12 is a potent activator of T cell IFN-γ 

production in vitro (14, 348) and in vivo (135), paclitaxel administration leads to 

enhanced Mφ NO production that may severely dysregulate T cell proliferation and 

effector function (7, 271).  We speculated that the incorporation of IL-12 therapy 

subsequent to, rather than concurrent with, paclitaxel might reconstitute T cell effector 

function in the presence of enhanced Mf activation.  To assess the effect of combined 

therapy on lymphocyte function, IFN-γ production in response to mitogenic stimulation 

was used as an indicator of T cell responsiveness.  While paclitaxel treatment 

decreased T cell IFN-γ production ex vivo (p < 0.05), IL-12 treatment promoted T cell 

IFN-γ production (p < 0.01) (Figure 5).  Following combined therapy with paclitaxel and 

delayed IL-12, T cell IFN-γ production ex vivo was significantly enhanced, as compared 

to untreated TBH (p < 0.01), although not to the levels produced following IL-12 

treatment.  Therefore, delayed administration of exogenous IL-12 can reverse 

paclitaxel-induced suppression of T cell IFN-γ production. 

 

Like many anti-mitotic chemotherapeutics, paclitaxel has been demonstrated to 

suppress T cell proliferation and function.  We determined whether paclitaxel 

administration inhibits T cell proliferative capacity by evaluating CD4+ T cell lectin 

responsiveness.  Twenty-four hours after paclitaxel administration (20 mg/kg), the 
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capacity of splenic CD4+ T cells to proliferate in response to mitogen ex vivo was 

significantly inhibited, while the administration of IL-12 (1 µg/animal) induced T cell 

proliferation (Figure 6).  Paclitaxel and delayed IL-12 therapy increased TBH T cell 

proliferation as compared to paclitaxel alone treated counterparts (p < 0.05), thus 

overcoming paclitaxel-induced T cell cytostasis.  Administration of vehicle or PBS alone 

had no effect on mitogen-induced T cell proliferation, and similar results were obtained 

following administration of lower concentrations (15 mg/kg) of paclitaxel (not shown).  

These data indicate that endogenous Mφ-derived IL-12, produced in response to 

paclitaxel treatment, is insufficient to counteract the lympho-suppressive effects of the 

chemotherapy.  However, paclitaxel’s T cell-suppressive effects can be reversed in situ 

through the administration of exogenous IL-12.   
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Figure 5.  Paclitaxel and Delayed IL-12 Treatment Augments CD4+ T Cell IFN-γ Secretion.  IFN-γ 
production in response to mitogenic stimulation was used as an indicator of T cell responsiveness.  TBHs 
were treated with paclitaxel alone, IL-12 alone, or paclitaxel and delayed IL-12 as previously described 
(see Figure 2).  TBH splenic CD4+ T cells were collected 21 days post-tumor induction and cultured 
without or with Con A (8 µg/ml, optimal dose) for 24 h (optimal time).  IFN-γ production, as measured by 
ELISA (see Materials and Methods), was significantly increased in T cells following combined therapy as 
compared to their paclitaxel alone-treated TBH counterparts (p < 0.01).  Paclitaxel alone decreased T cell 
IFN-γ production, suggesting combinatorial therapy restores T cell effector function.  Vehicle alone did not 
influence T cell IFN-γ production (not shown). 
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Figure 6.  Paclitaxel and Delayed IL-12 Treatment Augments CD4+ T Cell Proliferation.  Paclitaxel 
administration inhibits T cell proliferative capacity, and paclitaxel and delayed IL-12 treatment restores T 
cell proliferation.  The lectin responsiveness of purified primary CD4+ T cell populations from either 
untreated or paclitaxel alone, IL-12 alone, or paclitaxel and delayed IL-12 (as described in Figure 2) TBHs 
was assessed.  Twenty-four hours after paclitaxel administration (20 mg/kg) in vitro, the capacity of 
splenic CD4+ T cells to proliferate in response to mitogen as measured by the incorporation of 3[H]-TdR in 
vitro was significantly inhibited (p < 0.05).  Conversely, paclitaxel and delayed IL-12 treatment significantly 
enhanced T cell proliferative capacity (p < 0.05), as did IL-12 treatment alone (p < 0.05).   Administration 
of vehicle or PBS alone had no effect on mitogen-induced T cell proliferation, and similar results were 
obtained following administration of lower concentrations (15 mg/kg) of paclitaxel (not shown).    
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DISCUSSION 

 

Paclitaxel is an established chemotherapeutic that exerts direct cytostatic and cytotoxic 

antitumor activity (272).  However, paclitaxel's primary antitumor function -- 

polymerization of microtubule bundles with resulting inhibition of cell cycle progression 

and cell death -- imparts the greatest inhibitory effects on rapidly dividing cell 

populations.  That same mechanism may simultaneously suppress or eradicate immune 

system responders, particularly antigen-activated T lymphocytes.  Several studies have 

demonstrated that paclitaxel treatment in vitro decreases T cell proliferative responses 

(45, 83, 335), limits alloantigen-mediated T cell responsiveness (334), compromises 

responsiveness to IL-2 (45, 69, 277), and impairs cytotoxic activity against tumor cells 

(69).  Additionally, tumor growth diminishes T cell alloreactivity and responsiveness to 

activating cytokines, and tumor-induced T cells may be particularly susceptible to the 

effects of paclitaxel-mediated inhibition (273).  We previously reported that tumor growth 

increased T cell sensitivity to paclitaxel in vitro (277), and in vivo paclitaxel 

administration exacerbates tumor-induced changes in T cell proliferation (271).   

 

To optimize chemotherapeutic-based therapies, the negative immunologic 

implications must be addressed.  One possibility is combined therapy, in which 

immunotherapeutic agents are used to reverse immune suppression.  Combination 

therapy would likely have the advantage of reduced effective therapeutic dosage of 

toxic chemotherapeutic drugs, decreased the need for antitumor agents in favor of 

naturally-produced cytokines, and induction of fewer and less severe side effects than 
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traditional chemotherapy.  Combined therapy could more fully restore balance to the 

immune system while facilitating a strong anticancer response.   

 

Because paclitaxel inhibits T cell proliferative reactivity, and IL-12 can reverse 

paclitaxel-mediated suppression of T cell responsiveness ex vivo (273), we determined 

whether IL-12 would be a useful immunotherapeutic to reverse immune suppression in 

vivo following paclitaxel administration.  Meth-KDE tumor dysregulates Mφ production of 

biologically active IL-12 (272), which may contribute to T cell dysfunction.  However, in 

the present studies, systemic application of recombinant IL-12 (rIL-12) alone promotes 

only limited antitumor activities. IL-12 may be useful to support host antitumor 

responses and supplement chemotherapeutic-based therapies -- such as paclitaxel -- 

that have direct cytotoxic effects on tumor cells.  Others have attempted to use 

combined therapies consisting of paclitaxel and immune-stimulating cytokines, including 

IL-12, with limited success.  In contrast to these studies, in which immunotherapy either 

preceded or was delivered in direct combination with paclitaxel administration (68), we 

administered IL-12 exclusively following chemotherapy, based on our previous in vitro 

studies (273, 277) that showed addition of IL-12 reversed paclitaxel-mediated 

suppression of lymphocyte reactivity in vitro only when cytokine was provided 24h after 

removal of the chemotherapy agents from culture.  These data suggested a hypothesis: 

that a delay in immunotherapeutic intervention following paclitaxel administration would 

allow T cell efflux of the anti-mitotic agents and allow for enhanced responsiveness to 

immunostimulatory cytokines.  In the temporal-delay dosing scenario, IL-12 could both 
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assist in the recovery of lymphocyte populations following paclitaxel treatment, and 

impart distinct and independent anti-tumor activities.  

 

We tested paclitaxel and delayed IL-12 therapy in the Meth-KDE nonmetastatic 

murine fibrosarcoma model.  To achieve a more clinically relevant result, treatment was 

initiated only after primary tumors were palpable.  This contrasts with many published 

animal model studies, in which treatment begins immediately after tumor induction, but 

preceding the immune suppression that is often induced by advanced-stage solid 

tumors.  Our model is therapeutic, rather that prophylactic.  The data in this study 

demonstrate that the combination of paclitaxel and delayed IL-12 treatment successfully 

delays tumor outgrowth, this is the first demonstration of a correlation between 

combined paclitaxel and an immunotherapeutic agent that correlates tumor control with 

restoration of immune cell activation potential. 

 

An attractive element of a paclitaxel-IL-12 combined approach that has not been 

examined is the potential activation of multiple antitumor immune mechanisms.  

Paclitaxel activates Mφs for enhanced cytotoxic molecule production in vitro (242, 269, 

277), and paclitaxel administration primes Mφs for NO and TNF-α production on in vitro 

activation (271).  IL-12 promotes lymphocyte IFN-γ production and proliferative capacity.  

In conjunction, these agents may activate both Mφ- and T cell-mediated antitumor 

effector mechanisms.  We chose to evaluate whether paclitaxel and delayed IL-12 

therapy is able to reconstitute immune responses at the time point where the immune 

system is the most impaired in our model, at 21 days post-tumor induction (14, 15, 21).  
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Our data demonstrate that combined therapy with paclitaxel and IL-12 has immune 

activating capacity, priming Mφs and CD4+ T cells for enhanced reactivity to activation 

stimuli ex vivo.  The observation that only combinatorial treatment significantly restores 

Mφ IL-12 production correlates with suppressed CD4+ T cell IFN-γ production, 

suggesting either therapy alone is insufficient to fully engage the cooperative feedback 

mechanisms between myeloid and lymphoid cells that induce and maintain activation 

during responses to pathogens or tumors.   

 

 Immunosuppression remains a major obstacle to cancer therapy.  By 

defining mechanisms of tumor-induced immune dysfunction, we have identified potential 

therapeutic measures that may counteract immunosuppression and restore host 

antitumor immune responses, thus inhibiting or eliminating the tumor. In mice, the 

mechanism of action of IL-12 has been investigated, however little is known about 

paclitaxel-IL-12 interactions.  Mice deficient in either IL-12 (241) or the IL-12 receptor 

(IL-12R) (189) are unable to mount TH1 responses, suggesting IL-12 is critical for the 

generation of TH1 immunity (190).  IL-12 activates the JAK2 (Janus Kinase-2)-STAT4 

(Signal Transducer and Activator of Transcription) signaling cascade. STAT4-

dependent signaling occurs when IL-12R binding stimulates the activation of JAK2, 

which tyrosine phosphorylates STAT4. STAT4 then translocates to the nucleus and 

interacts with the promoter region of the IFN-γ cytokine gene (21).  The master regulator 

of TH1 development via STAT4 signaling is another molecule, T-bet (T-box expressed in 

T cells; also known as Tbx-21) (143, 154). When naive CD4+ T cells recognize antigen 

in the presence of IFN-γ, coordinate signaling is activated through the T cell receptor 
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(TCR) and STAT1, respectively, which leads to increased expression of T-bet (154).  

Once induced, the increase in T-bet promotes the expression of IL-12Rs on the surface 

of the cell (235).  IL-12R expression enables the induction of the JAK2-STAT4 pathway, 

thereby promoting TH1 response development.    

 

It is not known whether paclitaxel inhibits JAK2-STAT4 signaling either by directly 

interacting with downstream JAK2-STAT4 molecules or by disrupting T-bet interactions.  

If this is the case, we suggest that paclitaxel-mediated disruption of JAK2-STAT4 

pathways may limit the effectiveness of concurrent paclitaxel and IL-12 administration 

(Figure 1).  Delayed administration of IL-12 (Figure 2) may overcome paclitaxel-

mediated suppression of IL-12R-associated signaling pathways and take advantage of 

IL-12’s positive therapeutic effects; and we propose this treatment regiment may be 

relevant in a clinical context.  We have demonstrated that paclitaxel’s cytostatic 

immunosuppressive activities can be overcome with supplementary delayed IL-12 

treatment (311).  Others using combined therapies consisting of paclitaxel and immune 

stimulating cytokines have had limited success (422).  

 

 We show that combination therapy using paclitaxel and IL-12 -- agents currently 

used individually in Phase III trials (54, 259) or clinical applications (126, 135) -- has 

both chemotherapeutic and immunotherapeutic effects and reduces tumor progression.  

We further speculate that the optimal chemo-immunotherapeutic response may not 

have been achieved in our present study; the efficacy of this therapy derives from its 

simultaneous assaults on tumors and restoration of cytokine balance to the immune 
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system.  Further in vivo studies of immune cell function following various regimens of 

paclitaxel and IL-12 combination therapy will enhance our understanding of the in situ 

activities of these molecules and allow for improvement of the dosing regimen to 

achieve optimal antitumor responses with minimal adverse effects.  These data 

demonstrate that paclitaxel can be combined with immunotherapeutic cytokines to 

achieve enhanced anti-tumor immune activity, and we propose that this combined 

therapeutic approach should be considered in a clinical context. 
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Section III: 

 

 

 

Tumor-Proximal and Tumor-Distal T Cell Activation and Response 

Kinetics are Differentially Skewed Towards Nonfunctional Phenotypes 

in Tumor-Burdened Hosts 
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Abstract 

 

Successful antitumor therapy is dependent on the recruitment of functional T cell 

repertoires and the maintenance of immune cell activation status.  Because T 

cell-mediated adaptive immune responses are critical to antitumor immunity, we 

investigated the possibility that tumor cells divert T cell responses toward 

dysfunctional, inactive phenotypes, leading to a downregulation of, or 

inappropriately polarized, T cell cytokine production. The histopathology, 

functional activity, and cellular constituents of tumor-burdened hosts (TBHs) has 

been investigated; however, to date, few reports have detailed the kinetics of T 

cell activation and TH1/TH2 bias throughout the course of disease either 

systemically or in the tumor microenvironment.  We evaluated TBH T cell 

activation response kinetics in BALB/c mice in order to identify timepoints at 

which therapeutic intervention may be most advantageous. We conducted 

immunostaining on circulating and in situ TBH lymphocytes collected from normal 

and fibrosarcoma-bearing BALB/c mice to determine whether memory T cell 

activation status is differentially suppressed at tumor-proximal (TP) and tumor-

distal (TD) sites.   In circulating TBH lymphocytes, there is a progressive increase 

in CD44highCD62Llow and CD4highCD62Llow cells; however, cytokine array profiles 

and IFN-γ, IL-2, and IL-4 ELISAs of lectin-stimulated CD4+ T cells isolated from 

late-stage TBHs suggest that TH1 cytokine production is not substantially 

upregulated — in spite of T cell activation status.  Since the only significant shifts 

occur at timepoints late in tumor progression, the induction of effector immunity 
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may be insignificant.  In situ CD4+CD62L+ T cell infiltration is present 21 days 

after tumor induction; however, these cells are ineffective at clearing tumor — 

suggesting they exhibit a suppressive phenotype.  Data from these studies 

demonstrate T cell activation and cytokine production are progressively 

compromised in response to tumor, and enhance our current understanding of 

the dynamics of immune system dysregulation during tumor development.   This 

has important implications for current immunotherapy protocols, supporting the 

theory that immune responses do in fact occur in cancer patients, but need to be 

enhanced, possibly by immunotherapeutic treatment regimens. 
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Introduction 

 

 
The immune system plays a protective role in the prevention of tumor development. 

Recent evidence suggests the strength of antitumor immunity is dictated by the quality 

of the antitumor T cell response generated (30, 63, 94, 237, 249, 276, 295), which is 

characterized by the upregulation of T cell activation marker expression (29, 167, 187, 

331), and TH1/TH2 cell subset differentiation (373, 426). Naive quiescent T cells 

circulate through secondary lymph nodes, where they interact with antigen-loaded 

dendritic cells (DCs) or macrophages (Mφs).  The resulting short-lived effector and long-

lived memory T cells home to sites of infection via a multistep process that is mediated 

by adhesion molecules and chemokines, leading to the extravasion of immune effector 

cells into peripheral tissues (27).   

