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ABSTRACT OF DISSERTATION

EFFECTS OF CHEMOTHERAPY ON INNATE AND

ADAPTIVE IMMUNE RESPONSES

Chemotherapy has historically been viewed as immunosuppressive; however
studies suggest that some chemotherapeutic agents possess immunostimulatory effects.
Despite the promise offered by new treatment modalities such as immunotherapy, novel
therapies appear most effective when used in combination with traditional treatments
such as chemotherapy. Therefore, there is considerable interest in the identification of
chemotherapeutics that can be synergistically combined with cancer immunotherapy.
Little is known, however, concerning the immunomodulatory effects of chemotherapy on
many aspects of immunity.

Therefore, we evaluated the effects of common chemotherapy drugs on dendritic
cells and lymphocytes, two cell types critical to the generation of effective immune
responses. In addition, because regulatory T cells are known to directly suppress
antitumor immunity in human cancer patients, we developed an assay to identify canine
regulatory T cells and initiated the study of this T-cell subset in dogs.

Studies of the effects of chemotherapy on lymphocytes were conducted in pet
dogs with lymphoma or osteosarcoma. Through evaluation of lymphocyte subsets and

humoral antibody responses before, during, and after chemotherapy, we found that
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chemotherapy had little impact on adaptive immune responses. Compared to healthy
dogs, however, tumor-bearing dogs had abnormally low T-cell numbers and increased
numbers of regulatory T cells. Our findings demonstrate the minimal impact of
chemotherapy on lymphocyte numbers, suggesting that chemotherapy itself is not likely
to interfere with induction of cell-mediated antitumor responses. However, underlying
malignancy could play a role in suppression of antitumor immunity.

The impact of chemotherapy on dendritic cell function was assessed in mice.
These studies demonstrated that the drug doxorubicin stimulated multiple aspects of
dendritic cell function, including costimulatory molecule expression and antigen
presentation. In mice with melanoma, administration of doxorubicin led to increased
numbers of mature dendritic cells within tumor tissues and tumor-draining lymph nodes.
These experiments suggest that doxorubicin is a promising candidate for combination
with tumor-specific immunotherapy.

The studies presented here provide important insight into the effects of
chemotherapy on immunity in healthy and tumor-bearing animals. Most importantly,
they set the stage for future work investigating combinations of chemotherapy and
immunotherapy towards the development of more effective treatments for cancer.

Barbara J. Biller

Department of Microbiology,
Immunology and Pathology
Colorado State University

Fort Collins, CO. 80523
Summer 2007
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Chapter One

Literature Review and Project Rationale

CONVENTIONAL CHEMOTHERAPY

Current Uses of Chemotherapy in Human and Veterinary Oncology

For more than 50 years chemotherapy has been a central component of treating
cancer, especially in the management of metastatic disease and hematopoietic
malignancies. During this time our understanding of the mechanisms by which
chemotherapy induces tumor cell death as well as its effects on normal tissues of the
body have dramatically increased. This insight is enabling the development of new
avenues of treatment in which chemotherapeutic agents can potentially be used to
simultaneously kill tumor cells and stimulate host defenses against the tumor itself.

Chemotherapy can be used in a number of different settings. The drugs and
dosages given are dependent on the tumor type, stage of disease and numerous other
factors such as the age and overall health of the patient, cost, and goals of therapy.
Primary, or neoadjuvant, chemotherapy refers to initial drug therapy (ideally for
localized disease only) that is typically followed by a definitive local treatment such as
surgery or radiotherapy. This approach is most often used to decrease the size of large
tumors with the goal of generating smaller treatment fields for either surgery or radiation

therapy. In both human and veterinary oncology, adjuvant chemotherapy is utilized more
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commonly than neoadjuvant therapy. It is administered after surgery or radiation therapy
in patients for which the risk of tumor recurrence and/or metastasis is high.

One of the most successful uses of chemotherapy is in patients with hematologic
malignancies such as Non-Hodgkin’s lymphoma (NHL) or multiple myeloma. The key
to this success has been the development of multi-agent protocols that combine
chemotherapy drugs with differing mechanisms of action and non-overlapping toxicities.
Prior to the use of multiple drug therapy, for example, less than 20% of children with
NHL were cured (1). Current treatment regimes for the treatment of children with early
stage NHL have now extended the 5-year survival rate to higher than 90% (2, 3). Similar
success has been achieved in veterinary oncology as well, where the treatment of dogs
with lymphoma using combination drug protocols has improved median survival times
from less than 3 months to slightly more than 12 months, with 25% of dogs experiencing
long-term remissions of greater than 2 years (4, 5).

For many patients however, chemotherapy is far less effective, especially when
used in the adjuvant setting. In people with melanoma, for example, there are a fairly
large number of drugs with some degree of activity against melanoma. However, the
overall response rate (< 25% complete or partial responses) in patients with metastatic
disease is poor despite the use of high-dose combination protocols (6). Adjuvant
chemotherapy of high-grade carcinomas, such as those of the breast and colon, is
similarly discouraging; despite the use of dose-intense chemotherapy, response rates

continue to hover in the 20 — 50% range with remission durations of 18 months or less (7,

8).
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One of the more successful uses of adjuvant chemotherapy has been in the
treatment of canine osteosarcoma (OSA). This commonly occurring bone tumor is
highly metastatic; approximately 90% of dogs have pulmonary micrometastatic disease at
the time of initial diagnosis. Without adjuvant chemotherapy the median survival time
for dogs with appendicular OSA is less than 4 months, however administration of
cisplatin and/or doxorubicin following surgery has extended the median survival to 12-14
months (9-11). For malignancies other than OSA or lymphoma, however, chemotherapy
for dogs or cats with metastatic disease is often typified by low response rates (10-25%)
and short survival times (typically less than 6 months) depending on the stage of disease

and tumor type.

The Limitations of Conventional Chemotherapy

The inability of chemotherapy to cure most non-hematopoietic malignancies or even
to limit tumor cell growth for long periods of time is an inherent property of the manner
in which chemotherapeutic agents kill tumor cells. Cytotoxic chemotherapy drugs induce
DNA damage that prevents cellular replication, interferes with critical parts of the cell
cycle and/or induces apoptosis. Cells that are rapidly proliferating are more sensitive to
the effects of DNA damage; therefore chemotherapy is most effective against rapidly
growing tumors. Tumor growth, however, generally follows Gompertzian growth
kinetics which is characterized by rapid proliferation of tumor cells in the latent period
(prior to detection) followed by progressively slower growth as the tumor enlarges and
becomes clinically detectable (12). Thus by the time most tumors are detected the

majority of tumor cells are in the resting (Gg) phase of the cell cycle and are therefore
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relatively resistant to the cytotoxic effects of chemotherapy agents. This is particularly
true in veterinary oncology where tumors are typically detected much later than they are
in people.

The other major limitation of chemotherapy is its toxicity to normal cells in the
body. This limitation is also a consequence of mechanism of action since it is the rapidly
proliferating stem cells of the bone marrow, hair follicles, gastrointestinal and
reproductive tracts that are most susceptible to the non-specific effects of chemotherapy.
Thus, although it might be theoretically possible to deliver a sufficient dose of drug to kill
every tumor cell present, the toxicity induced with this approach would be devastating
and likely result in the death of the patient. A number of other factors, such as the
development of biochemical drug resistance, upregulation of drug-inactivating enzymes
and dysregulation of apoptosis or cell proliferation in the tumor cell, may also be present
and limit the efficacy of chemotherapy. The end result is that the use of chemotherapy is
rarely associated with a cure in the treatment of non-hematopoietic malignancies and

most patients ultimately succumb to drug-resistant metastatic disease.

TUMOR VACCINES
Introduction
One of the newer approaches to cancer treatment is the use of targeted forms of
immunotherapy, such as vaccine strategies that actively elicit the development of tumor-
specific immunity. The goal of cancer vaccine therapy is to generate an antitumor
immune response that results in clinical regression of a tumor or its metastases. There are

several important differences between the use of tumor vaccines and conventional
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chemotherapy that should be kept in mind. Unlike cytotoxic chemotherapy, tumor
vaccines can be targeted specifically to neoplastic cells, thus sparing normal tissues and
potentially providing protection against relapsing disease (13, 14). Responses to vaccine
therapy must be evaluated differently than those to chemotherapeutic agents. Instead of
inducing rapid tumor cell death that is detectable within a few days, clinical responses to
vaccine therapy depend on the development of an adaptive immune response that may
take several months or more to appear. The observation of “mixed responses™ is another
frequent problem in assessing treatment outcome; this phenomenon is characterized by
the differential response to therapy of metastases within different tissues of the same
patient. Factors such as these pose significant challenges to the design and assessment of
clinical trials, especially when cancer vaccines are combined with other treatment
modalities.

To overcome some of these obstacles, a new set of criteria was recently proposed
by the National Cancer Institute. Termed RECIST (Response Evaluation Criteria in Solid
Tumors), an objective clinical response is defined as a 30% reduction in the sum of the
maximum diameters of lesions as well as the appearance of no new or progressive lesions
(15). The RECIST response criteria greatly facilitate comparisons between trials as well
as standardize the description of tumor responses.