 

Lymphocyte trafficking to sites of inflammation is mediated by the differential 

expression of multiple surface adhesion molecules (404).  L-selectin (CD62L) mediates 

adhesion to the peripheral lymph node vasculature, and helps to target resting 

lymphocytes to areas of antigen concentration within lymph nodes (404).  Following 

activation by proinflammatory cytokines and interacting with antigen-presenting cells 

(APCs), CD62L expression is downregulated.  Activated T cells can then circulate to 

sites of inflammation as effector memory cells. CD44, another key molecule involved in 

lymphocyte extravasation and migration, is upregulated on lymphocytes upon activation, 

thereby promoting movement through the extracellular matrix via interactions with 

hyaluronate (81, 171, 247).  Anti-CD44 monoclonal antibody treatment effectively 
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abolishes the migration of T cells to inflammatory sites (404), thereby limiting the 

adaptive immune response. Recent work has focused on the adhesion-promoting 

activities of CD44, and their role in tumor metastasis development (20, 64, 155, 378).   

 

Naive and memory cell subsets can be classified based on differential CD44 and 

CD62L expression.  Naive CD4+ T cells do not express CD44, and are CD62Lhigh.  In 

contrast, memory CD4+ T cells are characteristically CD44highCD62Llow (322, 404).  

Current immunotherapeutic approaches focus on enhancing naive T cell responses 

(170, 216, 414).  However, the efficiency of such priming may be limited due to low 

frequencies of tumor-specific naive T cells (27, 96, 418).  It has been suggested that 

memory T cells represent prime candidates for immunotherapeutic enhancement, since 

their frequency tends to be higher, they respond to lower antigen doses, and are less 

dependent on costimulation (27, 322).   However, the kinetics of how these cell 

populations functionally respond to tumors is unclear.   

 

Whether the distribution and function of naive/memory systemic and in situ T cell 

populations is altered gradually or immediately in response to tumor remains unknown, 

and is important since the efficacy of immunotherapeutic modalities is attempt to bolster 

existing host immune defenses. Our current work aims to address how tumor cells 

divert T cell responses towards nonproductive helper phenotypes.  We investigated 

whether memory T cell activation in TBHs is differentially regulated at TP and TD sites.  

Previous data from our laboratory indicates the methylcholanthrene-induced 

nonmetastatic transplantable fibrosarcoma designated Meth-KDE maintains elevated 
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levels of prostaglandin-E2 (PGE2) transforming growth factor-β (TGF-β), and IL-10 in the 

tumor microenvironment (12).  We hypothesize these in situ immunosuppressive 

molecules downregulate tumor-infiltrating lymphocyte (TIL) populations prior to altering 

systemic naive and memory phenotypes.  Systemic and TIL populations during initial 

disease progression may therefore exhibit functionally distinct phenotypes that gradually 

become more homogenous throughout the course of disease.   

 

Our data suggests desirable CD4highCD62Llow and CD44highCD62low systemic 

memory T cell populations are hampered by the tumor as a means of immune escape. 

Sequential immunohistochemical analysis of TILs suggests immunosuppressive 

CD4+CD62L+cells accumulate during late-stage tumor progression, since CD62L is not 

detectable until 21 days post-tumor induction.  Splenic T cell IL-2, IFN-γ, and IL-4 

cytokine production is quantitatively altered in TBHs at different timepoints post-tumor 

induction, so T cell activation suppression differentially affects cytokine production.  

Significant hampering of the qualtitative cytokine profiles of CD4+ T cells was also 

observed in resting and lectin-stimulated cells—but only in a limited capacity, which is 

surprising, since overall T cell activation is depressed. These studies provide new 

insight into methods of tumor immune escape, thus paving the way for treatments that 

better harness the immune system. Our work could lead to significant advances in 

cancer treatment methods. 
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Materials and Methods 
 

Murine Tumor Model 

 

Eight to 12 week-old BALB/c (H-2d) male mice (Jackson Laboratories, Bar Harbor, ME) 

were used in these studies.  A BALB/c nonmetastatic methylcholanthrene-induced 

transplantable fibrosarcoma (designated Meth-KDE) was used, as described (101, 274, 

275).  Briefly, tumors were induced via intramuscular injection (i.m.) of 4 x 105 Meth-

KDE fibrosarcoma cells.  Tumors became palpable at 10 to 14 days, and death 

occurred between 28 and 35 days. Animals with excessive tumor burdens, which 

included those with visible ulcerations at the tumor site and/or lack of locomotive 

capacity accompanied by rapid, irregular breathing, were humanely euthanized by 

tribromoethanol injection followed by cervical dislocation.  To evaluate kinetic 

distributions of lymphocytes, normal host (NH) and TBH cells at days 0,7,14 and 21 

post-tumor inoculation were assessed.  All animal protocols were consistent with 

accepted NIH guidelines for the care and use of laboratory rodents, and the Virginia 

Tech Institutional Animal Care and Use Committee approved all procedures. 

 

Medium and Reagents 

 

 Immune cells were cultured in serum free RPMI-1640 medium with 2 mM L-glutamine 

(Mediatech, Inc., Herndon, VA).  All media contained 50 mg/L gentamicin sulfate 

(Mediatech, Inc.), 25 mM sodium bicarbonate (NaHCO3), and 25 mM HEPES buffer.  

For cell culture, media was supplemented with 5% fetal calf serum (FCS, Mediatech, 
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Inc.) and lectin-stimulated splenic CD4+ T cells were cultured in 8 µg/ml Concanavalin-A 

(ICN Biochemicals, Inc., Aurora, OH). 

 

Tumor Cell Culture and Supernatant Preparation 

 

Cultured Meth-KDE tumor cells were used to generate tumor-derived supernatants.  

Meth-KDE cells were purified as described (274), and maintained by diluting 1:5 in fresh 

complete medium containing 5% heat-inactivated fetal bovine serum (FBS, Mediatech) 

every fourth day.  Tumor cell supernatants were obtained by culturing purified 2 x 106 

Meth-KDE tumor cells/ml in 24 well flat-bottomed tissue culture plates (Becton 

Dickinson, Franklin Lakes, NJ).  Cell-free Meth-KDE supernatants were collected by 

centrifugation at 72 hours.   

 

CD4+ T Cell Separation and Culture  

 

CD4+ splenic T cells were isolated from 8-10 week old NHs and TBHs at various 

timepoints after tumor inoculation (days 0 at 1 hour post-inoculation, day 7, day 10, day 

14, and day 21).  Spleens were harvested, and red blood cells lysed using 0.83% 

ammonium chloride (Sigma).  The resulting cell population was purified using magnetic-

based positive bead selection (EasySep®, StemCell Technologies, Vancouver, 

Canada).  The CD4+ T cell populations were >95% pure as determined by flow 

cytometric staining for the presence of CD4 surface markers.   
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Cytokine Array Analysis 

 

Cytokine production by 4 x 106 splenic CD4+ T cells from paclitaxel-treated, vehicle-

treated, untreated TBHs, or NH control animals was measured in supernatants from 

unstimulated or Concanavalin-A stimulated (Con A, 8 µg/ml) cells cultured in 24-well 

flat-bottomed plates for 48 hours (optimal time).   Cell-free supernatants (2.0 ml) were 

collected via centrifugation and cytokine array analysis (Raybiotech, Norcross, GA) was 

performed per the manufacturer’s directions on 1.0 ml samples (Appendix B).  The 

remaining 1.0 ml of supernatant was used for ELISAs. 

 

Cytokine Quantification by ELISA 

 

CD4+ lymphocyte cell-free supernatants obtained as described were also analyzed for 

prototypical TH1 (IFN-γ, IL-2) and TH2 (IL-4) cytokine production by specific ELISA 

(eBioscience, San Diego, CA) per the manufacturer’s directions. 

 

Immunohistochemistry 

 

Tissue sections from NHs and TBHs (days 0,7,14, and 21) were cross-sectioned, 

imbedded in tissue freezing media, and snap frozen using liquid nitrogen. Ten µM 

sections of the blocks were prepared and stained with anti-CD4, anti-CD44, or anti-

CD62L antibody (eBioscience, San Diego, CA) as previously described (166).  The 

protocol is explained in Appendix C.  Briefly, endogenous peroxidase activity was 
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blocked by incubating sections in 0.3% H2O2 for 30 minutes, and nonspecific FcR 

binding activity was blocked by incubating the slides in 10% FCS.  Slides were washed, 

and incubated for 4 hours with 2 µg/ml of primary antibody. Slides were washed again, 

and incubated with 3 µg/ml of a secondary biotinylated antibody.  The sections were 

incubated with streptavidin conjugated to horseradish peroxidase (BD Pharmingen, San 

Diego, CA); and developed using an AEC substrate kit (BD Pharmingen).  The slides 

were counterstained with hemotoxylin. For hemotoxylin and eosin (H & E) staining, 

tissues were cross-sectioned, embedded in paraffin, and processed by the Clinical 

Laboratory of the Pathology Department at the Virginia-Maryland Regional College of 

Veterinary Medicine.  For immunohistochemical analysis, cells expressing the marker of 

interest were brown in color.  H & E staining confirmed the presence of tumor and 

lymphocyte infiltration. 

 

Statistics and Calculations  

 

Treatment groups contained a minimum of five animals, and cells from five mice were 

pooled for each in vitro experiment, unless otherwise stated.  Triplicate cultures were 

tested for cytokine production for ELISAs. Data are means ± SEM of triplicate 

determinations in a single experiment.  Representative experiments are shown.  

Comparisons were calculated using a Student’s t test and all comparisons are 

significant at p < 0.05, unless otherwise stated. 
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Results 

 

TD CD44highCD62Llow and CD4highCD62Llow Memory T Cell Suppression is Coupled with 

Overall Enhancements in CD62Lhigh Populations  

 

To evaluate the impact of tumor-derived factors on TD T-cell activation during tumor 

progression, we isolated splenic lymphocytes from NHs and TBHs (n=5) at days 0, 7, 

14, and 21 and assessed the cells for CD44/CD62L or CD4/CD62L expression using 

dual-color flow cytometry. NH splenic lymphocytes express basal levels of 

CD44highCD62Llow and CD4highCD62Llow (25.4% and 12.8% respectively; Figure 1a and 

1b).    In TBHs, memory T cell populations are suppressed throughout the course of 

disease until tumor burden is significant (day 21; Figures 1i and 1j). Specifically, 

substantial increases in the TBH activated memory CD44high/CD62Llow phenotype are at 

days 0 (Figure 1c, an hour post injection, possibly due to stress-induction) and 21 

(Figure 1i), suggesting T memory is induced in TD lymphocyte populations, but tumors 

may downshift systemic T cell activation as a means of immune escape. The 

intermediate CD44highCD62Lhigh cell phenotype increase that occurs at days 7 (Figure 

1e) and 14 (Figure 1g) is particularly interesting, since in memory cell populations’ 

CD44 expression is elevated prior to the downshift in CD62L expression.   

 

 CD4highCD62Llow -expressing cell populations have similar characteristics; memory 

cells are suppressed 14 days post-injection (Figure 1h) and rebound at 21 days (Figure 

1j).  CD62L expression is maintained at elevated levels in splenocytes until TBH day 21, 
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suggesting these cells may have a suppressive (possibly Treg) phenotype (295) that is 

not redirected by the TBH immune system until terminal timepoints.   To determine 

whether this is the case, triple color staining for the presence CD4+CD25+CD62Lhigh 

cells and functional analysis of FACS-sorted potential Treg populations would be 

necessary. Overall the data suggest that tumor-induced suppression of TD T cell 

activation is widespread, even at early timepoints.   However, TBH memory T cell 

populations are elevated during late-stage tumor progression (Figure 1i, 1j) suggesting 

the induction of a delayed immune response that may be boosted via immunotherapy.   
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Figure 1: TD Memory Splenic 
Lymphocyte Populations are 
Suppressed in TBHs Until 
Late Stage Tumor 
Development. Splenocytes 
isolated from NHs and TBHs at 
days 0,7,14, and 21 (n=5) 
were dual stained for CD44 
and CD62L (left) and CD4 and 
CD62L (right).  Memory 
CD44highCD62Llow and 
CD4highCD62Llow cells are in 
bold, with bold-faced numbers 
representing the percentage of 
cells expressing the markder of 
interest within the lymphocyte-
gated population. 
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 Circulating T Cell Activation is Dysregulated in TBHs 

 

Data obtained from TD splenic lymphocyte populations suggested an overall 

suppression of memory T cells in TBHs until late-stage tumor development (see Figure 

1).  Since activated CD44highCD62Llow cells were downregulated as early as 7 days 

post-tumor induction (see Figure 1e), we posited circulating lymphocytes display similar 

dysfunctional phenotypes. To test our hypothesis, we conducted immunostaining on 

peripheral blood lymphocytes (PBLs) collected from the tail veins of 8-10 week old 

normal (Figure 2) and tumor-burdened (Figures 3-6) BALB/c mice (n=10).   

 

 NH PBLs, like TD splenic lymphocytes, express low levels of CD44 and CD62L 

(Figure 2). In contrast to our parallel studies on splenic T cells where CD44high/CD62Llow 

populations are suppressed until day 21 (see Figure 1i), in TBH PBLs there is an 

increase in CD44highCD62Llow cells at days 14 (Figure 5) and day 21 (Figure 6), 

suggesting the induction of memory cells in circulating lymphocyte populations before 

their initation in the spleen.  T cell activation status is not initiated prior to the 

development of palpable tumor masses at day 14.  CD44highCD62Llow memory cells in 

both the spleen and PBLs, again, only occur at timepoints late in tumor progression 

(Figure 7). The induction of effector immunity in TD T cells is insufficient, although its 

presence suggests TBHs are able to mount some type of immune response to tumor.   