Determination of appropriate immunological endpoints, in addition to tumor
response is crucial to cancer vaccine and immunotherapy trial design. Methods to assess
humoral and cellular immune responses, such as measurement of antibody titers and
delayed-type hypersensitivity reactions, are critical in correlating immune response with

clinical outcome. In addition, measuring the success or failure of a trial with more
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realistic clinical endpoints, for example long-term stabilization of disease rather than
induction of complete remission, will also facilitate the transition between basic research

and the conduction of meaningful clinical trials.

The Use of Liposome-DNA Complexes in Tumor Vaccines

There are numerous tumor vaccine strategies under investigation in veterinary and
human clinical trials including immunization with whole tumor cell or tumor lysate
vaccines, peptide vaccines, virally-delivered vaccines, dendritic cell vaccines and plasmid
DNA vaccines (14-19). Our laboratory has been evaluating the use of liposome-DNA
complexes (LDCs) as a means of increasing the efficacy of plasmid DNA and peptide
vaccines in the development of antitumor immunity.

LDCs were initially investigated as an efficient means of systemic gene delivery,
especially for targeting pulmonary tissue. During these studies, Dow et al. observed that
1.v. injection of “empty” LDCs, those with non-coding plasmid-DNA vectors,
dramatically reduced the number of established lung tumor metastases and extended
survival in mice with B16 (melanoma), CT-26 (colon carcinoma) or MCA-205
(fibrosarcoma) metastases (20, 21). The antitumor effect was shown to be mediated by
increased NK cell cytotoxicity as well as induction of IL-12, IFN-y and Th1 cell-
mediated immunity.

Recent studies in our laboratory and by other investigators have extended these
results to show that LDCs induce potent dendritic cell (DC) activation with marked
increase in costimulatory molecule expression, pro-inflammatory cytokine production

and tumor growth inhibition (22-24). In a murine model of atopic dermatitis,
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immunization with LDC-based vaccine induced a strongly T helper type 1 (Th1) biased
immune response while preventing development of a T helper type 2 (Th2) response (25).
When compared to the efficacy of a “naked” plasmid DNA vaccine, addition of LDCs
significantly increased the antitumor activity of antigen-specific CD8" T cells and led to
slower tumor growth in mice bearing either CT-26 carcinoma or B16 melanoma tumors
(24). An additional advantage of using LDCs as an adjuvant is that they can be readily
combined with defined tumor antigens and administered as a tumor-specific vaccine. We
recently evaluated the antitumor effects of a tyrosinase-related-protein-2 (trp2)-LDC
vaccine in mice with established B16 melanoma. The vaccine elicited strong trp2-
specific cytotoxic T-lymphocyte (CTL) responses, greatly facilitated the study of CTL
function, and significantly slowed tumor progression (26).

The use of LDCs has also been evaluated in dogs. We investigated the potential
therapeutic role of an allogeneic tumor cell lysate vaccine combined with LDCs in a non-
randomized phase I/II trial in dogs with either melanoma or hemangiosarcoma (27, 28)
Client-owned dogs received the tumor vaccine once every 2 weeks for 5 treatments then
once monthly for at least 3 months. Toxicity was minimal in this study with 6 of 75 dogs
experiencing nausea, transient fever, or mild to moderate abdominal pain. Determination
of overall efficacy for the trials was complicated by the use of multiple treatment
protocols in addition to the tumor vaccine, but median survival of vaccinated dogs with
hemangiosarcoma was significantly longer than a control population. Together, the
studies with LDCs demonstrate its potential use as an immunotherapeutic agent that can

readily be adapted to translational studies in companion animals with cancer.
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The Limitations of Tumor Vaccines

Despite the potential of cancer vaccines to control tumor growth and prevent the
development of metastatic disease, the overall success rate for human and veterinary
clinical trials has been discouragingly low (27-32). Plasmid DNA vaccines, for example,
have been evaluated in human patients with melanoma, lymphoma, prostate cancer, and
renal cell carcinoma. In many of these trials a high percentage of patients (from 80 —
100%) developed large numbers of tumor-specific CTLs in peripheral circulation
following vaccination. However, only 10 - 20% of these patients experienced significant
tumor regression and éven fewer had significantly longer survival times (33-35).

A somewhat more promising clinical trial was recently completed in dogs with
malignant melanoma (36). The investigators immunized dogs with human DNA encoding
tyrosinase, a melanoma differentiation antigen essential in melanin synthesis. The nine
dogs of this study received a xenogeneic DNA vaccine biweekly for 2 weeks and did not
receive any other treatments during the course of vaccination. All of the dogs had
advanced disease (WHO stage II, 111, or IV) at the start of the study; one dog with
multiple pulmonary metastases experienced complete remission lasting 329 days and two
other dogs with stage IV disease had long-term survivals of greater than 420 days. The
overall response rate was 44% with a 389 day median survival; toxicity was limited to
mild pain at the vaccine injection site.

The majority of clinical trials have shown that the best use of tumor vaccination is
in the setting of minimal disease and as an adjuvant to more traditional methods of tumor
reduction (15, 34, 37). These trials have also illustrated the magnitude and breadth of

mechanisms of immune evasion set in place by growing tumors which include faulty DC
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activation and function, production of potent immunosuppressive cytokines and induction
of regulatory T cells (Treg). Efforts to surmount these problems are the focus of new

approaches to tumor vaccine therapy.

THE EFFECTS OF CHEMOTHERAPY ON THE IMMUNE SYSTEM
Introduction

The limitations of chemotherapy and tumor vaccine therapy as single therapeutic
modalities have generated considerable interest in their combination. Indeed, there is
mounting evidence that certain chemotherapy agents possess immunomodulatory
properties and that the combination of cytotoxic tumor reduction with stimulation of
antitumor immunity may provide an ideal opportunity to maximize the benefits and
minimize the disadvantages of each treatment approach.

Because of the non-specific cytotoxic effects by which chemotherapeutics kill
tumor cells, chemotherapy has historically been viewed as being immunosuppressive.
Although several early studies described apparent synergy between select chemotherapy
drugs and host immunity in experimental murine tumor as early as 40 years ago, clear
evidence for the immunostimulatory properties of chemotherapy agents, as well as
potential mechanisms for these effects, are just beginning to be described (38-40). These
advances have occurred because of the recent development of techniques such as tetramer
analysis of tumor-specific T cells, intracellular cytokine staining and the use of transgenic
mice, all of which have greatly facilitated analysis of the complex interactions between

chemotherapy and multiple components of the immune response.
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As recently reviewed by several investigators, there are multiple ways in which
chemotherapy can potentially augment antitumor immunity (41-44). These effects
include both direct interactions of chemotherapy agents with immune cells such as
lymphocytes and antigen presenting cells as well as indirect immunomodulatory effects
secondary to chemotherapy-induced tumor cell death. In the following section, we will
discuss our current understanding of these interactions, focusing on the potential of

commonly used chemotherapeutics to augment responses to cancer vaccine therapy.

Immunomodulatory Properties of Key Chemotherapy Drugs

a) Alkylating agents. Drugs such as cyclophosphamide (CYC), chlorambucil and
melphalan, contain active alkylating moieties that irreversibly bind and damage DNA,
thus inhibiting cell division and protein synthesis in rapidly proliferating cells. One well-
characterized example of chemotherapy-induced immunomodulation in this class of
drugs is the ability of CYC to enhance cellular immunity in combination with tumor
vaccination. In a HER-2/neu mouse model of spontaneous breast cancer, treatment with
low-dose CYC 24 hours prior to vaccination with a GM-CSF secreting whole cell
vaccine significantly slowed mammary tumor growth and increased the number of tumor-
specific CTL. In this study the importance of giving CYC prior to antigen exposure was
underscored by the development of tumor tolerance when the drug was administered
simultaneously with or subsequent to vaccination (45). The immunostimulatory effects of
CYC largely stem from the drug’s ability to inhibit the suppressive influence of
CD4+CD25+ regulatory T cells (Tregs) via a number of mechanisms, including down-

regulation of the FoxP3 transcription factor and interruption of proliferation. CYC has
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also been shown to induce Type I IFN production as well as support the development of a
Th1 immune response (46-48).

Besides direct effects of drugs such as CYC on lymphocytes, several investigators
have shown that the type of tumor cell death elicited by chemotherapy can greatly
influence the nature of the antitumor immune response (44, 49-52). For example, the
ability of alkylating agents to stimulate antigen cross-presentation by DCs has been
described. In a murine leukemia tumor model co-culture of immature DCs with
melphalan or chlorambucil-treated tumor cells triggered DC maturation and enhanced
antigen presentation (53). This effect was not as dramatic when leukemia cells were
treated with drugs such as mitomycin C, suggesting that the way in which alkylating
agents damage tumor cell DNA impacts whether DCs will respond to or ignore tumor
antigens.

b) Paclitaxel. Paclitaxel (PTX), a taxane originally derived from the Pacific yew tree, is
a relatively new drug with broad spectrum antitumor activity and multiple mechanisms of
action. Like CYC, PTX has been shown to enhance vaccine efficacy when administered
prior to antigen exposure (41, 54). As for the alkylating agents, part of this effect is
secondary to enhanced antigen presentation through PTX-mediated induction of
immunostimulatory tumor cell apoptosis. In a human clinical trial for advanced breast
cancer, PTX given before tumor vaccination induced an apoptotic response within tumors
that resulted in dramatically increased numbers of tumor-infiltrating lymphocytes and
correlated with induction of complete clinical responses (55, 56). PTX has also been
shown to directly impact the immune system by enhancing priming of antigen-specific

CD4+ T cells, increasing T cell blastogenesis, and augmenting NK cell function (57, 58).