This has important implications for current immunotherapy protocols, since our data 

support the theory that immune responses do in fact occur in cancer patients and may 

be boosted by immunotherapeutic treatments. 
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CD44 Expression on Lymphocyte/Monocyte Gated Cells 

CD62L Expression on Lymphocyte/Monocyte Gated Cells 

Figure 2:  Normal Host (NH) PBLs Express Low Levels of CD44 and CD62L.  Blood (0.2 ml) was drawn from the tail veins 
of 10 8-10 week old BALB/c mice.  Lymphocytes were separated out using a Ficoll-based density gradient. Subsequently, 
CD44 (B) and CD62L (C) expression was measured on viable lymphocyte-gated cells (A)  using dual-color flow cytometry.  
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CD44 Expression on Lymphocyte/Monocyte Gated Cells 

CD62L Expression on Lymphocyte/Monocyte Gated Cells 

Figure 3:  TBHs on Day 0 Slightly Upregulate CD44 While Maintaining CD62L Expression. Approximately one hour 
subsequent to the injection of 4 x 105 Meth-KDE fibrosarcoma cells, blood (0.2 ml) was drawn from the tail veins of 8-10 week 
old BALB/c mice (as in Figure 2).  Lymphocytes were then separated using Ficoll and CD44 (B) and CD62L (C) expression 
measured in viable lymphocyte-gated populations (A) as in Figure 2.  
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 CD44 Expression on Lymphocyte/Monocyte Gated Cells 

CD62L Expression on Lymphocyte/Monocyte Gated Cells 

Figure 4:  Day 7 TBH PBLs Maintain Low Levels of CD44high/CD62Llow-expressing Cells Despite the Presence of 
Tumor.  Blood (0.2 ml) was drawn from tail veins of 8-10 week old BALB/c mice 7 days subsequent to tumor induction.  
Lymphocytes were isolated and immunostaining for CD44 (B) and CD62L (C) expression on viable lymphocyte-gated cells (A) 
was conducted as previously described.  
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CD44 Expression on Lymphocyte/Monocyte Gated Cells 

CD62L Expression on Lymphocyte/Monocyte Gated Cells 

Figure 5:  Day 14 TBH PBLs Modestly Upregulate CD44high/CD62low Expression.  Blood (0.2 ml) was drawn from the 
tail veins of mice 14 days subsequent to tumor induction.  Lymphocytes were isolated and immunostaining was 
conducted for CD44 (B) and CD62L (C) expression on viable lymphocyte-gated cells (A) as previously described.  
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CD44 Expression on Lymphocyte/Monocyte Gated Cells 

CD62L Expression on Lymphocyte/Monocyte Gated Cells 
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Figure 6:  Day 21 TBH PBLs Substantially Increase CD44high/CD62Llow Expression.  Blood (0.2 ml) was drawn from the 
tail veins of mice as in Figure 1 21 days subsequent to tumor induction.  Lymphocytes were isolated and immunostaining was 
conducted for CD44 (B) and CD62L (C) expression on viable lymphocyte-gated (A) cells as previously described.  
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Percentages of CD44highCD62Lmid-to-low cells in NHs and TBHs 
 
CD marker  NH TBH day 0 TBH day 7 TBH day 14 TBH day 21 
1CD44high 312.58 36.43 20.52 38.44 59.55 
2CD62Lmid-to-low 20.65 0.81 8.87 7.26 47.35 
 
 
 
 
Figure 7:  Kinetics of CD62L Expression in CD44high cell populations in TBHs.  A schematic (A) and 
table (B) of data taken from Figures 2-6.  Figure 7A illustrates the numbers of cells expressing CD62L on 
CD44-gated cells graphically.  Figure 7B is the percentage of cells expressing high levels of CD44 or mid-
to-low levels of CD62L expression.  1CD44high expression was defined as cells within the CD44 M2 gate in 
Figures 2-6.  2CD62Lmid-to-low expression is the percentage of cells within the M1 and M2 gates of Figures 
2-6. 3Numbers in (B) are percentages of viable lymphocyte-gated cells expressing the marker of interest.  
In TBHs, the percentages of CD44high cells are suppressed until 14-21 days post-tumor induction (see 
Figure 5 and Figure 6).  However, as illustrated above (A) downregulation of CD62L does not occur until 
the tumor has significantly progressed at days 14 (blue) and 21 (orange).   
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TBH day 21 

A 

B 



 94 

CD4+ T Cell Infiltration is Accompanied by an Increase in CD62L Expression in Late 

Stage TBHs 

 
 
Our studies suggest memory T cells enter peripheral blood circulation 14 days after the 

initiation of disease (see Figure 5).  Splenic T cell activation is largely suppressed; since 

increasing numbers of CD44highCD62Llow and CD4highCD62Llow cells are not present 

until 21 days post-tumor induction.  Because TD lymphocytes display dysfunctional 

phenotypes, we posited that TIL populations are suppressed initially at the tumor site 

prior to systemic inhibition.   In situ suppression could be due tumor-derived factors, 

such as T cell inhbitory cytokines (249) and/or tumor-induced APC dysfunctionality 

(245, 292, 293).  Previous data suggest that Meth-KDE secretes IL-10 (274), a cytokine 

that suppresses TH1 responses, and TGF-β (12), which has recently been linked to the 

induction of Treg cells (61, 398).   

 

Using immunohistochemistry (IHC), we assesed whether TIL popluations 

exhibited dysregulated T cell activation patterns prior to the induction of systemic tumor 

tolerance we observed at 14 days and 21 days in PBLs and splenic lymphocytes, 

respectively.   We performed IHC on frozen tissue sections and examined infiltrates for 

CD4 and CD62L expression (Figure 8).   Significant CD4+ infiltration occurs in 21 day 

TBHs; however, the increase in CD4+ T cells is accompanied by a concommitant 

increase in CD62L expression that is not visible until 21 days post-tumor induction. In 

addition, at day 21 TILs upregulate CD62L expression and acquire a suppressive 

phenotype via an as yet undefined mechanism.  Since CD62L expression is either 
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absent or below the IHC detection limit prior to day 21, TILs present before or up until 

day 21 may represent functional, activated memory T cell populations; whether these 

early-infiltrating lymphocytes are functionally active is under investigation.    
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TBH d0 

TBH d7 

TBH d14 

TBH d21 

NH 

CD44 (400X) H & E (100X) CD44 (100X) 

Figure 8. CD4+ Infiltrates in TBHs are ‘too-little-too-late’.  Histological sections of NH and TBH left hind legs at days 0, 
7, 14, and 21 stained with anti-CD4 (columns I and II) and anti-CD62L (columns III and IV) at 100X (columns I, III) and 
400X (column II, IV) magnifications and hematoxylin-eosin (column V) at 400X.  Sections shown are representative (n=5).  
CD4+CD62L+ T celll infiltrates are present 21 days post-tumor induction.   For IHC, arrows indicate the locations of positive 
cells.  H & E analysis confirms the presence of tumor cell infiltrates (n=5).   

CD62L (100X) CD62L (400X) 
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 TBH CD4+ T Cells Dowregulate TH1 Cytokine Production  

 
 
An important consideration in assessing antitumor memory responses is the functional 

capacity of the cells that are generated in response to tumor. Most vaccination 

strategies involve prime/boost regimens, to initially generate a population of antigen-

specific memory T cells by priming, and further enhance memory T cell numbers and/or 

persistence via boosting (303).  It is not known how T cell activation and memory is 

rendered dysfunctional over time in response to tumor.  We first assessed the kinetics 

of the misdirection of T cell activation by assessing T cell activation markers, and found 

that T cell memory development is differentially delayed at TP and TD sites. Next, we 

assessed the functional capabilities of CD4+ T cells in the TBH, since CD4+ T cell 

cytokine production may also drive T cells towards misguided phenotypes.  

 

An explanation for dysfunctional immune responses in TBHs may be a lack of, or 

misdirection, of helper immunity. CD4+ T helper cells can be classified based on 

cytokine expression and homing capacity.  CD4+ T helper 1 (TH1) and T helper 2 (TH2) 

cells are characterized by distinct cytokine production patterns. TH1-polarized cells may 

stimulate more optimal antitumor immunity, since they produce IFN-γ and IL-2, and are 

involved in cell-mediated immunity (410). TH2 cells produce IL-4 and promote humoral 

immunity by stimulating antibody production by B cells, particularly IgE responses (278).  

These two categories appear to share a common precursor and have been found to 

cross-regulate each other's development (410).  TH1/TH2 response recruitment is 

indirectly affected by chemokines that play an important role in the regulation of 
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leukocyte migration and preferentially attract cell types that skew immune responses.  In 

TBHs, cytokine and chemokine profiles of CD4+ cells in the host may be altered by 

tumors in order to facilitate tumor neoplastic development. 

 

To address whether TBHs exhibited dysfunctional helper immunity, and how it is 

related to dysfunctional T cell memory activation status, CD4+ splenic lymphocytes from 

NHs and TBHs at days 0, 7, 14, and 21 (n=10) were isolated since these cells had 

depressed T cell activation. We evaluated TH1/TH2 cytokine and chemokine expression 

of cell supernatants using cytokine antibody arrays (Raybiotech, Inc., Norcross, GA).  

Resting T cell populations in NHs constitutively expressed the key inflammatory 

cytokines monocyte chemoattractant protein-1 (MCP-1) and RANTES/CCL5 (Table 1).  

Contrastingly, in TBHs MCP-1 and CCL5 were suppressed at days 0 and 7, suggesting 

Meth-KDE may at least initially downregulate the inflammatory response in order to 

facilitiate its development at the early stages. TBH resting T cells modestly upregulate 

other cytokines that play important roles in inflammatory pathogenesis. These T cell 

populations may have been exposed to TAs in situ. The cytokines expressed, which 

include IL-3, IL-6, MCP-5, and IL-9, suggest TBH T cells play a role in the recruitment of 

Mφs to the tumor site.  Previous data from our laboratory demonstrate TAMs suppress T 

cell proliferative capacity via increased production of NO and TNF-α (12).   

 

Cytokine profiles of lectin-stimulated TBH T cells (Table 2) suggest CD4+ splenic 

T cells are not incapable of producing cytokines, although, a bias towards inflammatory 

molecule production is present. At least initially the production of MCP-1 and RANTES 
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is suppressed.  IL-6 and IL-17 production is depressed in the cells by day 14, and at day 

21 IL-3 production is downregulated as well.  MCP-5 production is upregulated at days 

10 and 21.  We also show CD44highCD62Llow and CD4highCD62Llow memory cells in the 

spleen are suppressed in TBHs until day 21.  The cytokine profiles of splenic CD4+ T 

cells suggest these phenotypically inappropriate cells, in addition, may upregulate the 

inflammatory response and contribute to dysfunctional adaptive immunity.  
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Table 1. Cytokine Array Analysis of Resting NH and TBH Splenic CD4+ T Cells  

 
T cell Derived 

Molecules 
NH 

Resting 
T cells1  

TBH Day 0 
Resting T 

Cells 

TBH Day 7 
Resting T 

cells 

TBH Day 10 
Resting T 

cells 

TBH Day 14 
Resting T 

cells 

TBH day 21 
Resting T 

cells 
RANTES (CCL5] +2,3 ghosting ghosting + + + 
MCP-1 (monocyte 
chemoattractant 
protein-1) 

+ -- -- ++ + 1/2 ++ 

IL-2 ghosting -- -- ghosting ghosting ghosting 
IL-3 -- + 1/2 -- + ghosting ghosting + 
IL-4 -- -- -- -- -- -- 
IL-17 -- -- -- -- -- ghosting 
IL-6 -- -- -- ghosting -- ½ -- + 
GM-CSF -- -- -- ghosting -- + 
IL-9 -- -- -- -- -- + 
MCP-5 -- -- -- -- ghosting + 
sTNFR-1 -- ghosting ghosting ghosting -- + 
IL-13 -- -- -- ghosting -- ghosting 
TPO -- -- -- ghosting -- ghosting 
VEGF -- -- -- -- -- ghosting 
IFN-γ -- -- -- -- -- -- 
IL-5 -- ghosting -- -- -- -- 
IL-10 -- -- -- ghosting -- -- 
 
 
1Splenic CD4+ T cells were isolated as previously described.  Once isolated, 4 x 106 cells were incubated 
for 48 hrs in a 24 well flat-bottomed plate.  Cytokine arrays were conducted on 1 ml of supernatant 
purchased from Raybiotech, Inc., and carried out as instructed by the manufacturer.  2Spots were rated 
qualitatively on a “+ to +++” scale.  “Ghosting” indicates the presence of a very faint spot.  Notably resting 
(unstimulated) T cells isolated from TBHs upregulate cytokine production by day 21.  3Cytokines of 
particular interest are highlighted in bold.  Arrays run in supernatant containing 10% FCS + RPMI (media 
alone) were run as a negative control, and no cytokine production was detected. 
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Table 2. Cytokine Array Analysis of Con A Activated (8 µg/ml) NH and TBH Splenic CD4+ 

T Cells  
 
 
 

T cell Derived 
Molecules 

NH1  
  

TBH Day 0  TBH Day 7  TBH Day 10   TBH Day 14 TBH Day 21   

RANTES (CCL5) ++ 1/22,3 ghosting – 
1/2  

ghosting + ghosting + 

MCP-1 
(monocyte 
chemoattractant 
protein-1) 

+++ ghosting ghosting +++ ++ + 

IL-2 ++ +++ +++ ++ ++ ++ 
IL-3 + ++ 1/2 ++ 1/2 ++ + -- 
IL-4 ++ + 1/2 + 1/2 ++ ++ + 
IL-17 ++ + 1/2 ghosting + -- -- 
IL-6 + + + ++ 1/2 -- -- 
GM-CSF -- ghosting ghosting -- ghosting -- 
GCSF -- ghosting -- -- ghosting -- 
IL-9 -- -- -- -- -- -- 
MCP-5 ghosting ghosting ghosting + ghosting + 
sTNFR-1 -- ghosting ghosting -- -- -- 
IL-13 -- -- -- -- -- -- 
TPO -- -- -- ‘ghosting’ -- -- 
VEGF -- -- -- -- -- -- 
IFN-γ ghosting -- ghosting ghosting -- ghosting 
IL-5 -- -- -- -- -- -- 
IL-10 -- -- -- -- -- -- 
 
 
 
1Splenic CD4+ T cells were isolated as previously described.  Once isolated, 4 x 106 cells were stimulated 
with 8 µg/ml Con A, and cultured for 48 hours.  Cytokine arrays were conducted on 1 ml of supernatant 
purchased from Raybiotech, Inc., and carried out as instructed by the manufacturer.  2Spots were rated 
qualitatively on a “+ to +++” scale.  “Ghosting” indicates the presence of a very faint spot. 3Positive 
cytokines are highlighted.  Arrays run in supernatant containing 10% FCS + RPMI (media alone) were run 
as a negative control, and no cytokine production was detected. 
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 Meth-KDE Suppresses IFN-γ and IL-2 Production, but Maintains IL-4 Expression  in 

TBHs 

 
 
Table 1 shows that resting T cells from TBHs slightly upregulate inflammatory cytokine 

production.  The induction of an in vitro response using lectin stimulation in TBHs leads 

to a similar increase in cytokines/chemokines that promote innate immunity (see Table 

2). In addition to assisting in the recruitment of an inflammatory response, the lack of T 

cell memory activation status in TP and TD populations led us to posit that the 

production of a few key cytokines may be skewed quantitatively in favor of the 

suppression of TH1 responses. In 2002 (and followed up in 2005) Farber, et al. (5, 105, 

303) demonstrated clonotypic populations of antigen-specific populations of memory T 

cells shift their cytokine profile from predominantlly IFN-γ to IL-4 in response to recall 

stimuli; and we investigated whether this occurred in our system. Our cytokine array 

profiles failed to detect significant amounts of IFN-γ or IL-2 (see Tables 1 and 2) in our 

system. We questioned whether production of these cytokines was below the limit of 

detection of the assay itself.  We used 1.0 ml of sample taken from NH and TBH splenic 

CD4+ T cells (days 0, 7, 14, and 21) for cytokine array analysis to conduct ELISAs to 

quantitatively measure the production of IFN-γ, IL-2, and IL-4.   

 

The data suggest T cells produce IFN-γ (Figure 9), IL-2 (Figure 10), and IL-4 

(Figure 11) in response to tumor.  However, the suppression of IFN-γ and IL-2, key TH1 

cytokines, correlates with the depletion of CD44highCD62Llow and CD4highCD62Llow 

activated memory T cells (see Figure 1).  It is important to note that the two TH1 
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cytokines are suppressed differentially.  IFN-γ production (Figure 9) is almost completely 

ameliorated up until day 21; while IL-2 (Figure 10) in contrast, is more gradually 

suppressed until a significant increase occurs at 21 days post-tumor induction.  IL-4 

production (Figure 11) is maintained in the system, although at decreased levels in 

contrast to the substantial ‘switching off’ of IFN-γ, suggesting Meth-KDE tumors may 

preferentially dysregulate TH1 immunity in activated memory T cells.  
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Figure 9.  IFN-γ Secretion is Inhibited in TBH Splenic CD4+ T cells. Splenic CD4+ T cells were isolated 
as previously described.  Once isolated, 4 x 106 unstimulated or Con A (8 µg/ml)-stimulated cells were 
cultured for 48 hours in 24 well flat-bottomed plates.  Supernatants were harvested, and used for cytokine 
array analysis and quantitative ELISAs for key cytokines as per the manufacturers instructions. Data are 
averages +/- SEM of duplicate independent determinants from one of two independent experiments that 
have similar results. 
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Figure 10.  IL-2 Secretion is Inhibited in TBH Splenic CD4+ T cells. Splenic CD4+ T cells were isolated 
as previously described.  Once isolated, 4 x 106 unstimulated or Con A (8 µg/ml)-stimulated cells were 
cultured for 48 hours in 24 well flat-bottomed plates.  Supernatants were harvested, and used for cytokine 
array analysis and quantitative ELISAs for key cytokines as per the manufacturers instructions. Data are 
averages +/- SEM of duplicate independent determinants from one of two independent experiments that 
have similar results. 
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 Figure 11.  IL-4 Secretion is Dysregulated in TBH Splenic CD4+ T cells. Splenic CD4+ T cells were 
isolated as previously described.  Once isolated, 4 x 106 unstimulated or Con A (8 µg/ml)-stimulated cells 
were cultured for 48 hours in 24 well flat-bottomed plates.  Supernatants were harvested, and used for 
cytokine array analysis and quantitative ELISAs for key cytokines as per the manufacturers instructions. 
Data are averages +/- SEM of duplicate independent determinants from one of two independent 
experiments that have similar results. 
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Meth-KDE Secretes Angiogenic and Chemotactic Factors that Facilitate Tumor 

Development 

 

We have characterized the inhibitory effects of Meth-KDE-derived TGF-β, IL-10, and 

PGE2 on Mφ activation status (12) and Mφ IL-12 production ex vivo (272, 274).  

However, the systemic effects of tumor growth on memory T cell functionality and 

activation status suggested additional tumor-derived factors may be modulating T cell 

activity.  We conducted cytokine arrays on cultured tumor cell supernatants (Table 3).  

We found Meth-KDE constitutively expresses VEGF-A, sTNFR1, and CCL5/RANTES.  

Whether these factors directly instigate the downregulation of memory T cell 

functionality and activation status is currently under investigation.   
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Table 3.  Meth-KDE Secretes Angiogenic and Chemotactic Factors 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
20 x 106 Meth-KDE tumor cells were plated in flat-bottomed 6 well plates (2 x 106 cells/ml, 10 ml total).  
Cells were incubated for 72 hours (optimal time), and supernatant were collected for cytokine array 
analysis as previously described.  Data presented is representative of three independent experiments and 
spots were rated qualitatively on a “+ to +++” scale. Arrays run in supernatant containing 10% FCS + 
RPMI (media alone) were run as a negative control, and no cytokine production was detected. 
 

 

Cytokine Meth-KDE 
Tumor Cells 

VEGF-A 
(vascular 
endothelial 
growth factor) 

+++ 

CCL5/RANTES 
(regulated 
upon 
activation, 
normal T cell 
expressed and 
secreted) 
 

+1/2 

sTNFR1 
(soluble tumor 
necrosis factor 
receptor 1) 

++1/2 

VEGF-A 
 angiogenesis factor 
 increases vascular permeability, blood flow to tumor 

CCL5/RANTES 
 recruits monocytes, eosinophils to inflammatory sites 
 synthesis is induced by TNF-α 

sTNFR1 
 extracellular domain of TNFR-1 
 TNF antagonist 
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Discussion 

 

Recent advances in immunotherapy (53, 170, 313, 321, 367, 394) support the 

theory that the immune system plays a role in the prevention of tumor formation.  

At the same time, this work shows that the immune system also functions to 

promote or select tumor variants with reduced immunogenecity (97).  Immune 

escape mechanisms used by tumors vary; therefore, cancer vaccination 

protocols are considerably diverse. Treatment regimens such as vaccines (86, 

126, 239, 297, 330, 354, 363, 379, 416), T cell infusions (196, 340), and/or 

exogenous cytokines (28, 135, 285, 317, 340, 365) act through mechanisms that:  

1) stimulate the antitumor response, either by increasing the effector cells or by 

producing one or more soluble mediators such as cytokines; 2) decrease 

suppressor mechanisms; 3) modulate tumor cell immunogenicity and 

susceptibility to immunologic defenses; and 4) improve tolerance to cytotoxic 

drugs or radiotherapy (192).   Most of these approaches either directly or 

indirectly rely on their ability to boost the specificity of antigen recognition by the 

T cell arm of the immune response.   

 

T-cell subset depletion studies usually demonstrate the requirement for 

both CD4+ and CD8+ T cells for systemic tumor rejection (172); however, whether 

tumors inhibit the T cell activation and differentiation of these subsets is unclear.  

Studies in which mice were vaccinated several weeks before a live tumor 

challenge suggest NHs are able to reject tumor, while mice depleted of CD4+ T 
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cells using monoclonal antibody lose their ability to reject tumors (95).  Indeed, 

CD4+ T cells may play a significant role in the development of effector antitumor 

immunity, and boosting helper responses is another avenue currently being 

explored in clinical trials (209, 344, 394).  In this study we further investigated 

whether tumors preferentially inhibit the activation and functional phenotype 

certain helper T cell subsets throughout the course of disease.  

 

 It is clear that defects in different populations of T cells contribute to tumor 

development (36, 130).  We questioned whether tumors induce the suppression 

of T cell immunity by altering the differentiation and the trafficking patterns of 

memory T cell subsets (27, 105, 203, 303).  This has important therapeutic 

implications, since the efficacy of cancer treatments may be enhanced if 

treatments target molecules and mechanisms of tissue-specific homing and 

memory cell activation.  We demonstrate that tumor growth alters T cell 

phenotype and function significantly over time. CD44highCD62Llow and 

CD4highCD62Llow memory cell populations are differentially regulated at TP and 

TD sites, suggesting that tumors are capable of modulating systemic adaptive 

immunity. CD44highCD62Llow and CD4highCD62Llow expressing cells are 

suppressed in the spleen until 21 days after tumor induction, while circulating 

PBLs have increased memory cell populations as early as day 14.  In the tumor 

microenvironment, by day 21 there is significant CD4+ T cell infiltration.  The 

concommitant increase in CD62L expression suggests these cells may be 

ineffective against tumors, since reduced CD62L expression is characterisitc of 
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tumor-specific TH1 cells (253) or that they may function as Treg populations (295, 

419) that instigate tumor development.   Tumors appear to gradually induce 

systemic tolerance.   

 

What is particularly interesting is that, in spite of severely compromised 

immune functioning, day-21 TBHs do initiate T cell responses.  Splenic 

lymphocytes upregulate CD44highCD62Llow and CD4highCD62Llow populations, and 

at day 14 memory populations are detectable in circulating PBLs.  These data 

have important implications for current immunotherapy protocols, since ithey 

support the theory that immune responses do in fact occur in cancer patients and 

may be boosted by immunotherapeutic treatments.  Even more recent 

documented positive responses to immune therapy, while encouraging, are not 

consistent (363).  These mixed results may be explained, at least in part, by the 

misdirection of T cell memory activation and functionality. Understanding the 

mechanisms involved in the suppression of T cell memory may ultimately lead to 

more focused, effective treatment regimens. 

 

Our functional analysis of CD4+ splenic T cell kinetics suggests these cells 

may fail to undergo strict TH1/TH2 lineage commitment, a characteristic that may 

be a result of their dysfunctional activated memory phenotypes.   Cytokine array 

analysis (see Tables 1 and 2) shows that TH0-like cells, or cells that fail to commit 

to TH1/TH2 lineages as defined by their secretion of prototypical cytokines (65, 

127, 149, 172), appear to persist throughout the course of disease and  may 
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serve to instigate inflammatory responses.  Since our data neither proved the 

presence of TH1 cell lineage commitment, nor excluded TH2 immunity, we 

questioned whether TH1/TH2 cytokines were being expressed at levels below the 

detection limit of the assay.  We examined quantitative expression of the key TH1 

cytokines IFN-γ and IL-2, and the TH2 cytokine IL-4.  CD4+ T cells in TBHs exhibit 

functional plasticity. Many studies (65, 136, 169, 172, 181, 372) suggest that as T 

cells gradually become committed to TH1/TH2 types, they retain the capacity to 

express cytokines of earlier or alternate pathways.   Until day 21, TBHs have 

decreased levels of IFN-γ (see Figure 9) and maintain IL-4 production (see 

Figure 11), although both cytokines impaired in comparison to NHs.  At day 21 

the host immune system is significantly inhibited and TBH CD4+ T cells regain 

their capacity to produce IFN-γ; suggesting that the recall response at this stage 

in tumor development is shifted back towards functional TH1 immunity.  

 

 We report IL-2 secretion (see Figure 10) by these cells was reduced in a 

manner that was kinetically similar to the suppression of IL-4 production, 

suggesting the existence of a separate regulatory mechanism for IL-2 and IFN-γ.  

Functional analysis of TBH CD4+ T cells suggests not only that TH1 immunity is 

depressed in TBHs, but that T cells may contribute to the maintenance of the 

inflammatory response by secreting cytokines and chemokines like MCP-5, IL-6, 

GM-CSF, CCL5 that attract innate immune system components to the tumor site. 
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Extensive research has investigated the different functional capacities of 

particular T cell categories that occur in response to tumors (63, 278, 295, 391, 

419).  Little is known about the mechanism behind how and when dysfunctional T 

cells are generated throughout the course of disease. In order to therapeutically 

reverse T cell dysfunctionality, the kinetics of how tumors modulate T cell 

function must be addressed.  Depressed TH1 responses in TBHs correlated with 

decreased CD44highCD62Llow and CD4highCD62Llow cell populations.  At the tumor 

site an increase in CD4+ T cell infiltration at day 21 is accompanied by an 

increase in CD62L expression, suggesting these cells may be Treg populations 

(99).   Tumors escape the immune system via the selective inhibition of memory 

T cell populations.   

 

Memory T cell population phenotypes and function are suppressed in 

TBHs. CD44highCD62Llow and CD4highCD62Llow cell generation and 

cytokine/chemokine production is downregulated at TP and TD sites in Meth-

KDE TBHs with different kinetics.  These findings support the idea that T cell 

activation status and functional heterogeneity should be taken into consideration 

when optimizing immunotherapeutic approaches to cancer.    
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Section IV 

 

 

 

Paclitaxel Treatment Modulates T Cell Activation Status and 

Functional Capacity in Tumor-Burdened Hosts (TBHs) 
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Abstract 
 

 
Paclitaxel (TAXOL™) is a potent anticancer drug currently used to fight a wide variety of 

cancers, including breast cancer, leukemia, and lung carcinoma.  Paclitaxel’s 

antineoplastic effects are primarily attributed to its ability to bind to α/β tubulin, which 

retards microbule depolymerization and ultimately leads to the blocking of cell cycle 

progression and apoptosis.  We previously reported that paclitaxel induces nitric oxide 

(NO) and TNF-α production in Mφs.  Research suggests paclitaxel negatively affects the 

maturation of dendritic cell (DC), and increases MHC class II expression while inhibiting 

the proliferation of splenic T lymphocytes that are DC activated.  Paclitaxel 

administration in combination with other immunotherapeutic modalities leads to 

enhanced therapeutic efficacy against cancer, despite paclitaxel’s detrimental effects on 

T cells.  In this study we chose to examine the kinetic effects of paclitaxel administration 

on CD4+ T cells.  Low-dose paclitaxel administration induces mild T cell activation at 

critical immunosuppresive timepoints in tumor development.  Paclitaxel treatment 

decreases the numbers of CD44highCD62Llow activated TBH splenic T cells, but 

modestly increases CD4highCD62Llow populations that may enhance TH1 immunity.  

Cytokine array analysis suggests paclitaxel treatment does not significantly alter 

qualitative CD4+ T cell cytokine profiles.  However, paclitaxel-treated TBHs partially 

sustained IFN-γ and IL-2 TH1 cytokine production as compared to untreated TBHs when 

CD4+ T cell cytokine production was analyzed.   Our work supports the idea that a 

combination of chemotherapeutc agents plus vaccine immunotherapy may be better 

than either treatment alone, and documents new, previously undetected 
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immunostimulatory effects of paclitaxel administration on T cells.  The regimen warrants 

further investigation in a clinical setting.   
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Introduction 

 

Paclitaxel is a potent chemotherapeutic originally extracted from the bark and leaves of 

the Western yew Taxus brevifolia (275).  Paclitaxel’s primary mechanism of 

antineoplastic activity resides in its ability to irreversibly polymerize α/β tubulin, thereby 

disrupting microtubule networks (272, 420).  Disruption of cellular microtubules leads to 

rapid neoplastic cell death and inhibition of tumor progression (93).  Paclitaxel 

transiently induces NFκB activity via the phosphatidylinositol 3-kinase/Akt cascade, has 

potent immunostimulatory effects, and shows significant antitumor efficacy in human 

clinical trials (147, 333, 366, 411).  More important, pretreatment of TBH Mφs with 

paclitaxel also partially reverses tumor-induced Mφ suppressor activity (272).  However, 

paclitaxel’s positive immunotherapeutic effects may be offset by its inherent 

antineoplastic function -- the cytotoxic effects on bystander T cells and other rapidly 

proliferating immune cells essential to anticancer responses are inhibited by its halting 

of cell cycle progression. 

 

 We previously report that paclitaxel decreases T cell proliferative capacity and 

IFN-γ production (311).  The specific mechanism by which paclitaxel exerts its T cell 

inhibitory effects remains unclear.  Recent studies show paclitaxel promotes DC 

maturation by increasing the expression of MHC class II molecules; however, these 

reports also suggest proliferation of T lymphocytes activated by DCs is decreased 

(185). Tumor-infiltrating lymphocyte (TIL) populations are detected in breast cancer 
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patients following paclitaxel treatment. The presence of TILs correlated with the tumor 

cell apoptotic response (88).   

 

Paclitaxel’s promotion of Mφ and DC activation status may have secondary T cell 

promoting affects in TBHs. Apoptotic death is a critical requirement for antigen 

presentation by MHC class II molecules on DCs, because antigens from necrotic cells 

cannot enter this pathway (185), and mechanisms by which DCs use cross presentation 

via MHC class I molecules is an area of intense investigation.  The enhancement of 

apoptotic cell death that occurs in paclitaxel-treated TBHs may therefore indirectly 

enhance the ability of antigen-presenting cells to exert their functions (88, 185).     

 

We addressed whether paclitaxel enhanced CD4+ T cell functional capacity in 

TBHs, since studies suggest that helper T cell immune responses contribute to the 

control of tumor growth (172, 394).   The goal of many cancer vaccinations currently 

being pursued in clinical trials is to augment T cell memory (27) as well as increase CTL 

responses (63, 170, 414). One way to augment cancer vaccine efficacy, particularly 

where endogenous TAs are targeted, may be to use combinatorial 

chemo/immunotherapy to boost T cell immunity.  These approaches have had limited 

success (103, 261, 421). 

 

To determine paclitaxel’s effects on the adaptive immune response, we 

administered low-dose paclitaxel treatment to fibrosarcoma-bearing mice.  We report 

that paclitaxel, when administered in small quantities repeatedly, is capable of 
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modulating T cell activation status and cytokine production.  This has important 

implications for the use of paclitaxel in cancer treatment, and provides new evidence 

that paclitaxel has immunostimulatory effects.  
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Materials and Methods 

 

Murine Tumor Model 

 

Eight to 12 week-old BALB/c (H-2d) male mice (Jackson Laboratories, Bar Harbor, ME) 

were used in these studies.  A BALB/c nonmetastatic methylcholanthrene-induced 

transplantable fibrosarcoma (designated Meth-KDE) was used, as described (101, 274, 

275).  Briefly, tumors were induced via intramuscular injection (i.m.) of 4 x 105 Meth-

KDE fibrosarcoma cells.  Tumors became palpable at 10 to 14 days, and death 

occurred between 28 and 35 days.  Mφ and lymphocyte populations were assessed at 

days 0,7,14 and 21 post- tumor inoculation.  Animals with excessive tumor burdens, 

which included those with visible ulcerations at the tumor site and/or lack of locomotive 

capacity accompanied by rapid, irregular breathing, were humanely euthanized by 

tribromoethanol injection followed by cervical dislocation.   