11
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The best characterized immunomodulatory activity of PTX, however, is its ability
to mimic lipopolysaccharide (LPS). PTX binds to Toll-like receptor (TLR)-4 on
macrophages, leading to increased tumoricidal properties through enhanced production of
nitric oxide activity and pro-inflammatory cytokines (59, 60). The effect of PTX on DCs
is less clear but is thought to be similar; PTX appears to activate DC through TLR-4 and
MyD88 signaling pathways (61, 62). Interestingly, however, although MHC Class I
expression on DCs was increased by paclitaxel exposure in a recent in vitro study,
antigen presentation was markedly impaired (60-63).
¢) Gemcitabine. Gemcitabine is an analog of deoxycytidine that undergoes intracellular
activation and results in inhibition of DNA synthesis. As recently observed by Nowak, et
al., gemcitabine can induce extensive tumor-cell apoptosis both in vitro and in vivo (64).
More importantly, however, these investigators found that gemcitabine-induced apoptosis
enhanced DC cross-presentation of a model antigen to CD8+ T cells in tumor-draining
lymph nodes, significantly priming ¢ffective cell-mediated antitumor immunity that
resulted in slower tumor growth. Interestingly, gemcitabine has also been found to
selectively deplete B cells, leading to suppression of antibody responses to tumor
antigens (65). Although B cell proliferation was markedly inhibited in this study,
gemcitabine did not inhibit T cell proliferation or interfere with the development of
effective cell-mediated antitumor immunity. These studies suggest that combination of
gemcitabine with tumor vaccines might be beneficial in generation of CTLs but
detrimental to the development of a humoral immune response.

Gemcitabine-induced loss of myeloid suppressor cells has also been recently

described (66). In this study the investigators found that treatment of mice bearing large

12
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tumors led to dramatic reduction in the numbers of Gr-1+/CD11b+ cells in the spleens of
treated mice. This loss was accompanied by an increase in CD8+ T cells and activated
NK cells. The mechanism(s) for these effects have not been described.

d) Platinum drugs. The platinum containing drugs, such as cisplatin (CIS) and
carboplatin, are heavy metal compounds that intercalate between DNA strands leading to
inhibition of transcription. Although there is little information available describing the
direct effects of these drugs on immune cells, the ability of cisplatin to increase tumor
cell Fas receptor expression and apoptosis is well described (67). Importantly, induction
of tumor cell death with cisplatin increases the susceptibility of tumors to CTL-mediated
killing, an effect which has been demonstrated in several tumor models (67-69). When
combined with either intratumoral CD40-ligand gene therapy or with a papillomavirus
subunit vaccine, treatment of mice with cisplatin increased CTL-mediated tumor cell
killing and led to increased cure rates (68, 69). In a study of human patients with
advanced pancreatic cancer, chemotherapy with a combination of gemcitabine and
cisplatin restored abnormally low levels of T lymphocytes, DCs and NK cells that were
present prior to treatment (70). However, separation of cisplatin’s effects from those of
gemcitabine was not attempted.

¢) Vinblastine, vineristine. Vinblastine and vincristine are alkaloid compounds derived
from the flowering herb periwinkle (also known as the vinca alkaloids). Both drugs
interfere with mitotic spindle formation through their effects on microtubular proteins,
thereby disrupting cell division. The primary effects of vinblastine and vincristine on the
immune response appear to be immunosuppressive rather than immunostimulatory in

nature. In an early study on the effects of antineoplastic drugs on the function of tumor-
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specific CTLs, Nigam et al., found that treatment of mice with either drug following
administration of a GM-CSF cancer vaccine led to the significantly decreased lytic ability
of CD8+ CTLs (45). More recently, vincristine has been shown to suppress the
allostimulatory potential of human monocyte-derived DCs in vitro (71). Interestingly,
these investigators also found that incubation of DCs with vincristine interfered with
production of IL-12 but stimulated production of IL-10, an effect similar to that described
for the glucocorticoids (72).
g) Glucocorticoids. The glucocorticoids or corticosteroids are a large group of natural
and synthetic hormones with a wide range of functions including potent anti-
inflammatory and immunosuppressive effects. The cytotoxic uses of the corticosteroids
include chemotherapy of hematopoietic malignancies such as lymphoma and myeloma as
well as some cutaneous tumors such as mast cell tumors. As for the vinca alkaloids, the
primary effects of the glucocorticoids are immunosuppressive. The ability of the drug
prednisone to induce apoptosis in activated lymphocytes is well-described (73, 74). This
effect occurs primarily through down-regulation of CD3 expression on activated T cells
and negatively impacts CD4 and CD8 gene expression as well (74). Glucocorticoids are
also well known for their ability to inhibit inflammatory cytokine production by antigen
presenting cells and Thl T cells, selectively suppressing Thl cell-mediated immunity in
favor of a Th2 humoral immune response (75, 76).

Multiple direct inhibitory effects of naturally occurring and synthetic
glucocorticoids on DCs have also been described. As reviewed recently by Hackstein et
al., corticosteroids block differentiation and maturation of DCs both in vitro and in vivo.

This occurs through multiple mechanisms including increased apoptosis, inhibition of

14
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costimulatory molecule expression, interference of LPS or CD40-ligand-induced
inflammatory cytokine production and inhibition of signals that enable DC migration to
lymphoid tissues (77-79). Exposure of DCs to corticosteroids also induces IL-10
production in CD40-triggered DCs and promotes the generation of IL-10 regulatory T
cells (72, 80).

f) Doxorubicin. Doxorubicin (DOX) is an anthracycline antibiotic (also known as
Adriamycin), originally isolated from Streptomyces sp., that induces cytotoxicity in
rapidly dividing cells through several mechanisms including inhibition of topoisomerases
I and II, inhibition of free radical formation and direct interference with DNA and RNA
synthesis. The anthracyclines, which also include drugs such as mitoxantrone and
idarubicin, are some of the most potent and broad-spectrum chemotherapeutic agents
currently available and are very widely used in clinical practice.

DOX-induced stimulation of macrophages has long been appreciated. In 1977,
for example, Orsini et al. found that whole spleen cell populations from DOX-treated
mice demonstrated an increased ability to lyse tumor target cells in a *'Cr-release
cytotoxicity assay (81). Crude separation of monocytic versus lymphocytic cell
populations revealed that this ability was a property of an immature
monocytic/macrophage cell type. This finding was both confirmed and extended over the
next several years by others to show that treatment of mice with DOX or culture of spleen
cells harvested from DOX-treated mice increased the phagocytic and tumoricidal
properties of macrophages and improved T cell-mediated tumor cytotoxicity (40, 82, 83).
Interestingly, Mihich and Ehrke also found that DOX treatment induced the expansion of

an immature population of cells within the monocyte/macrophage lineage while
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simultaneously suppressing the activity of a T cell with a “regulatory” phenotype (40). A
more recent study by Ujhazy, et al. described the increased tumoricidal potential of
macrophages isolated from the peritoneal cavity of DOX-treated mice as well as
increased production of TNF-a, and IL-1 (84).

In contrast, however, DOX has also been shown to impair macrophage function
and slow wound healing in vivo when given twice weekly at the same relatively low
doses used in the preceding studies. Asmis et al. found that LPS-stimulated production of
TNF-a and IL-1 were decreased by macrophages both in vivo and in vitro and that wound
healing was significantly impaired (85). These conflicting data suggest that evaluation of
mice receiving repeated treatments with DOX should be undertaken; especially since
multiple dosing strategies would more closely mirror the treatment of human and
veterinary oncology patients.

The impact of DOX on NK cell function has also been assessed, although the
drug’s immunomodulatory effects are less well-understood than those described for
macrophages. Ujhazy et al. found that treatment of mice with DOX augmented NK cell
activity in peritoneal NK cells but inhibited this activity in the spleen (84). More
recently, Markasz et al. observed that in vitro exposure of human NK cells to DOX
increased their ability to kill tumor target cells (86). Interestingly, DOX augmented NK
cell function and did not elicit cytotoxicity even when used at concentrations higher than
therapeutic levels typically achieved in vivo in humans.

The ability of DOX to stimulate CTL responses in vivo has been described in
multiple clinical studies, although separation of the drug’s direct effects on T cells from

those mediated by macrophage and NK cell activation remains unclear. When combined
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with a GM-CSF whole cell vaccine in mice with CT-26 colon carcinoma, DOX given at
the time of or 1 week after vaccination resulted in enhancement of tumor-specific CTL
function. In contrast to CYC, this effect was abrogated when DOX was given prior to the
vaccine (45). In a HER-2/neu model of tolerogenic breast cancer, DOX administered 1
week after GM-CSF vaccination slowed tumor growth but did not change the number or
function of neu-specific T cells (58). Using this tumor model, Eralp and co-workers
found that administration of DOX prior to giving an RNA plasmid vaccine synergistically
increased numbers of tumor-specific CTLs and slowed tumor growth (87). Potential
differences in sequencing of DOX administration with vaccination were not evaluated.

In the murine EQ771 breast tumor model treatment with a single dose of DOX followed
by moderate doses of IL-2 resulted in significant increases in survival as well as
protection from subsequent tumor challenge. These therapeutic effects were not seen
with either DOX or IL-2 therapy alone and were dependent on CD8+ T cells but
independent of NK cell function (88).

Induction of immunogenic tumor cell apoptosis is another important aspect of
DOX’s immunostimulatory activity. Although apoptosis has been traditionally regarded
as being immunosuppressive, Casares et al. demonstrated that DOX treatment of CT-26
colon carcinoma cells induces caspase 3-dependent apoptosis that activates DCs and
elicits a therapeutically effective cytotoxic T cell response (50). DOX-treated apoptotic
tumor cells could also be given as an intratumoral vaccine in this model, eliciting
protection against the development of pulmonary metastases.

Using the intratumoral vaccine approach, Obeid et al. recently extended these

findings to show that the anthracycline drugs induce translocation of calreticulin, a
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chaperone and calcium regulating protein, from its normal intracellular location within
the endoplasmic reticulum to the surface of injured cells before apoptosis occurs (89).
Tumor cells expressing calreticulin were readily phagocytosed by DCs and these DCs
were critical in generation of effective antitumor CD4+ and CD8+ T-cell responses.
Therefore, these studies suggest that it might be possible to increase the immunogenicity
of chemotherapeutic agents in general by “tagging” tumor cells with molecules that

augment DC-mediated cross presentation to T cells.

In summary, the studies reviewed in this section demonstrate the potential for
many chemotherapeutic agents to augment multiple aspects of antitumor immunity and
illustrate the close link to DC function. Much of the work to date has focused on the
effects of various drugs on the development of adaptive immune responses or on the
immunomodulatory effects of tumor cell death. Although there are a few studies of
chemotherapy’s effects on macrophage and NK cell function, there is very little
information regarding direct effects on DCs. These studies also reveal the complexities
of drug interactions between tumor cells and immunity, emphasizing the need to perform
careful analyses of in vitro and in vivo effects in animal models using both healthy and
tumor-bearing animals. Finally, successful clinical trials exploring combinatorial
therapies will need to consider multiple factors such as proper sequencing of
chemotherapy with vaccination, dosages of drugs, nature of vaccine adjuvants, possible
competing effects of multiple chemotherapeutics and definition of clinical endpoints of

therapy.
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THE EFFECTS OF CANCER ON DENDRITIC CELLS AND
REGULATORY T CELLS
Introduction

Research efforts directed at effective combination of chemotherapy and tumor
vaccines have yielded not only a better understanding of how each treatment modality
impacts the immune response, but also a growing appreciation for the breadth and
magnitude of mechanisms that tumors evolve to escape immune control. These
mechanisms can be inherent properties of tumor cells themselves, such as decreased
expression of MHC molecules or down regulation of genes associated with antigen
presentation, or can involve the dysfunction of components of the host’s innate and
adaptive immune responses. Two critical cell populations that are markedly impacted
during tumor growth are DCs and Treg. Tumor-induced defects in DC differentiation
and maturation have far-reaching effects on the ability of the host to mount an effective
antitumor immune response. Indeed, one of the major reasons for the failure of cancer
vaccines to control tumor growth is likely a consequence of impaired DC development
and function (90-93).

Another reason for the limited success of tumor immunotherapy is the
immunosuppressive activities of Treg. Treg are increased in the large majority of cancer
patients and have been shown to directly interfere with the development of antitumor
immunity. Therefore, in this section we will focus on current understanding of the
impact of cancer on these two cell types and how these effects interfere with antitumor

immunity.
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Impaired DC Differentiation and Activation

Given the critical role of DC function in regulating T cell responses to tumor
antigens it is not surprising that one of the major reasons for the failure of cancer
vaccines to control tumors may be mediated by tumor-induced defects in DC
differentiation and activation. In both mice and humans with cancer, defective DC
function is thought to arise from impaired DC differentiation from myeloid and lymphoid
progenitor cell populations (90). Thus, the defects induced in DCs occur systemically
and are not restricted to DCs in the tumor microenvironment.

a) The role of tumor-derived factors. A number of tumor-derived factors are now
known to contribute to impaired DC differentiation including vascular endothelial growth
factor (VEGF), macrophage colony-stimulating factor (M-CSF), GM-CSF, IL-6 and IL-
10 (93). Of these factors, VEGF was the first to be shown to inhibit DC differentiation.
This was demonstrated by in vitro experiments in which neutralizing VEGF-specific
antibodies abolished the negative effects of tumor cell conditioned tissue culture medium
on DC differentiation (94). Inhibition was also confirmed in vivo by showing that
administration of recombinant VEGF to normal mice resulted in abnormal DC
development, leading to increased production of immature myeloid cells (95).

The clinical relevance of VEGF has been documented by studies in human cancer
patients that show that mature DC numbers can be negatively correlated with VEGF
levels in blood and tumor tissue for some types of cancer such as gastric adenocarcinoma
and metastatic carcinomas of various locations (96-98). In breast cancer patients the
intratumoral ratio of soluble VEGF-receptor-1 levels (sVEGFR1) to VEGF levels is also

prognostic; tumors in which the sVEGFR1 level exceeded VEGF levels by more than 10-
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fold were associated with a markedly better prognosis. Analysis of this ratio was also
helpful in prediction of sentinel lymph node metastases (99). The effects of other
cytokines such as IL-6 and IL-10 on DC development are similar to VEGF; both IL-6 and
IL-10 have inhibitory effects on DC maturation that can be demonstrated in vitro and in
vivo (100-103).

b) STAT3 signaling in tumor cells. Most of the tumor-derived factors implicated in
aberrant DC maturation exert their effects through the STAT3 (signal transducer and
activator of transcription 3) pathway. The STAT3 pathway is constitutively activated in
most tumors and is crucial for tumor cell proliferation and survival (104). Activation of
this pathway in tumor cells inhibits production of multiple inflammatory cytokines while
simultaneously producing factors such as VEGF and IL-10. In turn, the
immunosuppressive cytokines inhibit functional DC maturation through disruption of
STAT3 and NF-«kB signaling pathways in DC progenitor cells (105, 106). Thus, the
tumor’s “two-pronged” approach facilitates evasion of an immune response by
preventing DC activation and by fostering the accumulation of immature DCs and
myeloid cells.

Using an inducible STAT3 knock-out approach, Kortylewski et al. recently
investigated the impact of STAT3 signaling on the development of antitumor immunity
in several mouse tumor models (105). These investigators found that STAT3 was
constitutively activated in tumor-infiltrating cells. Comparison of the phenotype of
tumor-infiltrating DCs isolated from STAT3™ or STAT3"* mice showed that expression
of MHC Class II and costimulatory molecules such as CD80 and CD86 were

considerably increased in the STAT3” mice. They also found that ablation of the STAT3
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pathway using small molecule inhibitors restored normal DC maturation in vivo and
significantly inhibited tumor growth.

¢) Immunosuppressive effects of iMCs. Immature myeloid cells (also termed myeloid
suppressor cells) are a heterogeneous population that comprises immature macrophages,
granulocytes, DCs and other myeloid cells at early stages of differentiation. In mice,
iMCs can be identified as Gr1"CD11b" TCR' cells but may also express markers
reflecting their mix of partially differentiated cell types (107, 108). Under normal
homeostatic conditions, iMCs differentiate in the bone marrow and spleen into mature
granulocytes, macrophages and DCs. However in the cancer patient, precise definition or
isolation of iMCs can be challenging and additionally complicated by aberrant
development under the influence of various cytokines and factors produced by the tumor
(107, 109).

As discussed above, iMCs arise primarily through production of tumor-derived
factors such as VEGF, IL-10 and IL-6 which disrupt normal DC differentiation from
progenitor cells or through production of GM-CSF which mobilizes DC precursor release
from the bone marrow. Regardless of the source, iMCs play a key role in active
suppression of antitumor immunity. The ability of iMCs to inhibit both MHC class I and
class II-restricted T cell responses in a cell-to-cell contact dependant manner has been
recognized for some time (91, 110). This contact mediated inhibition is thought to be

mediated by reactive oxygen species such as H,0,, although the precise mechanism is not

clear (109).
Recent work by Gallina et al. has helped to clarify this mechanism by showing

that contact with CD8+ T cells elicits IL-13 and IFN-y production from the iMC (111).
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IL-13 and IFN-y then act in an autocrine fashion to increase production of the enzymes
iNOS and Arginase I, both of which are important to normal T cell function. Increased
enzyme production interferes with IL-2-receptor signaling on CD8+ T cells and leads to
T cell inactivation through depletion of local L-arginase levels.

d) Clinical consequences of impaired DC activation. The clinical relevance of
aberrant DC development is supported by numerous studies that show that decreased
numbers of mature DCs and/or increased numbers of iMCs are commonly found in
cancer patients and that these changes often correlate with extent of disease or prognosis
(112). In people with squamous cell carcinoma of the head and neck or with breast
cancer for example, DC number correlates inversely with stage of disease (96, 113). In
the study of people with squamous cell carcinoma, patients with early stages of the
disease had two-fold fewer DCs in their peripheral circulation while those with end stage
disease had more than four-fold fewer DCs than healthy donors (113). Other studies have
reported similar findings for other types of cancer and several have shown that the
number of mature DCs in peripheral blood increases towards normal following surgical
removal of the primary tumor (90).