 

For in vivo studies, tumors were induced in a population of age-matched animals, 

which were then coded and randomly divided into treatment groups.  All animal 

protocols were consistent with accepted NIH guidelines for the care and use of 

laboratory rodents, and the Virginia Tech Institutional Animal Care and Use Committee 

approved all procedures.   

 

Medium and Reagents 
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 Immune cells were cultured in serum free RPMI-1640 medium with 2 mM L-glutamine 

(Mediatech, Inc., Herndon, VA).  All media contained 50 mg/L gentamicin sulfate 

(Mediatech, Inc.), 25 mM sodium bicarbonate (NaHCO3), and 25 mM HEPES buffer.  

For cell culture, media was supplemented with 5% fetal calf serum (FCS, Mediatech, 

Inc.) and lectin-stimulated splenic CD4+ T cells were cultured in 8 µg/ml Concanavalin-A 

(ICN Biochemicals, Inc., Aurora, OH). 

 

Paclitaxel was obtained from Sigma (St. Louis, MO).  For in vitro studies, 

paclitaxel was dissolved in 100% DMSO (Sigma) to a 4mM stock solution, stored at -

80°C, and diluted to assay concentrations in RPMI-1640 media immediately before use.  

The final concentration of DMSO in cultures was less than 1%.  For in vivo application, 

paclitaxel was prepared in the same manner as for human chemotherapeutic regimens; 

paclitaxel was dissolved in 50% polyoxyethylated castor oil (Cremophor EL, Sigma) and 

50% dehydrated alcohol at 5 mg/ml, stored at -80 °C, and diluted in sterile PBS 

immediately before administration.  Paclitaxel was administered by IP injection at low 

doses of 20 mg/kg.  Total injection volume was < 0.2 ml/animal to avoid cremophor-

induced toxicity, and animals treated with vehicle alone had no adverse reactions or 

vehicle-induced death.    

 

Tumor Cell Culture and Supernatant Preparation 

 

Cultured Meth-KDE tumor cells were used to generate tumor-derived supernatants.  

Meth-KDE cells were purified as described (274), and maintained by diluting 1:5 in fresh 
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complete medium containing 5% heat-inactivated fetal bovine serum (FBS, Mediatech) 

every fourth day.  Tumor cell supernatants were obtained by culturing purified 2 x 106 

Meth-KDE tumor cells/ml in 24 well flat-bottomed tissue culture plates (Becton 

Dickinson, Franklin Lakes, NJ).  Cell-free Meth-KDE supernatants were collected by 

centrifugation at 72 hours.   

 

CD4+ T Cell Separation and Culture  

 

CD4+ splenic T cells were isolated from 8-10 week old NHs and TBHs at various 

timepoints after tumor inoculation (days 0 at 1 hour post-inoculation, day 7, day 10, day 

14, and day 21).  Spleens were harvested, and red blood cells lysed using 0.83% 

ammonium chloride (Sigma).  The resulting cell population was then purified using 

magnetic-based positive bead selection (EasySep®, StemCell Technologies, 

Vancouver, Canada).  The resulting CD4+ T cell populations were >95% pure as 

determined by flow cytometric staining for the presence of CD4.   

 

Cytokine Array Analysis 

 

Cytokine production by splenic CD4+ T cells (4 x 106) from paclitaxel-treated, vehicle-

treated, untreated TBHs, or NH control animals was measured in supernatants from 

unstimulated or Concanavalin-A stimulated (Con A, 8 µg/ml) cells cultured in 24-well 

flat-bottomed plates for 48 hours (optimal time).   Cell-free supernatants (2.0 ml) were 

collected via centrifugation and cytokine array analysis (Raybiotech, Norcross, GA) was 
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performed per the manufacturer’s directions on 1.0 ml samples (Appendix B).  The 

remaining 1.0 ml of supernatant was used for ELISAs. 

 

Cytokine Quantification by ELISA 

 

CD4+ lymphocyte cell-free supernatants obtained as described were analyzed for 

prototypical TH1 (IFN-γ, IL-2) and TH2 (IL-4) cytokine production by specific ELISA 

(eBioscience, San Diego, CA) per the manufacturer’s directions. 

 

Statistics and Calculations  

 

Treatment groups contained a minimum of five animals, and cells from five mice were 

pooled for each in vitro experiment, unless otherwise stated.  Triplicate cultures were 

tested for cytokine production for ELISAs.  Data are means ± SEM of triplicate 

determinations in a single experiment.  Representative experiments are shown.  

Comparisons were calculated using a Student’s t test and all comparisons are 

significant at p < 0.05, unless otherwise stated. 
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Results 

 

Paclitaxel Treatment Downregulates CD44high/CD62Llow Activated T Cells, But Modestly 

Upregulates CD4high/CD62Llow Populations. 

 

Previous work from our laboratory demonstrates paclitaxel is a potent inhibitor of tumor 

cell division (269, 271, 272, 274, 277).  Paclitaxel has other important effects on 

antitumor immunity, including the augmentation of Mφ effector function.  T cells are 

susceptible to paclitaxel’s cytostatic functions; and thus, treatment may disrupt critical 

lymphocyte effector functions. Paclitaxel mediates direct cytotoxic and cytostatic 

antitumor activity (52, 123, 227) that can reduce tumor growth (35, 257).  Because low-

dose paclitaxel administration may complement immunotherapeutic peptide 

vaccinations or cytokine administration, while inhibiting paclitaxel’s T cell cytostatic 

effects, we assessed the efficacy of paclitaxel therapy on CD4+ T cell memory activation 

status. We previously reported that low-dose paclitaxel induces limited tumor 

regression; therefore, TBH were treated with paclitaxel (20 mg/kg) or with vehicle alone 

(not shown).  At days 10, 15, and 20, paclitaxel treatment delayed tumor outgrowth and 

enhanced survival by a mean of 6.3±1.0 days relative to untreated TBH (not shown).  

 

 To evaluate the impact of tumor-derived factors on TD T cell activation during 

tumor progression, we isolated splenic lymphocytes from untreated and paclitaxel-

treated TBHs (n=5) at days 14 (during the treatment course) and 21 (directly following 

treatment), and assayed the cells for CD44/CD62L or CD4/CD62L expression using 
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dual-color flow cytometry. In untreated TBHs, memory T cell populations are 

suppressed overall throughout the course of disease until tumor burden is significant 

(day 21, Figure 1, panel B). Specifically, the only substantial increases in the TBH 

activated memory CD44high/CD62Llow phenotype is at day 21 (Figure 1, panel B), 

suggesting T memory is induced in TD lymphocyte populations, but tumors may 

downshift systemic T cell activation early on as a means of immune escape. The 

intermediate CD44highCD62Lhigh cell phenotype increase that occurs at day 14 (Figure 1, 

panel A) is particularly interesting, since in memory cell populations CD44 expression is 

elevated prior to the downshift in CD62L.   

 

 CD4highCD62Llow expressing cell populations have similar characteristics; memory 

cells are markedly suppressed 14 days post-injection (Figure 1, panel A) and appear to 

rebound at 21 days (Figure 1, panel B).  CD62L expression is maintained at elevated 

levels in splenocytes until TBH day 21, suggesting these cells may have a suppressive 

(possibly Treg) phenotype that is not redirected by the TBH immune system until terminal 

timepoints (99).  Overall, the data suggest that tumor-induced suppression of TD T cell 

activation is widespread, even at early timepoints.   TBH memory T cell populations are 

elevated during late-stage tumor progression (Figure 1, panel B), suggesting the 

induction of a delayed immune response that may be boosted via immunotherapy.   

 

 When we assessed paclitaxel-treated TBHs, CD44highCD62Llow cell populations 

were substantially downregulated, which is not suprising in light of paclitaxel’s cytostatic 

capabilities.  The data suggest paclitaxel is able to modulate and sustain increases in 
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CD4highCD62Llow T cells during tumor progression (Figure 1, panels A and B); from 

0.88% to 8.78% on day 14, and 10.3 to 10.7% at day 21, respectively.   
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untreated treated 

CD44 

CD62L 

9.94 64.4 

8.80 16.8 

9.00 0.96 

83.9 
6.14 

0.88 12.8 

10.9 
75.4 

CD4 

CD62L 

8.78 1.26 

86.7 
3.28 

TBH Day 14 

CD44 

CD62L 

45.1 32.0 

15.1 7.86 

5.94 0.86 

90.4 

2.84 

TBH Day 21 

CD4 

CD62L 

10.3 23.2 

46.3 20.2 

10.7 1.46 

84.6 3.16 

Figure 1:  Paclitaxel Downregulates CD44
high

CD62L
low

 T cell Activation While Modestly 
Upregulating CD4

high
CD62L

low
 Populations. Splenocytes were isolated from untreated and 

paclitaxel-treated TBHs (n=5) 14 and 21 days post-tumor induction.  Paclitaxel was administered by 
I.P. injection at 10,15, and 20 days post-tumor induction (20 mg/kg); and was dissolved as 
described.  Cells were stained for CD4, CD44, and CD62L.  All samples were run in duplicate, and 
data shown is representative of two independent experiments.  Numbers in quadrants represent the 
percentage of lymphocyte-gated cells expressing the marker indicat ed.  Bold-faced percentages 
represent populations of particular interest. 

A 

B 
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Paclitaxel Treatment Does Not Alter TBH CD4+ T Cell Functionality 

 

To address whether paclitaxel treatment augmented TH1 cytokine secretion in splenic 

CD4+ T cells and how it related to T cell memory activation status, we used magnetic-

based positive bead selection EasySep® (Stemcell Technologies, Vancouver, Canada) 

to isolate CD4+ splenic lymphocytes from untreated and paclitaxel-treated TBHs at days 

14 and 21 (n=10), since these cells had depressed T cell activation. 4 x 106 

unstimulated and Concanavalin A (Con A)-stimulated (8 µg/ml) cells were then cultured 

in 24 well flat-bottomed plates for 48 hrs. We evaluated TH1/TH2 cytokine and 

chemokine expression using cytokine antibody arrays (Raybiotech, Inc., Norcross, GA).  

 

Resting (Table 1) T cell populations in paclitaxel-treated TBHs had decreased 

cytokine expression compared to their untreated counterparts during (day 14, Table I) 

and immediately following (day 21, Table I) the course of treatment. This suggested 

paclitaxel treatment suppresses resting T-cell cytokine production, although whether the 

downregulation observed is prohibitive or prophylactic is unclear.  Untreated TBH 

resting T cells may modestly upregulate cytokines that play important roles in 

inflammatory pathogenesis to facilitate tumor development (44, 77), and paclitaxel 

treatment may partially alleviate this increase. These T cell populations may have been 

exposed to TAs in situ. Importantly, the cytokines expressed, which include IL-3 (228), 

IL-6 (104, 122), MCP-5 (138, 244), and IL-9 (314), suggest TBH T cells play a role in 

the recruitment of Mφs to the tumor site (408).  Previous data from our laboratory 
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demonstrate TAMs suppress T cell proliferative capacity via increased production of NO 

and TNF-α (12).   

 

Cytokine profiles of lectin-stimulated untreated TBH T cells (Table 2) suggest 

CD4+ splenic T cells are not incapable of producing cytokines, although a bias towards 

inflammatory molecule production is present.  IL-6 and IL-17 production is depressed in 

the cells by day 14, and at day 21 IL-3 production is downregulated as well.  MCP-5 

production, notably, is upregulated at day 21.  Paclitaxel-treated cells do not 

significantly alter their cytokine profile, although MCP-5 expression is maintained, while 

sTNFR-1 is downregulated in treated TBHs. We also show CD44highCD62Llow and 

CD4highCD62Llow memory cells in the spleen are suppressed in TBHs until day 21.  The 

cytokine profiles of untreated splenic CD4+ T cells suggest these phenotypically 

inappropriate cells, in addition, may upregulate the inflammatory response and thus 

contribute to dysfunctional adaptive immunity.  Cytokine array analysis of paclitaxel-

treated TBHs suggests treatment fails to substantially alter the qualitative profile of 

CD4+ T cells; therefore low-dose treatment may induce tumor apoptosis while 

maintaining T cell cytokine secretory capacity.  
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Table 1. Cytokine Array Analysis of Resting Splenic CD4+ T Cells Isolated from Untreated 
and Paclitaxel-Treated TBHs 

 

 

T cell Derived 
Molecules 

TBH Day 141  Paclitaxel-
Treated TBH 

Day 14  

TBH day 21 Paclitaxel-
Treated TBH 

day 21 
RANTES 
(regulated upon 
activation, normal 
T cell expressed 
and presumably 
secreted) 
[Renamed CCL5] 

+2,3 ghosting + + 

MCP-1 (monocyte 
chemoattractant 
protein-1) 

+ 1/2 ghosting ++ ++ 

IL-2 ghosting -- ghosting -- 
IL-3 ghosting -- + -- 
IL-4 -- -- -- -- 
IL-17 -- -- ghosting -- 
IL-6 -- -- ½ -- + -- 
GM-CSF -- -- + -- 
IL-9 -- -- + -- 
MCP-5 ghosting ghosting + -- 
sTNFR-1 -- -- + -- 
IL-13 -- -- ghosting -- 
TPO -- -- ghosting -- 
VEGF -- -- ghosting -- 
IFN-γ -- -- -- -- 
 
 
1Splenic CD4+ T cells were isolated as previously described.  Once isolated from untreated or pacltiaxel-
treated TBHs, 4 x 106 cells were cultured for 48 hours.  Cytokine arrays were conducted on 1 ml of 
supernatant purchased from Raybiotech, Inc., and carried out as instructed by the manufacturer.  2Spots 
were rated qualitatively on a “+ to +++” scale.  “Ghosting” indicates the presence of a very faint spot.  
3Positive results are highlighted in bold. 
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Table 2. Cytokine Array Analysis of Lectin-Stimulated Splenic CD4+ T Cells Isolated from 
Untreated and Paclitaxel-Treated TBHs 
 
 
 
 

T cell Derived 
Molecules 

TBH Day 141  Paclitaxel-
Treated TBH 

Day 14  

TBH Day 21  Paclitaxel-
Treated TBH 

Day 21  
RANTES (regulated 
upon activation, 
normal T cell 
expressed and 
presumably 
secreted) [Renamed 
CCL5] 

Ghosting2,3 ghosting + + 

MCP-1 (monocyte 
chemoattractant 
protein-1) 

++ + + +++ 

IL-2 ++ ++ ++ ++ 
IL-3 + + -- -- 
IL-4 ++ ghosting + ½ -- + 
IL-17 -- -- -- ghosting 
IL-6 -- -- -- ghosting 
GM-CSF ghosting ghosting -- ghosting 
IL-9 ghosting -- -- -- 
MCP-5 -- -- -- ½ -- + 
sTNFR-1 ghosting -- + -- 
IFN-γ -- -- -- -- 
IL-5 -- -- ghosting -- 
IL-10 -- -- -- -- 
 
 
1Splenic CD4+ T cells were isolated as previously described.  Once isolated from untreated or pacltiaxel-
treated TBHs, 4 x 106 cells were cultured for 48 hours.  Cytokine arrays were conducted on 1 ml of 
supernatant purchased from Raybiotech, Inc., and carried out as instructed by the manufacturer.  2Spots 
were rated qualitatively on a “+ to +++” scale.  “Ghosting” indicates the presence of a very faint spot. 
3Positive results are highlighted in bold.  
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Paclitaxel Treatment Partially Reverses Meth-KDE Suppression of TH1 and TH2 

Cytokine Production  

 
 
Cytokine array analysis suggests CD4+ resting and lectin-stimulated splenic T cells 

obtained from paclitaxel-treated TBHs modestly upregulate inflammatory cytokine 

production in a manner similar to untreated TBHs.  However, paclitaxel is reported to 

limit IFN-γ production, a key TH1 cytokine, in T cells (273, 407).  We questioned whether 

paclitaxel treatment also failed to disrupt the suppression of TH1 cytokine production 

that occurs in TBHs.  Paclitaxel may exercise immunostimulatory effects on APC 

populations and moderately enhance CD4highCD62Llow expression, but it failed to 

functionally alter helper T cell profiles. In addition to assisting in the recruitment of an 

inflammatory response, the lack of T cell memory activation status and TH1 cytokine 

production in TBHs may limit paclitaxel’s therapeutic efficacy; and we investigated 

whether this occurred in our system. Our cytokine array profiles failed to detect 

significant amounts of IFN-γ or IL-2 (Table I and II). We questioned whether production 

of these cytokines was below the limit of detection of the assay itself.  We used 1.0 ml 

of sample taken from NHs, untreated, and treated TBHs (days 0, 7, 14, and 21) for 

cytokine array analysis to conduct ELISAs to quantitatively measure the production of 

IFN-γ, IL-2, and IL-4.   

 

Contrary to our original hypothesis that paclitaxel treatment would suppress T 

cell functional capacity completely, the data suggest paclitaxel treatment partially 

sustains IFN-γ (Figure 2) and IL-2 (Figure 3) production in TBHs, particularly at 14 days 
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post tumor induction (or 4 days after the initial administration of paclitaxel at day 10, 

Figures 2 and 3). Interestingly, this suggests paclitaxel at least partially helps to sustain 

TH1 response induction in TBHs.  IL-2 production (Figure 3) is upregulated compared to 

IFN-γ production (Figure 2).  Paclitaxel-treatment also ameliorates IL-4 production 

(Figure 4) in 14 day TBHs as compared to their untreated counterparts, so whether 

paclitaxel preferentially induces TH1/TH2 immunity in TBHs is unclear.  The suppression 

of IFN-γ and IL-2, key TH1 cytokines, in untreated TBHs correlates with the 

downregulation of CD4highCD62Llow activated memory T cells (Figure 1); and in 

paclitaxel-treated TBHs CD4highCD62Llow expressing cells are maintained, as is cytokine 

production, at least to a certain extent.  It is important to note that the two TH1 cytokines 

are suppressed differentially.  IFN-γ production (Figure 2) is almost completely 

ameliorated up to day 21 in untreated TBHs and is sustained partially in paclitaxel-

treated animals, although ultimately is suppressed by day 21 with treatment. In contrast 

IL-2 (Figure 3) is more gradually suppressed in untreated TBHs, but significanty 

upregulated in response to paclitaxel treatment until a significant increase occurs at 21 

days post-tumor induction.  IL-4 production (Figure 11) is maintained in the system, 

although at decreased levels in contrast to the substantial ‘switching off’ of IFN-γ, 

suggesting Meth-KDE tumors may preferentially dysregulate TH1 immunity in activated 

memory T cells.   These data suggest that paclitaxel treatment  at least partially extends 

TH1 immune response induction in TBHs. 
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Figure 2.  IFN-γ Secretion is Modestly Sustained in Paclitaxel-Treated TBH Splenic CD4+ T cells. 
Splenic CD4+ T cells were isolated as previously described from NHs, untreated TBHs, and paclitaxel-
treated TBHs 14 and 21 days post tumor inoculation.  For paclitaxel treatment, mice were injected with 20 
mg/kg paclitaxel solubiliized in 50% cremophor and 50% mineral oil  Once isolated, 4 x 106 unstimulated 
or Con A (8 µg/ml)-stimulated cells were cultured for 48 hours in 24 well flat-bottomed plates.  
Supernatants were harvested, and used for cytokine array analysis and quantitative ELISAs for key 
cytokines as per the manufacturers instructions. Data are averages +/- SEM of duplicate independent 
determinants from one of two independent experiments that have similar results. 
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Figure 3.  IL-2 Production is Differentially Regulated in Paclitaxel-Treated TBHs. Splenic CD4+ T 
cells were isolated as previously described from NHs, untreated TBHs, and paclitaxel-treated TBHs 14 
and 21 days post tumor inoculation.  For paclitaxel treatment, mice were injected with 20 mg/kg paclitaxel 
solubiliized in 50% cremophor and 50% mineral oil  Once isolated, 4 x 106 unstimulated or Con A (8 
µg/ml)-stimulated cells were cultured for 48 hours in 24 well flat-bottomed plates.  Supernatants were 
harvested, and used for cytokine array analysis and quantitative ELISAs for key cytokines as per the 
manufacturers instructions. Data are averages +/- SEM of duplicate independent determinants from one 
of two independent experiments that have similar results. 
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Figure 4.  Paclitaxel Treatment Temporarily Ameliorates IL-4 Production in Meth-KDE TBHs. 
Splenic CD4+ T cells were isolated as previously described from NHs, untreated TBHs, and paclitaxel-
treated TBHs 14 and 21 days post tumor inoculation.  For paclitaxel treatment, mice were injected with 20 
mg/kg paclitaxel solubiliized in 50% cremophor and 50% mineral oil  Once isolated, 4 x 106 unstimulated 
or Con A (8 µg/ml)-stimulated cells were cultured for 48 hours in 24 well flat-bottomed plates.  
Supernatants were harvested, and used for cytokine array analysis and quantitative ELISAs for key 
cytokines as per the manufacturers instructions. Data are averages +/- SEM of duplicate independent 
determinants from one of two independent experiments that have similar results. 
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Paclitaxel Treatment Does Not Qualitatively Alter Suppressor Molecule Production by 

Cultured Meth-KDE Tumor Cells 

 

Anticancer drugs induce apoptosis via various methods.  Some increase the expression 

of death receptors, including FAS, tumor-necrosis factor receptors (TNFRs), and TNF-

related apoptosis inducing ligand receptors (217).  However, tumor cells are often 

resistant to various chemotherapeutic agents, and secrete immunosuppressive 

molecules that contribute to immune escape  in spite of treatment.  We have extensively 

characterized the inhibitory effects of tumor–derived TGF-β, IL-10, and PGE2 on 

paclitaxel-induced Mφ activation status (274).  Since we recently determined that Meth-

KDE secretes additional immunosuppressive factors, including RANTES/CCL5, VEGF, 

and sTNFR1, we sought to investigate whether paclitaxel treatment altered their 

expression. Additional tumor-derived factors may be modulating T cell activity, and 

paclitaxel may suppress their functions.  We conducted cytokine array analysis on 

cultured tumor cell supernatants.  20 x 106 Meth-KDE tumor cells were incubated for 72 

hours, and 1.0 ml of the supernatant collected was tested via cytokine array analysis.  

We found that ex vivo paclitaxel treatment fails to alter Meth-KDE constitutive 

expression of VEGF-A, sTNFR1, and CCL5/RANTES.  Whether in vivo paclitaxel 

treatment indirectly alters the expression of these immunosuppressive factors remains 

to be determined.  
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Table 3. Meth-KDE Secretes Angiogenic and Chemotactic Factors 
 
 
 

Cytokine Meth-
KDE 

Tumor 
Cells1 

Paclitaxel-
treated 

Meth-KDE 
Tumor 

Cells (10 
µM) 

Paclitaxel-
treated Meth-
KDE Tumor 

Cells (50 µM) 

VEGF-A 
(vascular 
endothelial 
growth factor) 

+++2 ++ ++ 

CCL5/RANTES 
(regulated 
upon 
activation, 
normal T cell 
expressed and 
secreted) 
 

+1/2 + + 

sTNFR1 
(soluble tumor 
necrosis factor 
receptor 1) 

++1/2 ++1/2 + 

 
 
120 x 106 Meth-KDE tumor cells were plated in flat-bottomed 6 well plates (2 x 106 cells/ml, 10 ml total), 
either alone or with 10 µM or 50 µM paclitaxel.  Cells were incubated for 72 hours (optimal time), and 
supernatant were collected for cytokine array analysis as previously described.  2Spots were rated 
qualitatively on a “+ to +++” scale.  
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Discussion 

 

Cancer treatments directed at specific TAs or tumor molecular markers have met 

with limited success (70, 107, 220, 401, 414). Other therapeutic options exist, 

such as T cell infusions (196, 340), dendritic cell based therapies (125), and/or 

exogenous cytokine (28, 135, 285, 317, 340, 365) administration.  

Immunotherapy acts through mechanisms that stimulate the antitumor response, 

either by increasing the effector cells or by producing one or more soluble 

mediators such as cytokines, modulating tumor cell immunogenicity and 

susceptibility to immunologic defenses, and/or improving tolerance to cytotoxic 

drugs or radiotherapy (192).  The effects of immunotherapeutic treatment alone 

are often limited, despite its ability to augment CTL responses (170).   However it 

remains a promising alternative to toxic radiation and high-dose chemotherapy 

treatments.  Positive clinical outcomes to immunotherapy, while intermittent, 

have been reported (345).  We posit that the combination of low-dose 

chemotherapeutic agents with immunotherapy may directly kill tumor cells while 

simultaneously augmenting antitumor T cell and APC responses; boosting the 

efficacy of immunotherapy while limiting paclitaxel’s aberrant side-effects.   

 

 It is important to note chemotherapies kill tumor cells via different 

mechanisms, and in the process they modulate the host immune system with 

consequences that are now only beginning to be fully elucidated (217).  In order 

to more effectively develop combinatorial chemo/immunotherapy it is necessary 
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to thoroughly investigate the direct and indirect effects of chemotherapeutics on 

the immune system.   

  

 We report that paclitaxel has potent Mφ-stimulatory effects, but limits the 

proliferative and cytokine production of T cells (269, 271, 272).  This has 

important therapeutic implications, since IFN-γ producing, rapidly proliferating 

CTLs are thought to mediate tumor regression (63, 164, 236).  Other groups 

have also pointed out that paclitaxel has T cell-limiting effects.  For instance, 

paclitaxel treatment induces a state of hyporesponsiveness to LPS stimulation in 

splenic lymphocytes (221), and induces DC maturation but decreases the 

proliferation of T lymphocytes activated by DCs (185).  In spite of its detrimental 

effects on T cell functionality, paclitaxel has great clinical efficacy is currently 

used in clinical trials for lung cancer, breast cancer, and various carcinomas (98, 

103, 157, 161, 256, 259, 409). In addition, Demaria, et al. (88) report the 

development of TILs following paclitaxel treatment.  

 

 The mechanisms by which paclitaxel treatment augments antitumor 

immunity are unclear.  Paclitaxel blocks cells at the G2/M phase of the cell cycle 

by stabilizing microtubules against depolymerization (368).  Since paclitaxel is 

able to exert both a microtubule stabilizing effect and simultaneously promotes 

Mφ tumoricidal abilities via the induction of NO and IL-12 (272), we suggest 

additional mechanisms of antitumor immunity may be induced by paclitaxel 

treatment.  It is likely that paclitaxel exerts its antineoplastic effects by arresting 
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cell division and preventing microtubule depolymerization and by simultaneously 

activating tumoricidal components of the immune system.  To better understand 

paclitaxel’s immunologic effects, we performed systematic analysis of the kinetic 

effects of this drug on the immune system.    

 

Previous data suggest paclitaxel augments Mφ activation and functional 

status while limiting T cell functional capacity (270-273).   Paclitaxel-induced T 

cell cytostasis may be the result of paclitaxel’s halting of the cell cycle, however 

the immunologic mechanism by which paclitaxel limits T cell activities is unclear.  

We posited that since paclitaxel administration sustains APC activity, low-dose 

treatment may upregulate Mφ activation which could upregulate T cells via the 

promotion of APC-T cell interactions. Since little is known about paclitaxel’s 

effects on T cell phenotype, we assessed the effects of paclitaxel treatment on 

the expression of T cell activation markers.  Our work suggests low-dose 

paclitaxel administration has contradictory effects on T cell activation status and 

functional capacity.  Paclitaxel downregulates CD44highCD62Llow activated T 

cells, but augments the development of CD4highCD62Llow populations (Figure 1).   

Since Kanegane et al. (188) report CD4highCD62Llow cells are TH1 cytokine-

secreting cell populations, our data suggest paclitaxel treatment may modulate T 

cell-mediated immune responses via the specific induction of TH1 immunity in 

spite of its T cell cytostatic effects.   
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To analyze whether paclitaxel treatment alters the cytokine profile of Meth-

KDE tumor-burdened hosts we isolated splenic CD4+ T cells from untreated and 

pacltiaxel-treated TBHs and analyzed the cells for cytokine production via 

cytokine antibody arrays.  Paclitaxel treatment does not qualitatively alter the 

overall cytokine profile of treated TBHs (Table 1 and Table 2) and fails to 

downregulate, at least qualitatively, the production of immunosuppressive VEGF-

A, CCL5, and sTNFR1 produced by cultured Meth-KDE tumor cells (Table 3).  

However, quantitative analysis of IFN-γ (Figure 2), IL-2 (Figure 3), and IL-4 

(Figure 4) production by splenic CD4+ T cells isolated from paclitaxel-treated 

TBHs suggests low-dose administration of paclitaxel modulates cytokine 

production.  Paclitaxel-treatment failed to reconstitute production of the TH1 

cytokines IFN-γ (Figure 2) and IL-2 (Figure 3) 21 days post-tumor induction, but 

at 14 days after tumor inoculation IL-2 production in paclitaxel-treated TBHs was 

elevated as was IFN-γ to a limited extent.  Paclitaxel treatment had no significant 

effect on IL-4 production (Figure 4), again suggesting paclitaxel treatment 

modulates TH1 responses.  

 

In summary, we suggest paclitaxel has as yet unexplored 

immunomodulatory effects, and warrants further investigation in a therapeutic 

setting.  Additional studies are required to identify the biological mechanisms that 

regulate T cell functional responses in paclitaxel-treated TBHs, and may 

contribute to the development of more effective tumor vaccine development.  

Overall the resulted presented in this study outline an intriguing association 
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between low-dose paclitaxel administration and the promotion of TH1-mediated 

immunity, as well as highlight the need to define additional immunomodulatory 

mechanisms of chemotherapeutic agents. 
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Conclusions: 

 

 

 

Section V 
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Overall Conclusions 

 

The role of T cells in the defense against tumor cells is an area of intense research 

investigation.  Evidence is accumulating that the interactions between T cells and APCs 

such as DCs and Mφs drive the immune response (87, 230, 375).  Augmenting the 

activation status and function of T cells and APCs can play a key role in novel 

immunotherapeutic approaches to cancer treatment. 

 

 T cells are involved in many different antitumor activities.  CD8+ T cells have 

tumoricidal capabilites and are thought to be directly responsible, in many cases, for 

antitumor immunity (63).  But, CD4+ TH cells play an indirect role and provide signals 

such as cytokines and costimulatory molecule interactions that also have critical roles in 

the development of adaptive immunity (130). Recent studies show that 

CD4+CD25+CD62LhighFoxp3+ regulatory T cells are anergic to antigenic stimulation in 

vitro and upon stimulation, potently suppress the activation/proliferation of other CD4+ or 

CD8+ T cells in an antigen-nonspecific manner through cell-cell interactions (89, 121, 

353).  While the individual functions of each of these cell types have been studied 

extensively; how and when these T cell populations are suppressed in both the tumor 

microenvironment and systemically is unclear.  We chose to assess the activation and 

functional phenotypes of memory CD4+ T cells in TBHs since properly biased TH1 

immunity is critical to the antitumor response (209, 278, 413).   
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 We have demonstrated CD44highCD62Llow and CD4highCD62Llow memory T cell 

phenotypes are differentially suppressed at TP (Section III, Figure 8) and TD sites 

(Section III, Figures 1-7).   This suggests that tumors have the capacity to modulate 

systemic immunity and their microenvironment. Few studies have chronicled the 

kinetics of T cell activation responses to tumor, therefore we tested timepoints 

throughout the course of tumor progression.  In TBHs there is an increase in CD44high 

cells that downregulate CD62L expression, suggesting the induction of an effector 

response.  However, since the only significant shifts occur at timepoints late in tumor 

progression, the induction of effector immunity may be limited.  