Another abnormality in the immune system of cancer patients is that normal
populations of mature DCs are replaced with increased numbers of immature DCs which
can be identified in addition to iMCs. Although immature DCs process and present
antigen in the context of MHC class I molecules, their expression of very low levels of
costimulatory molecules and lack of pro-inflammatory cytokine production induces
antigen-specific T-cell tolerance rather than an effective adaptive immune response.

People with breast and prostate cancer, for example, have accumulation of HLA-DR"
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DCs which display multiple features of immature DCs including poor responsiveness to
maturation stimuli, decreased ability to present antigen and preferential induction of a
Th, rather than a Th; immune response (93).

A subset of plasmacytoid DCs that express the tryptophan-degrading enzyme
indoleamine 2,3-dioxygenase (IDO) has also been shown to directly interfere with the
development of antitumor immunity (114). The immunosuppressive effects of IDO have
been previously described; expression of IDO by macrophages and DCs inhibits T cell
proliferation and is an important component of maternal tolerance towards the allogeneic
fetus (115-117). Munn hypothesized, therefore, that IDO production might be induced in
DCs from cancer patients and contribute to immune evasion by the tumor (114). Indeed,
these investigators identified a subset of plasmacytoid DCs, expressing B220 and CD19,
within tumor-draining lymph nodes that constitutively expressed immunosuppressive
levels of IDO. Using the B16 melanoma model, they demonstrated that the IDO-
expressing DCs potently suppressed antigen-specific T cell responses to both IDO* DCs
as well as to non-IDO" DCs. When plasmacytoid DCs were isolated from the tumor-
draining lymph nodes of IDO knock-out mice, the DCs did not demonstrate any
suppressive effects. The investigators also retrospectively identified large numbers of
IDO" DCs in the tumor-draining lymph nodes of human cancer patients with melanoma,
breast carcinoma and a variety of solid tumor types. In these cancer patients the presence
IDO" DCs in sentinel lymph nodes at the time of initial diagnosis correlated with a
significantly worse prognosis.

Another consequence of impaired DC activation is associated with the induction

of regulatory T cells (Treg). DCs exposed to myeloma tumor cells, for example, produce
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large amounts of the immunosuppressive cytokine IL-10 and very little IL-12. These
DCs were found to support generation of T cells with a suppressive phenotype rather than
an effector phenotype (118). Immature DCs may also promote the proliferation of Tregs
through tumor-induced production of TGF-f (119). In this study Ghiringhelli and co-
workers identified accumulation of immature DCs (defined as a population of
CD11c¢'CDI11b" cells with low levels of MHC Class II, CD80, and CD86) in the spleen
and draining lymph nodes of tumor-bearing mice and rats. When purified and cultured
with Treg, the immature DCs supported proliferation of Treg in a TGF-f dependent
manner. Interestingly, while the tumor cells themselves did not produce biologically
active TGF-B, incubation of the immature DCs with tumor culture supernatants induced

TGF-B production by the DCs within 24 hours.

Identification and Function of Regulatory T Cells

The key role played by a subset of T cells called regulatory T cells, or Treg, in
hindering the development of antitumor immunity is now well-supported by numerous
studies in tumor-bearing mice and human cancer patients that document both the
presence and immunosuppressive effects of Treg. However even the existence of a
distinct subset of T cells with inhibitory properties, let alone their contribution to
regulation of immunity, was a highly controversial topic for more than 25 years. North
and colleagues were among the first to propose that a group of “suppressor” T cells with
a CD4+ phenotype could mediate suppression of antitumor immunity in a mouse tumor
model (120). Although other investigators working during this time also detected similar

CD4+ T cells within human melanoma tumors, the entire field of suppressor T cell
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biology was subsequently lost in a confusing disarray of circuitous regulatory loops and
poorly-defined factors and was largely discredited (121-123).

Renewed interest in the Treg field was stimulated nearly 20 years later in 2000 by
the observations of Sakaguchi et al. who found that a subset of T cells, identified based
on expression of CD4+ and CD25+, were crucial to the prevention of autoimmune
disorders following thymectomy of neonatal mice (124). In a series of pioneering
experiments, Sakaguchi demonstrated that depletion of CD25+ T-cells or adoptive
transfer of CD4+CD25- T cells to lymphopenic mice resulted in the development of a
slowly progressive, inflammatory multi-organ autoimmune disorder. Shortly thereafter
these investigators demonstrated that depletion of CD4+CD25+ T cells or injections of
anti-CD25 antibody could induce T-cell mediated antitumor immune responses, making a
connection for the first time between tumor immunity and autoimmunity (125, 126).
Since this time there has been a tremendous interest in the role of Treg in regulating
many aspects of immune responses including those to self-antigens, infectious agents,
tumor antigens and transplantation antigens.

Treg are now accepted as a distinct type of T-lymphocytes that comprise about 5
— 8% of the total population of T cells in the lymph node, or 10 — 12% of the total CD4"
population (127, 128). Several subsets of Treg have been described, including naturally-
occurring, thymic-derived Treg and those induced by exposure to antigen and activated in
the periphery (129, 130). When stimulated through their TCR, endogenous CD4+ Treg
function to directly suppress the proliferation of harmful self-reactive T cells in a cell-

contact dependent, cytokine-independent manner (124, 128). In contrast, antigen-
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induced Treg typically regulate immune homeostasis via production of cytokines such as
IL-10 and TGF- (131, 132).

In mice, cats and humans Treg can be identified based on surface expression of
high levels of the IL-2-receptor-o chain (CD25). Although other cell surface molecules
such as glucocorticoid-induced TNF-receptor (GITR), cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) and CD103 aid in Treg identification, definitive
delineation from activated CD4" non-regulatory T cells using cell surface marker
expression alone is not possible. Recently, however, intracellular detection of the
transcription factor FoxP3 has been shown to uniquely identify the rodent Treg
population (133, 134). In mice FoxP3 is a “master regulator” of the Treg phenotype;
constitutive FoxP3 expression is essential both for initial Treg development as well as
maintenance of their suppressive function (135).

The role of FoxP3 expression in human Treg is not as well understood. Although
FoxP3 expression is highly enriched within the human CD4"CD25"#" population as it is
in mice, several investigators have demonstrated induction of FoxP3 expression in
activated CD4+ T cells that lack suppressive function (136-138). Nevertheless,
identification of CD4+FoxP3+ T cells is currently accepted as the most specific method

of Treg identification.

The Role of Regulatory T Cells in Cancer

Over the past 6 to 7 years there have been numerous clinical studies that have
demonstrated increased levels of Treg in people with a variety of malignancies such as

melanoma, Hodgkin lymphoma, or ovarian, gastric, pancreatic, breast and colorectal
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cancer (139-145). Although a number of studies implicated Treg in suppression of
antitumor immunity, the first evidence for a direct role in human cancer was provided by
Curiel et al. (139). In a large study of women with various stages of ovarian carcinoma,
these investigators demonstrated Treg-mediated suppression of antitumor immune
responses both in vitro and in vivo. They found that women with more advanced stages
of the disease had higher numbers of Treg within tumor tissue and ascitic fluid than
women with less advanced cancer. Tumor Treg numbers were also correlated with
increased death rates and decreased survival times. Interestingly, Treg numbers were
decreased in tumor-draining lymph nodes in patients with more advanced disease; an
effect that was found to be mediated by production of the chemokine CCL22 which
induced migration of Treg from the lymph node to the tumor.

A direct role for Treg-mediated suppression of antitumor immunity within tumor-
draining lymph nodes has also been reported. In contrast to the Curiel study, Viguier et
al. found that Treg preferentially accumulated in tumor-draining lymph nodes of people
with metastatic melanoma compared to tumor-free lymph nodes (142). These Treg,
identified based on CD4"CD25FoxP3" expression, inhibited proliferation and Th,
cytokine production of CD4"CD25 and CD8" T cells through a cell-contact dependent
mechanism. High levels of IL-10 and TGF-f were also present in metastatic lymph
nodes, providing a possible mechanism for recruitment and/or expansion of Treg.

Because of their central role in the pathology of cancer, there has been
considerable interest in Treg depletion to improve the efficacy of tumor immunotherapy.
Several studies have examined the feasibility of enhancing antitumor responses using

antibodies directed against the CD25 surface marker. Although administration of an anti-
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CD25 antibody to mice can uncover effective T-cell mediated immune responses, this
approach has also been shown to hinder the adoptive transfer of activated CD8+CD25+
CTLs and tumor-reactive CD4+ T cells (146). In human cancer patients Treg can be
depleted from the peripheral circulation using a recombinant IL-2 diphtheria toxin fusion
protein (also known as ONTAK) (147). Although this approach is selective for Treg
expressing high levels of CD25, some toxicity to activated CD4+ non-regulatory T-cells
can also occur.