 

Since T cell activation is disrupted in response to tumor, we evaluated whether 

CD4+ T cell cytokine production was compromised.  Cytokine expression of 

unstimulated and lectin-stimulated splenic CD4+ T cells was evaluated using cytokine 

antibody arrays (Section III, Tables 1 and 2). TBH resting T cells modestly upregulate 

cytokine production.  Lectin-stimulated T cells fail to increase TH1 cytokine production 

and exhibit only modest increases in inflammatory cytokines; although a significant 

percentage of these cells are CD44high/CD62Llow (Section III, Figure 1). These studies 

suggest T cell activation and cytokine production is progressively compromised in 

response to tumor.  This has important implications for current immunotherapy 

protocols, supporting the theory that immune responses do in fact occur in cancer 

patients and may be boosted by immunotherapeutic treatments.   
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One of the stumbling blocks in tumor immunology is the observation that it is 

possible to generate an antitumor response that is measurable in the circulation but 

these T cell never enter the tumor (217).  IHC analysis of TIL populations in Meth-KDE 

TBHs suggests that CD4+ T cells infiltrate the tumor site but that increases in CD4+ T 

cell populations are coupled with increases in CD62L expression (Section III, Figure 8).  

Treg cells are CD4+CD62Lhigh and suppress TH1 responses (99, 370), T cell proliferative 

capacity , and IL-2 production (337, 381). Tregs are induced by TGF-β (62, 398), a 

cytokine secreted by Meth-KDE in situ (12).  Further investigation is required to confirm 

whether the CD4+CD62L+ TILs are also CD25+ and have suppressor T cell functional 

capacity.  We suggest Meth-KDE induces Treg cells, and the most effective therapeutic 

modalities rely on the enhancement of functional systemic and TIL populations, along 

with the modulation of Treg populations.  Activated, TH1 biased memory T cell 

populations play an important role in the TBH antitumor response, and the most 

effective immunotherapeutic treatments will restore CD4+ T cell activation and functional 

capacity. 

 

We hypothesize T cell activation and functional phenotyping of TD populations 

may serve, at least in part, as a reliable prognostic indicator of therapeutic efficacy.  We 

have shown that mice treated with low-dose paclitaxel, a chemotherapeutic agent with 

potent T cell cytostatic capabilities (269, 273) modestly sustain CD4highCD62Llow TD 

memory T cell populations (Section IV, Figure 1) and IFN-γ (Section IV, Figure 2), IL-2 

(Section IV, Figure 3), and IL-4 production (Section IV, Figure 4).  In addition, when 

treated with paclitaxel + delayed IL-12 therapy, TBH T cells have increased proliferative 
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capacity (Section II, Figure 6) and IFN-γ production (Section II, Figure 5).   We suggest 

that paclitaxel and delayed IL-12 administration should be considered in a clinical 

context. 

 

 Delayed IL-12 administration optimizes paclitaxel’s antitumor capabilities and 

limits its negative immunologic effects on T cells.  Post-chemotherapeutic (but not 

simultaneous) IL-12 significantly delays tumor outgrowth (Section II, Figure 2), extends 

survival (Section II, Figure 2), and modulates NO and TNF-α secretion by TBH Mφs 

(Section II, Figure 3) in addition to promoting T cell effector function (Section II, Figure 5 

and Figure 6).   These data suggest that the immune system has host-protecting and 

tumor-modulating capabilities.  Effective cancer therapy will overcome immune system 

breakdown that is induced by tumor cells.  Impediments to therapeutic development 

include tumor-induced negative immunoregulatory mechanisms such as the secretion of 

immunosuppressive cytokines (12) and the downregulation of Mφs (222, 293) and T 

cells (249, 338, 361).   We demonstrate paclitaxel + delayed IL-12 treatment induces 

tumor regression and enhances the immune response (Section II).  However, the 

mechanism by which this occurs is still unclear.  Successful use of 

chemo/immunotherapy will depend on understanding the underlying immunologic 

defects operating during cancer.  It is clear that despite the potency of recently 

introduced chemotherapeutics and immunotherapeutics, neither treatment alone has 

been sufficient to eradicate cancer.  Combined therapy could more fully restore balance 

to the immune system, facilitating a strong anticancer response.  
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Our data show fibrosarcomas are capable of modulating T cell activation and 

functional capacity and suggest that the kinetics of this suppression may be altered by 

immunotherapeutic treatment modalities to promote antitumor immune responses.   

Taken together, data suggest activated TH1 biased memory T cells and activated Mφs 

play important roles in antitumor responses and that effective immunotherapies will 

augment cell-mediated immunity.  These studies enhance our understanding of immune 

dysregulation during cancer development, since no studies exist detailing the kinetics of 

T cell-mediated immunity and the benefits of delayed IL-12 therapy in combination with 

paclitaxel treatment.  Our work will lead to significant advances in cancer treatment and 

could have great benefits for society at large. 
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The Role of Immune Cells in the Tumor Microenvironment 

 

Tumors escape the immune system by secreting immunosuppressive cytokines (223, 

275), downregulating APC tumor antigen presentation and antigen processing (248, 

360), modulating costimulatory signals (142), and can efficiently disrupt adaptive 

immunity (130, 299).   In the tumor microenvironment multiple types of immune cells are 

affected by the presence of neoplastic cells.   

  

 The immune system is clearly capable of responding to tumors.  A number of 

tumors induce TA-specific CTL that recognize TAs presented by class I MHC on the 

surface of the tumor cell (176, 209, 236, 400).  These tumor-induced effector CTL 

populations are not capable of exerting their cytotoxic functions and in many cases 

exhibit defects in perforin, granzyme, and effector cytokine production (249, 300).  CTL 

defects may be the result of upstream APC dysfunction.  For instance, antigen 

processing and presentation defects have been widely reported in Mφs and DCs (184, 

369, 396, 405).  TP Mφs have impaired production of cytotoxic reactive oxygen 

intermediates such as NO and decreased cytokine production (293).  DCs in the tumor 

microenvironment are also skewed towards nonfunctional phenotypes; DC maturation 

and cytokine production is altered by tumor suppressive factors (199).  As a result of 

dysfunctional APC antitumor responses, we suggest TH cell activation phenotypes and 

functional capacity are limited.  CD4+ T cell subset differentiation is impaired and the 

lack of the induction of TH1 cell-mediated immunity leads to defective effector immunity. 
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Model 1.  The Role of Immune Cells in the Tumor Microenvironment.  Many immune cell subsets are 
present in the tumor microenvironment that are capable of driving antitumor immunity.  Alternatively, 
these cells may be suppressed by the tumor as a means of immune escape.  Tumor cells secrete 
immunosuppressive factors and in many cases downregulate class I MHC expression and TAs.  
Activated Mφs upregulate MHC II expression and present antigen to T cells, produce cytokines, and 
express TNFRs.  DCs are very efficient at antigen presentation, but need costimulattion to exert their 
function.  CD4+ T cells are activated by APCs and produce cytokines that promote either TH1 or TH2 
responses.   Activated TH1 CD4+ T cells secrete cytokines such as IFN- γ and IL-2 that promote the 
differentiation and proliferation of effector CTL.  Once activated, CTL secrete granzymes and perforin that 
mediate tumor cell lysis.  CD16+ NK cells lack antigen-specific receptors but are able to kill tumors 
nonspecifically.     
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Proposed Model of Tumor-Induced T Cell Inactivation and Functional 

Suppression 

 

Properly mitigated T cell activation, polarization, and proliferation is critical to the 

maintenance of antitumor immunity.  T cell activation and division, along with the 

acquisition of effector functions and memory generation are integrated parts of the 

same developmental program and thus are directly interconnected, sequential events 

(43, 377).  Because the goal of immunotherapy is to promote long-term effective 

antitumor immune responses, it is necessary to define parameters that regulate the 

development and maintenance of functional adaptive immunity. 

 

 Our Proposed Model of Tumor-Induced T Cell Inactivation and Function 

Suppression suggests that tumors evade host immune responses directly by secreting 

immunosuppresive molecules such as TGF-β, IL-10, PGE2, CCL5, VEGF-A, and 

sTNFR1.  These tumor-derived molecules may promote TH0 and Treg cell activities (398) 

and inactivate Mφs that are recruited to the tumor microenvironment (222).  Treg cells in 

turn depress TH1 development and CTL effector function by limiting T cell cytokine and 

proliferative capacity, although the mechanism by which this occurs remains unclear 

(34, 252, 298, 337).  Inactive Mφs may promote TH2 immunity while inhibiting TH1 

immune cell activation and functional capacity (79, 245, 275) that is required for the 

initiation of antitumor responses.  The model illustrates the direct and indirect results of 

neoplastic development and suggests tumors utilize multiple immune escape methods; 

including the disruption of T cell activation and cytokine production systemically and in 
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the tumor microenvironment.  Both T cell subsets and Mφs play a critical role in the 

immune response to cancer, and provide insight into the mechanics of host-tumor 

interactions.   
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Model 2.  Proposed Model of Tumor-Induced T Cell Inactivation and Functional Suppression. Our 
research suggests that tumor cells evade host immune responses by directly by secreting 
immunosuppresive molecules such as TGF-β, IL-10, PGE2, CCL5, VEGF-A, and sTNFR1.  These tumor-
derived molecules may promote TH0 and Treg cell activites, and inactivate Mφs that are recruited to the 
tumor microenviornment.  Treg cells may in turn depress TH1 development and CTL effector function.  In 
addition, inactive Mφs may promote TH2 immunity while inhibiting TH1 immune cell activation and 
functional capacity that is required for the initiation of antitumor responses.  
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Suggested Future Investigations 

 

Overall, my studies suggest Meth-KDE suppresses T cell mediated immune 

responses via the downregulation of T cell memory activation status and 

function.   There are still a number of questions that need to be addressed.  In 

order to elucidate the biological mechanism that regulates the role of adaptive 

immunity in TBHs, and how it might be restored therapeutically we suggest the 

following: 

 

• How does Meth-KDE downregulate T cell activation status and 

function?  We have shown that Meth-KDE promotes TP and TD T cell 

dysfunction (Section III), however the mechanism utilized by Meth-KDE 

tumors to accomplish widespread T cell dysfunction remains unclear.  

Previous data suggest Meth-KDE secretes the immunosuppressive 

molecules IL-10, TGF-β, and PGE2 (12).  We demonstrate that Meth-KDE 

produces additional immunomodulatory chemokines and angiogenesis 

factors such as VEGF-A, CCL5, and sTNFR1 that contribute to immune 

escape and that these factors are not qualitatively altered by paclitaxel 

administration (Section III and IV).  To identify whether these tumor-

derived factors directly suppress T cell activation and functional status we 

suggest adding these tumor-derived factors to NH CD4+ T cells in vitro.  

After incubating the cells for a period of time, the CD4+ T cells could be 

stained for activation markers and TH1 cytokine production via flow 
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cytometric analysis and cytokine arrays, respectively.  If tumor-derived 

cytokines and chemokines downregulate CD4+ memory activation and 

cytokine production in a manner similar to what we observed in CD4+ T 

cells isolated from untreated TBHS, our data would suggest that tumor-

derived suppressive factors directly affect T cell status.   

 

• What is the precise role of CD4+ T cells in Meth-KDE tumor 

progression and in tumor regression induced by paclitaxel?  The 

studies done in our laboratory suggest Meth-KDE exacerbates CD4+ TH1 

responses.  To elucidate whether CD4+ T cells exacerbate or help to 

alleviate the immunosuppressive effects of Meth-KDE, we suggest 

antibody-mediated depletion of CD4+ T cell subsets in TBHs.  If, in the 

absence of CD4+ T cells, Meth-KDE tumors progress more swiftly, this 

would suggest CD4+ T cells aid the antitumor response.  Alternatively, no 

change in tumor progression kinetics would indicate these cells play a 

secondary role in the antitumor response in our system.  In addition, in 

order to determine the role of CD4+ T cells in paclitaxel-induced tumor 

regression, this same set of experiments could be done in paclitaxel-

treated TBHs. 

 

• Are TILs in TBHs playing an immunosuppressive role?  If so, is their 

function altered by paclitaxel treatment?  Recently, 

CD4+CD25+CD62L+ regulatory T cell populations were implicated in tumor 
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pathogenesis (295, 419).  Depletion of these cells in animal models has 

led to the induction or exacerbation of an array of autoimmune diseases.  

Indeed, with regard to tumor pathogenesis, the induction of these cell 

types may lead to the suppression of CTL responses – although the 

precise mechanism by which this occurs is unclear.  Since CD4+CD62L+ 

cell populations infiltrate Meth-KDE tumor cells significantly by day 21, it 

would be interesting to investigate whether these cells have an 

immunosuppressive phenotype. To do this, one could either use 

sequential IHC analysis to look for CD4, CD25, and CD62L expressing 

cells in the tumor microenvironment or flow cytometric analysis of tumor 

digests for the aforementioned markers.   If this is the case, it becomes 

important to ask why these cell populations do not infiltrate the tumor 

microenvironment at earlier stages.  Finally, does paclitaxel treatment  

and/or paclitaxel + delayed IL-12 treatment limit the infiltration of 

CD4+CD25+CD62L+ T cells in the tumor microenvironment?    

 

• Does paclitaxel and delayed IL-12 therapy restore memory T cell 

activation capacity and TH1 responses in TBHs?  We report IL-12 

administration following paclitaxel treatment enhances the therapeutic 

efficacy of either treatment modality alone (Section II).  Low-dose 

paclitaxel extends the T cell adaptive immune response in TBHs.  

However, little is known about the kinetics of the T cell adaptive immune 

response in paclitaxel + delayed IL-12 treatment.  We suggest the 
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administration of these two agents may have synergistic effects on the T 

cell adaptive immune response.  In order to investigate this possibility, we 

suggest T cell activation and functional analysis of cytokine profiles of 

paclitaxel + delayed IL-12 TBHs should be initiated.  This has important 

immunotherapeutic implications, and supports the theory that the most 

effective tumor vaccinations may require the administration of a 

combination of antitumor agents in order to restore TH1 immunity.  
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Appendix A 

 

Abbreviations 

 

• APC, antigen-presenting cell 

• Con-A, Concanavalin A 

• CTL, cytotoxic T lymphocyte 

• DC, dendritic cell 

• DMSO, dimethyl sulfoxide 

• ELISA, enzyme-linked immunosorbent assay 

• FBS, fetal bovine serum 

• GM-CSF, granulocyte-macrophage colony-stimulating factor 

• H & E, haemotoxylin and eosin 

• IFN-γ, interferon-gamma 

• IL-1, interleukin-1 

• IL-2, interleukin-2 

• IL-4, interleukin-4 

• IL-5, interleukin-5 

• IL-6, interleukin-6 

• IL-8 (CXCL8), interleukin-8 

• IL-10, interleukin-10 

• IL-12, interleukin-12 

• IL-17, interleukin-17 
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• IL-18, interleukin-18 

• IHC, immunohistochemistry 

• i.p., intraperitoneal 

• LPS, lipopolysaccharide 

• Mφ, macrophage 

• MCP-1 (CCL2), monocyte chemoattractant protein-1 

• MCP-5 (CCL12), monocyte chemoattractant protein-5 

• Meth-KDE, methylcholanthrene-induced nonmetastatic murine fibroscarcoma 

• MHC, major histocompatibility complex 

• NK cell, natural killer cell 

• NO, nitric oxide 

• NH, normal host 

• PBS, phosphate buffered saline 

• PBL, peripheral blood lymphocyte 

• PGE2, prostaglandin E2 

• RANTES (CCL5), regulated upon activation normal T cell expressed and 

secreted 

• s.c., subcutaneous 

• SEM, standard error of the mean 

• sTNFRI, soluble tumor necrosis factor I 

• TA, tumor antigen 

• TCR, T cell receptor 

• TGF-β, transforming growth factor-β 
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• TH, T helper cell 

• TH1, T helper-1 cell 

• TH2, T helper-2 cell 

• TIL, tumor infiltrating lymphocyte 

• Treg, regulatory T cell 

• [3H]-TdR, tritiated thymidine 

• TAM, tumor-associated macrophage 

• TBH, tumor-bearing host 

• TNF-α, tumor necrosis factor-alpha 

• TD, tumor distal 

• TP, tumor proximal 

• VEGF, vasoendothelial growth factor 
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Appendix B 

 

 

Cytokine Array Analysis of Meth-KDE Tumor and Splenic CD4+ T cell Supernatants  

(Cytokine Arrays 1.1, Raybiotech) 

 

 

We used cytokine arrays to evaluate TH1/TH2 and inflammatory cytokine expression by 

Meth-KDE tumors and CD4+ T cells.   Cytokines are traditionally detected via ELISAs, 

but cytokine arrays allow for the simultaneous detection of many of these molecules and 

are in some cases, more sensitive.  The Raybiotech system is the first commercially 

available protein array. Currently, cDNA microarrays allow researchers to globally 

analyze gene expression—however, studies show there can be a disparity between 

gene expression levels and protein secretion.  Protein arrays offer a way to assess 

many protein profiles at once, and are easier (no special equipment is required), more 

cost effective, and more rapid than other methods of protein detection like Western 

blotting. 