More selective Treg depletion is possible with the chemotherapy agent
cyclophosphamide. The ability of CYC to improve the efficacy of various types of
immunotherapy, in particular adoptive transfer therapy, has been recognized for some
time; an effect that has been associated with decreased Treg numbers. Recently, Lutsiak
et al. provided direct evidence for CYC’s ability to suppress Treg function (47). These
investigators found that intraperitoneal administration of CYC to healthy mice
significantly inhibited the suppressive effects of Treg as well as diminished their overall
numbers. The mechanism of this effect occurred at several levels including down-
regulation of FoxP3 expression, increased sensitivity of Treg to apoptosis and a transient
decrease in Treg proliferation (47).

The administration of low, frequent doses of CYC, an approach also known as
metronomic chemotherapy, is now commonly used in the treatment of both people and
companion animals with cancer. Metronomic chemotherapy has been shown to be anti-
angiogenic, leading to slowed tumor growth in a number of tumor models. But in
addition to effects on tumor angiogenesis, CYC can clinically decrease Treg levels and

improve antitumor immune responses. In a study of people with a variety of advanced

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cancers, for example, oral administration of low-dose CYC was found to significantly
decrease circulating Treg numbers, restoring peripheral T cell proliferation and NK cell
function (148). Interestingly, another chemotherapy agent, fludarabine, has also recently
been reported to selectively decrease Treg numbers. In people with chronic lymphocytic
leukemia, administration of fludarabine led to decreased peripheral Treg numbers as well
as decreased suppressive function (149). The mechanisms for fludarabine’s suppressive
effects on Treg are unknown but may include down-regulation of FoxP3 expression and
inhibition of Treg proliferation. Combination of CYC and fludarabine chemotherapy may
be particularly effective in Treg depletion; this approach is presently under investigation
to efforts to increase the success of adoptive transfer therapy in people with advanced

malignancies (150).

SUMMARY AND PROJECT RATIONALE

Despite progress in treating some types of cancer, the ability of conventional
cytotoxic chemotherapy to completely eradicate malignant cells is limited by non-specific
toxicity to normal tissues and by the development of drug resistance in the tumor itself.
Although efforts to protect normal cells and to sensitize tumor cells to chemotherapy are
under investigation, it is unlikely that chemotherapy as a single therapeutic modality will
be able to elicit cures for the majority of human and companion animal cancer patients.

A tremendous amount of research over the past decade, therefore, has focused on
new approaches to cancer therapy. One such approach is the administration of tumor
vaccines; a strategy that takes advantage of the potential for the immune system to

recognize and attack cancerous cells. Tumor vaccines can be designed to be tumor-
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specific and even patient-specific and can deliver immunostimulatory cytokines and
costimulatory molecules as well as tumor antigens. However, although tumor vaccine
therapy has shown significant promise in mouse models and in a few clinical trials in
people, the overall success rate of tumor vaccination in cancer patients has been
disappointingly low (15, 37, 151). To be effective then, tumor vaccination and most other
types of immunotherapy will need to be combined with standard treatment modalities
such as chemotherapy or radiation therapy.

The overall objective of this dissertation research was to develop a better
understanding of the impact of conventional chemotherapy on innate and adaptive
immune responses in animals with cancer as a foundation for the effective combination
of chemotherapy and tumor vaccination. As a first step in this process we evaluated the
effects of two commonly used chemotherapy protocols on adaptive immune responses in
dogs with cancer (Chapter 2: Effects of Chemotherapy on Adaptive Immunity and
Regulatory T Cells in Dogs with Cancer). Although chemotherapy has historically
been viewed as immunosuppressive, there are now numerous studies in mice and humans
demonstrating the immunostimulatory potential of certain chemotherapy drugs. However,
there are a very limited number of studies examining the impact of chemotherapy on
immune response in dogs and thus the potential for chemotherapy to modulate immune
function is unknown. Prior studies have focused primarily on dogs with lymphoma and
were retrospective in nature (152-154). Therefore, we designed a study to prospectively
assess the short and intermediate-term effects of two common chemotherapy protocols on
T-cell and B cell numbers and humoral immune responses in dogs with either

osteosarcoma or lymphoma. We hypothesized that chemotherapy might actually
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increase, or at least not suppress, numbers of T and B lymphocytes and antibody titers
during the course of therapy. Flow cytometry was used to determine changes in CD4+
and CD8+-T cell and B cell numbers before, during and after chemotherapy; these
parameters were also compared to those of healthy control dogs. In addition, dogs were
vaccinated with a novel antigen during chemotherapy to permit functional evaluation of
the humoral immune response to vaccination with a novel antigen.

Another objective of this chapter was to compare the effects of single agent
doxorubicin chemotherapy with those of a multi-drug protocol. Given the greater degree
of myelosuppression associated with the use of combination protocols, we hypothesized
that dogs treated with multi-agent chemotherapy might exhibit greater decreases in
lymphocyte numbers or antibody titers than dogs treated with doxorubicin alone and thus
might be less suitable candidates for therapies combining chemotherapy and tumor
vaccination.

During the course of the preceding studies we developed an interest in the effects
of chemotherapy on regulatory T cells in cancer-bearing dogs. This interest arose from
the growing body of literature that describes the ability of Treg to actively participate in
the evasion of antitumor immune responses in both mice and humans with cancer.
Although the role of Treg in cancer patients is becoming better understood, the effects of
chemotherapy on this important T cell subset are largely unknown. Therefore, in the
second section of Chapter Two, we took advantage of the wealth of information provided
by the samples collected for the prospective study to initiate work directed towards
identification of the canine Treg population and evaluation of the effects of chemotherapy

on Treg numbers. We hypothesized that Treg would be present in dogs as they are in
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other species and that the type of chemotherapy given might differentially impact Treg
levels.

Our initial approach to Treg identification was to determine whether antibodies
used to detect various cell-surface markers associated with murine, human or feline Treg
could be used to identify the canine Treg population. Using flow cytometry, lymphocytes
collected from peripheral blood or lymph node aspirates were screened for the presence
of Treg-associated markers such as Lag-3, CD103, CD25, GITR and CTLA-4 using
antibodies designed to recognize these markers in other species. Unfortunately none of
the reagents used in this project were useful in the detection of these cell surface markers
on CD4+ T cells in either normal dogs or those with cancer.

We met with somewhat better success, however, using a more indirect approach
to Treg identification. Thus, we developed a flow cytometry-based assay to tentatively
identify canine Treg levels by evaluating cell-surface expression of the IL-2 receptor (IL-
2R) in CD4+ lymphocytes. Although this approach did not permit definitive
differentiation of Treg from activated CD4+ T-cells, which can also express the IL-2R on
their cell surface, the assay was used to determine whether the number of CD4+IL-2R+
T-cells in the peripheral circulation of dogs with cancer differed than those of normal
dogs and to follow changes in CD4+IL-2R+ T-cells during the course of chemotherapy.
Because Treg numbers are known to be high in the peripheral circulation of human
cancer patients, we surmised that numbers of CD4+IL-2R+ T-cells would be higher in
dogs with cancer than in normal dogs.

Frustrated with the relatively low sensitivity and poor specificity of this approach,

however, we continued to optimize the canine Treg assay. Fortunately, at this point in
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our research, the role of the FoxP3 transcription factor in the development and
maintenance of the human and murine Treg population was described (155, 156). Given
the high degree of conservation between FoxP3 transcription factors across species, we
hypothesized that the use of a mouse antibody to FoxP3 might aid in identification of
canine Treg. As described in Chapter 3 (Use of FoxP3 Expression to Identify
Regulatory T Cells in Healthy Dogs and Dogs with Cancer), this approach was much
more successful. Using this new tool we then performed a preliminary study of Treg
numbers in dogs with different types of cancer with the goal of determining whether dogs
have increased Treg in their peripheral circulation and tumor-draining lymph nodes as is
the case in many human cancer patients.