 

Required Materials: 

•  RayBio ® Mouse Cytokine Antibody Array Kit 

• membranes (2/4/8  membranes)  

 •  Biotin-Conjugated Anti-Cytokines  

•  1,000X HRP-Conjugated Streptavidin  
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•  2X Blocking Buffer 

•  20X Wash Buffer I  

•  20X Wash Buffer II  

•  Detection Buffer C  

•  Detection Buffer D  

•  Eight-Well Tray (1 each)  

•  Small plastic boxes or containers for decanting  

•  Orbital shaker   

•  Plastic sheet protector or SaranWrap   

•  Kodak x-omat AR film and imaging system 

•  forceps 

•  whatman (blotting) paper  

 

 

Complex interactions among different immune cell populations are responsible for the 

generation of an effective immune response, and are mediated by a group of secreted 

proteins called cytokines.  Cytokines regulate immune cells and in many cases, direct 

them to exert their effector functions.  In addition, cytokines possess direct effector 

functions of their own.   A small subgroup of cytokines designated chemokines have 

also been recently described.  Chemokines are a superfamily of small, inducible 

proinflammatory cytokines that are involved in a wide variety of immune responses, and 

act primarily as chemoattractants and activator of specific types of leukocytes.  Several 

approaches can be used to detect cytokines and chemokines.  Traditionally, 
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researchers have used western blotting to qualititatively asses cytokine production and 

ELISAs to quantify secretion. Current ELISAs and western blotting methods are very 

sensitive, and the data obtained is easily interpreted.  However, an important 

disadvantage to traditional cytokine detection methods is that these approaches are 

limited to the detection of one cytokine per assay—and current literature suggests not 

one cytokine, but many often act in concert to initiate and drive various immunologic 

responses.  With this technology, the researcher is examining only a very small part of a 

macrosystem. Newly emerging cDNA microarray technology has recently been 

developed that enables researchers to analyze global gene expression profiles.  DNA 

microarrays are now manufactured that allow for the analysis of massively parallel gene 

expression and gene discovery studies. An experiment with a single DNA chip can 

provide researchers information on thousands of genes simultaneously - a dramatic 

increase in throughput.  However, almost all cell functions are executed by proteins, 

which cannot be studied by DNA and RNA alone. In many cases, there is a disparity 

between relative expression levels of mRNA and their corresponding proteins.  To 

overcome this issue, companies have developed protein array systems.  The system we 

have utilized for our studies is the first commercially available protein array system 

(Raybiotech, www.raybiotech.com, patent pending) that specifically targets cytokine 

expression profiles.   
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The Principle Behind the Assay 

 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure taken from:  www.raybiotech.com 
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Example of a Cytokine Array 
 

 
 
 
 
Interpretation of Results 

 

 
 
 
Chart taken from www.raybiotech.com.  The membranes are exposed to film to detect 

the chemiliuminiscent signal produced.  Positive cytokine production is the presence of 

a ‘spot’ on the membrane.  It is important to note that cytokine arrays do not provide 

quantitative data—they are a tool that determines the presence/absence of cytokines 

in a sample.  Other assays, such as ELISAs are done to corroborate cytokine array data 

and obtain quantitative measurements. 
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Sample Preparation 

 

To test our NH and TBH splenic CD4+ T cells, we used magnetic-based positive bead 

selection EasySep (Stemcell Technologies, Vancouver, Canada) to isolate CD4+ splenic 

lymphocytes from NHs and TBHs at days 0,7,14, and 21 (n=10) as per the 

manufacturer’s instructions.  Purity of our cell populations was assessed using flow 

cytometry, and is >90% when gated on lymphocyte/monocyte populations.   4 x 106 

unstimulated and Concanavalin A (Con A)-stimulated (8 µg/ml) cells were then cultured 

in 24 well flat-bottomed plates for 48 hrs.  Subsequently, 2 ml supernatants were 

harvested and stored at -80°C.   We evaluated cytokine expression of 1 ml of 

supernatant using cytokine antibody arrays, and used the remaining sample for ELISA 

analysis. For cytokine array analysis on cultured Meth-KDE tumor cells, 20 x 106 Meth-

KDE tumor cells were cultured in 10 ml of 5% FCS + RPMI for 72 hrs.  Supernatants 

were collected, and cytokine array analysis was done on these samples. 

 

 

Procedure 

 

The cytokine array assay takes a total of 3 days to complete.   On day 1, the arrays are 

blocked and incubated with sample.  For day 2, cells are incubated on primary and 

secondary antibodies.  On day 3, signal, if present, is detected. 
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Day 1:  Blocking and Sample Incubation: 

 

1. Place the membrane into the eight-well tray using forceps.  Be very careful when 

handling the arrays, they tear easily.  

 

2. Add 2 ml of 1X Blocking Buffer and incubate at room temperature for 30  min to 

block membranes. Dilute 2X Blocking Buffer with deionized H2O. 

 

3. Decant 1X Blocking Buffer from each container. Incubate membranes  with 1 ml 

of sample at 4ºC overnight with gentle rotation/mixing. 

 

Day 2:  Incubation with Primary and Secondary Antibodies: 

 

1. First, wash the membrane that has been incubated overnight with sample: 

a. Decant the sample from the container 

b. Wash 3 times with 2 ml of Wash Buffer 1 at room temperature with 

shaking (5 minutes per wash). 

c. Wash 2 times with 2 ml of Wash Buffer 2 at room temperature with 

shaking (5 minutes per wash). 

 

2. Concentrated solutions of primary antibodies are supplied in the kit.  To dilute to 

a working concentration, add 100 µl of 1x blocking buffer to the tube. Mix gently 
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and transfer all mixture to a tube containing 2 ml of 1x blocking buffer.     Next, 

add 1 ml of diulted biotin-conjugated antibodies to the membrane.  Incubate the 

membrane with primary antibody for 1 hr with gentle rotation. 

   

3. Repeat washes as in step #1. 

 

4. Add 2 ml of HRP-conjugated streptavidin that has been diluted 1:1000 to a 

working concentration to each membrane.   

 

5. Incubate the membranes at 4ºC overnight with gentle rotation.   

 

Day 3:  Signal Detection: 

 

1. Wash as directed in Step #1 (on Day 2). 

 

2. Add 500 µl of 1X Detection Buffer C and 500  µl of 1X  Detection Buffer D to the 

membrane, being sure to mix both solutions well before adding them to the 

membrane. Incubate the membrane on the detection buffer at room temperature 

for 2 minutes with gentle rotation.  When finished, using the forceps, place the 

membrane on a clear 96 well plate lid after blotting on whatman paper and cover 

in saran wrap. 

3. Next, expose the array to X ray film, and use a developer to detect the signal.  
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Appendix C 

 

 

Immunohistochemistry -- CD4, CD44, and CD62L 

 

 

Like flow cytometry, immunohistochemical staining can be used to determine the 

phenotypes of immune cell populations from a sample.  However, in addition, IHC 

allows the researcher to determine the localization and distribution of specific cell types 

in tissues.  In our study we used this technique to kinetically assess TIL populations in 

NHs, TBHs, and paclitaxel-treated TBHs.   

 

 

Required Materials: 

 

For tissue sectioning: 

• cryostat 

• peel away base molds 

• tissue freezing media 

• razor blades 

• liquid nitrogen 

• Poly L-lysine coated slides 

• IHC jar 
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• acetone (approximately 250 ml) 

• slide box 

• zip lock bags 

For immunostaining: 

• IHC jars 

• IHC rack holder 

• Humidity chamber 

• deionized water (nanopure water) 

• 1X PBS 

• fetal bovine serum 

• methanol with 0.3% H2O2 

• primary antibody 

o anti-mouse CD4 (eBioscience, Cat#14-0041) 

o anti-mouse CD44 (BD Pharmingen, Cat#) 

o anti-mouse CD62L (eBioscience, Cat#14-0621) 

• secondary antibody 

o biotin-conjugated mouse anti-rat IgG (H + L)  (eBioscience, Cat#13-4813) 

• Streptavidin-Horseradish Peroxidase (SAv-HRP)  (BD Pharmingen, Cat#550946) 

• Hematoxylin 

• AEC Substrate Kit (BD Pharmingen, Cat#551015) 

• Immunomount 
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Immunostaining is a very useful technique that combines anatomic and immunologic 

methods to identify cellular infiltrates of specific tissues by exploiting specific 

antigen/antibody reactions that are tagged with a visible label. In contrast to flow 

cytometry, IHC makes it possible to visualize the distribution and localization of specific 

cellular components within a cell or tissue as opposed to merely phenotyping a single 

cell suspension.  

 

Immunohistochemistry, like flow cytometry, detects the localization of antigens in tissue 

sections by making use of labeled antibodies that are specific for the molecule of 

interest.  With flow cytometry, antigen-antibody interactions are most often (although not 

always) visualized by fluorescent dye markers, while IHC for the most part relies on 

enzyme-labeled conjugates.  After the antigen-antibody reaction, the enzyme label is 

reacted with a substrate to yield an intensely colored product that can be analyzed with 

an ordinary light microscope. A further advantage of using enzyme labeled systems is 

the option to make the product electron dense for electron microscopy.   

(www.piercenet.com).  This allows the researcher to view experimental results without 

the costly equipment and technical expertise required for flow analysis. 

 

IHC is widely used in medicine, and is ideal for characterizing cell types that infiltrate 

diseased tissues.  The applications vary widely, and it may be more appropriate than 

flow cytometry when the investigator is also interested in tissue and/or cell structures.  

Indeed, the technique is ideally suited for the phenotyping of TILs, as in our study.  

Following a wash step to remove unbound antibody, a SA-HRP conjugate is added.  SA 



 202 

has a high affinity for biotin, and this reaction is later visualized using a substrate kit to 

detect HRP activity.  Color development is stopped and can be visualized with a light 

microscope after counterstaining with hematoxylin. 

 

Principle of the Assay 

 
IHC allows for the in situ detection of cellular antigens by using monoclonal antibodies.  

Briefly, tissue sections are obtained and fixed to slides.  Next, endogenous peroxide 

activity is blocked using methanol with 0.3% H2O2, and FcR activity is blocked with 

serum.  A purified primary antibody is added specific for the antigen of interest, followed 

by a biotin-labeled secondary antibody specific for the primary antibody.   

 

Sample Preparation—Tissue Fixation 

 

1. Prepare tissue specimen of interest by sectioning with a razor blade.  Place the 

trimmed tissue into a base mold coated on the bottom with tissue freezing media.  

Layer additional tissue freezing media on top of the sample until it is covered. 

2. Snap-freeze the sample block by placing the base mold into a small tub of liquid 

nitrogen.  Samples should be stored at -80ºC in zip lock bags to prevent drying 

out. 

3. To section, allow the block to equilibrate to the temperature of the cryostat.   

4. Place the specimen on a cryostat specimen disk, and adjust the block position 

such that it is aligned with the blade of the instrument. 

5. Cut sections of desired thickness (10 µm), and gently place the sections onto a 
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lysine-coated slide.   

6. To fix the slides, immerse the sample in cold acetone for 1 minute.  Proceed to 

staining, or store fixed slides in a zip lock bag at -20ºC in a slide box.   

   

Immunostaining Procedure 

 

1. Prepare 2 liters of fresh 1 X PBS for the experiment. 

2. The slides to be stained should be stored in a –20 freezer a slide rack and kept in 

a plastic zip lock bag to prevent drying out.  The slide box must not be taken out 

of the freezer so this step should be done in the freezer. 

3. Let the slides equilibrate to room temperature, for approximately 1 minute and 

immediately placed them in a IHC jar filled with enough 1 X PBS to completely 

cover them (approximately 250 ml). 

4. Keep the slides in PBS for 5 min. Transfer the slides to another jar containing 

PBS. Wash them for 5 min. 

5. With a rack holder, transfer the slide rack to a new jar containing 200 ml of 

methanol with 0.3% H2O2 and incubate for 30 minutes to eliminate endogenous 

peroxidase activity. 

6. Wash the slides twice as in step 4. 

7. Take the slides out of the rack and place them a humidity chamber (the base of 

the chamber has to be covered with terry towels soaked in deionized water). 

Immediately, add 0.7 ml of blocking buffer (1 X PBS with 10% fetal bovine 
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serum) to block FcR. Incubate for 30 min.  Do NOT permit the slides to dry out at 

any point in the experiment. 

8. Eliminate the blocking buffer from the slide and blot it vertically against a terry 

towel or kimwipe. Add 0.7 ml of the primary antibody diluted in 1 X PBS with 5% 

fetal bovine serum (the optimal concentration should be determined for each 

antibody). Incubate at room temperature for 4 hours. 

9. Transfer the slides to a IHC jar filled with 1 X PBS and wash them twice for 5 

minutes each time and using a new jar of 1X PBS for the second time. The slides 

should next be placed back in a slide rack. 

10. While slides are being washed, dilute the secondary antibody to the appropriate 

concentration in 1 X PBS with 5% fetal bovine serum. 

11. One by one, transfer the slides to the humidity chamber and after eliminating 

excess PBS, add 0.7 ml of secondary antibody. Incubate for 30 minutes. 

12. While the slides are incubating, bring the SAv-HRP and AEC substrate kit to 

room temperature, which takes approximately 20 minutes. 

13. Wash the slides twice as in step 4. 

14.  One by one transfer the slides to the humidity chamber and after eliminating 

excess PBS by blotting, add 0.7 ml of SAv-HRP. Incubate for 30 minutes. 

15. Wash the slides twice as in step 4. 

16. Again, one by one transfer the slides to the humidity chamber and after 

eliminating excess PBS by blotting, add 0.7 ml of AEC substrate. Incubate for 5-

20 minutes, until brown color develops. 
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17. Rinse the slides with nanopure water and transfer them to a jar filled with 

nanopure water. 

18. Counterstain with filtered hematoxylin by fully covering the slides and incubating 

for 20 seconds. 

19. Rinse the slides with nanopure water and transfer them to a new jar filled with 

nanopure water. 

20. To “blue” the tissues, immerse them in a jar filled with tap water for 5 minutes. 

21.  Rinse the slides in nanopure water. 

22. One by one, take the slides out of the rack. Eliminate excess water. Add 2 drops 

of Immu-mount and cover them with a cover glass. 

23. Let the cover glass set over the immu-mount and the slides will be ready to 

observe under the microscope. 
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