Finally, in the last chapter of this dissertation (Chapter 4: The
Immunomodulatory Effects of Doxorubicin on Dendritic Cells), we focused on the
effects of common chemotherapeutic agents on DCs in healthy and tumor-bearing mice
with the objective of identifying drugs that might ultimately enhance antitumor immunity
through augmentation of dendritic cell function. As for the work in Chapter 2, the
impetus for these studies arose from the need to better understand the impact of
chemotherapy on the immune system so that multi-modality approaches to cancer therapy
might become more effective. Although a few chemotherapy drugs, such as doxorubicin
and cyclophosphamide are known to enhance DC function secondary to their apoptotic
effects on tumor cells, very little is known about the effects of chemotherapy on DCs
themselves. Therefore we hypothesized that a drug (or drugs) could be identified that
would enhance DC function and potentially could be combined with tumor vaccination to

generate a more effective antitumor immune response.
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To this end, we analyzed the effects of a panel of commonly used chemotherapy
drugs on bone-marrow derived DCs (BMDCs) in vitro; a setting in which the potential
interactions of chemotherapy drugs with cells other than DCs could be kept to a
minimum. We found that, among a panel of 6 chemotherapeutic agents, the anthracycline
derivative doxorubicin was uniquely able to stimulate multiple aspects of DC function
including antigen presentation, increased production of the common p40 subunit of I1.-12
and IL-23, and increased expression of the costimulatory molecule CD40. Further work
was then focused more closely on the effects of DOX on DCs in vivo in healthy and
tumor-bearing mice and confirmed the potential for DOX to activate several important
components of DC function. In conclusion, the work of this chapter has set the stage for
future investigations into the use of DOX chemotherapy in combination with tumor
vaccines in both mice and companion animals with cancer, It is hoped that the research
described in this dissertation as a whole will help to guide the development of
increasingly more effective approaches to the treatment of people and companion animals

with cancer.
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Chapter Two

Effects of Chemotherapy on Adaptive Immunity and

Regulatory T Cells in Dogs with Cancer

ABSTRACT

Although certain chemotherapeutic agents demonstrate immunostimulatory
effects and may therefore be logical candidates for combination with immunotherapy, the
immunomodulatory effects of chemotherapy on adaptive immune responses in dogs have
not been previously evaluated. Furthermore, the impact of chemotherapy on regulatory T
cells (Treg), a subset of T lymphocytes often detrimental to effective combinatorial
therapy, is unknown. Therefore, a study was conducted to evaluate the effects of two
common chemotherapy protocols on adaptive immunity and Treg numbers in dogs with
cancer. Twenty-one dogs with cancer (12 dogs with lymphoma, 9 dogs with
osteosarcoma) were enrolled in a prospective study to assess the effects of doxorubicin
versus multi-drug chemotherapy on adaptive immunity and Treg levels (characterized as
CD4+IL-2R+ T-cells). Numbers of T cells, B cells, and CD4+IL-2R+ T-cells were
assessed by flow cytometry and antibody responses to de novo vaccination were
measured by ELISA before, during, and after chemotherapy. Pre-treatment CD4+IL-2R+
T-cells, CD4+ and CD8+ T-cells and B cell numbers were also compared to those of

healthy, age-matched control dogs.
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We found that dogs with cancer had significantly fewer CD4+ and CD8+ T cells
than healthy dogs prior to administration of chemotherapy. In addition, dogs with
lymphoma had significantly more CD4+IL-2R+ T-cells than healthy dogs, which
persisted despite induction of clinical remission. Treatment with doxorubicin did not
result in significant changes in CD4+IL-2R+ cells or lymphocyte numbers compared to
pre-treatment values. Similarly, treatment with multi-agent chemotherapy did not elicit
persistent changes in CD4+IL-2R+, CD4+ or CD8+ T-cell numbers, but did cause a
significant and persistent decline in B cell numbers. Despite the decline in the number of
B cells, antibody titers were similar between control and chemotherapy-treated dogs
following vaccination with a novel antigen, suggesting that chemotherapy does not
suppress antibody production. As a whole, our findings point towards a minimal impact
of chemotherapy on adaptive immune responses but also emphasize the need to better

assess the role of Treg in dogs with cancer.
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INTRODUCTION

Although chemotherapy has typically been viewed as immunosuppressive, there
is a growing body of evidence that demonstrates the immunostimulatory effects of a
number of commonly used chemotherapy drugs. Studies in mice and humans show that
administration of chemotherapeutic agents has variable and sometimes dose-dependent
effects on different components of the immune system. For example, administration of
high doses of the drug cyclophosphamide results in severe myelosuppression whereas
low-dose therapy augments immunity through a number of mechanisms (1-3). The
immunomodulatory effects of other chemotherapeutic agents, such as doxorubicin and
the vinca alkaloids, are less clearly dose-dependent. These agents have both suppressive
and stimulatory effects at equivalent doses, suggesting that factors other than dose
determine their immunomodulatory potential (4, 5).

Investigation of the impact of various chemotherapy agents on immunity has
been driven by a growing emphasis on multimodality approaches to cancer therapy. As
recently reviewed by Lake and Emens, combination of cancer vaccines with conventional
chemotherapy may be particularly fruitful (2, 6). Studies in mice and humans show that
cytotoxic tumor reduction with chemotherapy followed by cancer vaccine therapy can
markedly augment antitumor immune responses (7-13). But at the same time, many of
these studies also show that variables such as the timing of chemotherapy and tumor
vaccination or the drugs used can hinder development of effective antitumor immunity.
For example, low-dose cyclophosphamide administration given at the time of tumor
vaccination of mice with mammary carcinoma enhanced cellular and humoral immunity,

but CYC administered with or subsequent to vaccination induced tumor tolerance (10,
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11). Therefore a better understanding of the impact of chemotherapy on the immune
response has become increasingly important to the design of successful multimodality
treatment protocols.

Another factor that may influence the outcome of combined chemotherapy and
tumor vaccination is tumor evasion of host immunity. Evasion can be manifested in
many ways, encompassing aspects of both innate and adaptive immune responses such as
aberrant DC and CTL function or tumor-driven recruitment of Treg. Many cancer
patients, for instance, have abnormally high levels of Treg which may directly interfere
with the development of cell-mediated antitumor immune responses (14-18). In contrast,
cancer patients may also have abnormally low levels of mature DCs and consequently a
diminished ability to mount an effective response to tumor vaccination (19, 20). Thus, the
potential consequences of cancer on host immunity will also need to be addressed during
investigation of the immunomodulatory properties of chemotherapy agents in the cancer
patient.

The effects of chemotherapy on adaptive immune responses in cancer-bearing
dogs have not been evaluated in a prospective manner, nor has the evaluation of canine
Treg previously been described. There have been a limited number of studies of the
impact of chemotherapy on lymphocyte numbers and antibody titers in dogs with cancer;
the majority of these studies have focused on dogs with lymphoma (21-23). In a recent
study of dogs undergoing chemotherapy for lymphoma, for example, a > 50% reduction
in numbers of total lymphocytes was observed. However, lymphocyte numbers and
subsets were not evaluated in these dogs prior to the onset of chemotherapy making

differentiation of the effects of chemotherapy on lymphocyte numbers from those of
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lymphoma impossible (21). Another investigation of lymphocyte subsets in dogs with
lymphoma found that, compared to healthy dogs, numbers of CD4+ and CD8+ T cells
were significantly lower in the cancer-bearing dogs, while B-cell numbers were |
considerably higher. During the course of chemotherapy, CD4 and CD8 lymphocyte
levels increased and B cell levels decreased towards those of the control dogs (23). No
assessment of B or T cell function or consideration of tumor immune evasion was
undertaken in either of these studies.

Investigation of the effects of chemotherapy agents on rodent and human Treg is
in its early stages, In these species CYC has been shown to selectively deplete Treg
through a number of mechanisms (1, 3, 24, 25). Recently, the drug fludarabine has also
been shown to inhibit Treg function although the mechanism for this effect is not yet
understood (26). Treg have been identified in cats with FIV based on surface expression
of CD25 in CD4+ T lymphocytes (27, 28). In these studies the investigators found that
CD4+CD25+ Treg existed in a continually activated state during FIV infection and
played a role in suppression of anti-viral CTL responses. Although these endogenously
activated CD4+CD25+ T cells exhibited a phenotype similar to natural Treg, definitive
differentiation from activated non-regulatory T cells was not described. There have been
no reports investigating the impact of chemotherapy on Treg in companion animals with
cancer.

In the first part of this chapter we investigated the effects of two common
chemotherapy protocols on T and B cell numbers and humoral immune responses to de
novo vaccination with the primary goal of better understanding the impact of

chemotherapy on adaptive immune responses in dogs with cancer. Our first hypothesis
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was that chemotherapy would not cause persistent lymphopenia but instead would
transiently suppress T and B cell numbers. Secondly, we hypothesized that adaptive
immune responses might differ in dogs treated with a multi-agent chemotherapy protocol
compared to those treated with single-agent chemotherapy, thus we compared T and B
cell numbers and antibody responses between treatment groups.

In the second section of this chapter a flow cytometry-based assay was used to
preliminarily assess canine Treg levels by evaluating cell-surface expression of the IL-2
receptor (IL-2R) in CD4+ lymphocytes. We surmised that Treg would be present in dogs
and would likely be higher in cancer patients than in healthy control dogs. Although a
better method for canine Treg identification was developed after completion of these
studies (described in Chapter 3), the initial assay was used to monitor CD4+IL-2R+ T-
cells during the course of chemotherapy for the cancer-bearing dogs. These studies
served as an important first step in assessing the impact of cancer and chemotherapy on

adaptive immunity and Treg status in dogs with lymphoma and osteosarcoma.

MATERIALS AND METHODS
Inclusion Criteria
Owners of dogs presenting to the Colorado State University Veterinary Teaching
Hospital (CSU-VTH) were eligible for enrollment in this prospective study. Dogs with
cytologically or histopathologically confirmed lymphoma (LSA) or osteosarcoma (OSA)
were included. Dogs were excluded from the study if they had received previous
chemotherapy or steroids within 2 weeks of initiating chemotherapy. Dogs receiving

doxorubicin chemotherapy were treated at a dose of 30 mg/m? body surface area for a
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total of 5 treatments administered over a 15 week period. Dogs receiving multi-drug
therapy were treated with cyclophosphamide, vincristine, prednisone, doxorubicin and L-
asparaginase (CHOP), according to a previously described protocol (29, 30). All
chemotherapy administrations and sample collections were performed at the CSU-VTH.
Eight healthy dogs of various breeds belonging to staff members of the CSU-VTH
formed a control population. Protocols for all dogs enrolled in this study were approved
by the Animal Care and Use Committee at Colorado State University and all owners were

provided with informed consent.

Sample Collection

Baseline blood samples were collected immediately prior to initiation of
chemotherapy. Subsequent blood samples were obtained at week 1, week 3, month 3 and
month 6 of treatment. Ten to 15 mls of whole blood was collected into EDTA tubes at
each time point for isolation of peripheral blood mononuclear cells (PBMC). Blood
samples were also collected from healthy control dogs. Blood samples were mixed with
PBS and then separated by Ficoll density centrifugation. The separated PBMC were
washed and resuspended in cell freezing medium, frozen to -80°C overnight in a
controlled rate cell freezer (Nalge Nunc International, Rochester, NY) and then
transferred to liquid nitrogen for long-term storage. Complete blood counts were
submitted at each time point for determination of absolute lymphocyte numbers. All flow
cytometric analyses were performed on previously frozen PBMC specimens which had
been aliquotted to approximately 5 x 10 cells/ml prior to freezing.

Dogs were vaccinated with 100ug of keyhole limpet hemocyanin (KLH) (Sigma-

Aldrich Chemical Co, St. Louis, MO). The KLH antigen was added to a vaccine adjuvant
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comprised of cationic liposomes and non-coding plasmid DNA immediately prior to
injection, as reported previously (31). The vaccines were administered intradermally 24
hours after administration of the first chemotherapy and again on week 3 and week 6.
Serum was obtained pre-treatment and on week 3, month 3 and month 6 following
initiation of chemotherapy. Serum samples were stored frozen at -80°C until analysis.
The 8 healthy dogs were also vaccinated with KLH and serologically assessed at the

same time points.

Flow cytometric evaluation of T and B lymphocytes

Peripheral blood mononuclear cell (PBMC) specimens were thawed and
aliquotted to between 5 X 10° and 1 X 10° cells per well in round bottom 96-well plates
for immunostaining. Cells were stained with directly conjugated antibodies diluted to
appropriate dilutions in FACS buffer (PBS with 2% FBS and 0.1% sodium azide). The
antibodies and fluorochromes used for multi-color flow cytometric analysis included the
following: FITC-conjugated anti-dog CD4 (clone YKIX302.9; Serotec, Raleigh, NC),
PE-conjugated anti-dog CD8 (clone YCATESS5.9, Serotec), PE-conjugated anti-dog B
cells (clone CA2.1D6, Serotec), and a cross-reactive PEcy5-conjugated anti-mouse CD44
antibody (clone IM7, eBiosciences, San Diego, CA). Cells were washed after antibody
incubation, then fixed for 30 minutes in 1% paraformaldehyde solution and stored in
FACS buffer at 4°C until prior to analysis. Samples were analyzed with a Cyan MLE
flow cytometer (Dako-Cytomation, Ft. Collins, CO) and analysis was done using Summit
4.0 software (Dako-Cytomation) on at least 20,000 events for each sample. Analysis
gates were set on the live lymphocyte population based on typical forward and side

scatter characteristics (32). The percentage of each lymphocyte subset was determined by
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flow cytometry, and the absolute numbers were then calculated based on the total

lymphocyte count determined on the same day from the complete blood count.

Flow cytometric evaluation of canine Treg
a) Immunostaining with recombinant human IL-2. The relatively high degree of
sequence homology of the functional IL-2 receptor between dogs and humans has
permitted identification of the IL-2R on canine lymphocytes although cloning of the
alpha-chain of the IL-2R has not been reported (33). However, we reasoned that it might
be possible to identify CD4+CD25+ T-cells by immunostaining with human IL-2. To
this end, PBMC samples (from the patient population described in Part 1) were aliquotted
to 1 x 10° per well in round bottom plates as previously described. Anti-dog CD4-FITC
and anti-dog CD8-PE were added as before followed by 6 ng/ml of biotinylated human
IL-2 (R&D Systems, Minneapolis, MN). The optimal concentration of the human IL-2
protein was determined based on the outcome of multiple titration experiments (data not
shown). Control samples for specificity for the binding of biotinylated human IL-2 were
prepared by adding a biotinylated irrelevant human protein (soybean trypsin inhibitor) in
place of the IL-2 reagent. After incubation at 4°C for 60 minutes and washing with
FACS buffer, streptavidin-APC was added to each well and the cells incubated for an
additional 20 minutes at 4°C. Samples were then analyzed as above on a Cyan MLE with
Summit 4.0 software and the percentage or absolute number of CD4+IL-2R+ or CD8+IL-
2R+ cells was determined. In some experiments, PBMC were stimulated with
conconavalin-A (conA) (Sigma-Aldrich Chemicals) at 5 ug/ml per 5 x 10° cells for 24

hours at 37°C prior to immunostaining.
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b) Immunostaining with additional cell surface markers of Treg. In an effort to identify
additional cell surface markers associated with Treg identification in other species, we
investigated whether any of the following antibodies (all purchased from eBiosciences)
were cross-reactive in the dog: PE-conjugated Lag-3 (clone CIB7W), APC-conjugated
anti-mouse GITR (clone DTA-1), biotinylated anti-mouse CTLA-4 (clone UC10-4B9),
biotinylated anti-mouse CD122 (clone TM-b1) and PE-conjugated anti-mouse/human
CD2S5 (clone PC61). In addition we also evaluated the use of an anti-feline CD25
antibody (a kind gift from Paul Avery, Colorado State University). For each antibody, an
appropriate isotype control antibody was also used. Unfortunately, none of these
reagents were useful in identification of these Treg-associated markers on canine

lymphocytes.

Serology

KILH-specific antibody titers were determined using ELISA plates coated with
KLH at a concentration of 5 pg/ml. Plates were pre-blocked with nonfat dried milk prior
to incubating serum samples. Serial two-fold dilutions of serum from each sample were
incubated in duplicate wells, starting at a dilution of 1:1000. Plates were washed,
incubated with peroxidase-conjugated goat anti-dog IgG (Jackson ImmunoResearch,
West Grove, PA), then washed again and incubated with ABTS substrate solution (KPL,
Gaithersburg, MD). Absorbance was assessed at 405 nm using an automated plate reader

and endpoint antibody titers were calculated using Ascent Software (Thermo Lab

Systems, Franklin, MA).
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Statistical analyses

Significant differences in lymphocyte and CD4+IL-2R+ T-cell numbers were
calculated by first applying log transformation. After log transformation, two-tailed
sample #-tests were used to determine significant differences. Significance was
established at p < 0.05. Differences were further assessed using analysis of variance
(ANOVA) and Tukey’s multiple comparisons test. The mean (+SE) number of CD4+ T
cells, CD8+ T cells, B cells and CD4+IL-2R+ cells was calculated pre- and post-
chemotherapy for the following groups of dogs: 1) healthy dogs versus dogs with
lymphoma, 2) healthy dogs versus dogs with osteosarcoma and 3) dogs with lymphoma
versus dogs with osteosarcoma. For healthy dogs “pre” was defined as a sample taken at
the initiation of the study while a “post™ sample was obtained from the same dogs 6
months later. Statistical differences were assessed using ANOVA followed by Tukey’s
multiple comparisons test. Repeated measures ANOVA was used to further assess any
changes over time. For analysis of KLH antibody titers, the mean (+ SE) endpoint titer
for each treatment group was calculated. Repeated measures ANOVA with Tukey's test

was used to compare mean ELISA titers between groups at each time point.
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RESULTS

Part 1: Adaptive Immune Responses

Patient population

Twelve dogs receiving doxorubicin single-agent chemotherapy and nine dogs
receiving a multi-drug chemotherapy protocol for lymphoma were evaluated in this
study. In addition, 8 healthy age-matched dogs were evaluated. Of the 12 dogs treated
with doxorubicin only, 9 dogs were treated for osteosarcoma post-amputation and three
dogs were treated for lymphoma. All 9 dogs receiving the multi-drug treatment protocol
(CHOP) were treated for lymphoma. The median age of dogs with cancer in this study
was § years (range 3-13 years). The median age of the 8 healthy dogs was 9 years (range

2-10 years).

Lymphocyte numbers and subsets

Total lymphocyte numbers and numbers of lymphocytes in subsets (CD4+,
CD8+, and B cells) were compared between healthy age-matched control dogs and dogs
with cancer (Figure 1). Dogs with osteosarcoma had significantly fewer total
lymphocytes (p = 0.003) compared to healthy control dogs. In addition, dogs with
lymphoma also had significantly fewer total lymphocytes (p = 0.05) than healthy control
dogs (data not shown). When the T cell subsets were compared, all dogs with cancer had
significantly fewer CD4+ and CD8+ lymphocytes, compared to healthy dogs. This was
also true when the subsets of dogs with lymphoma or dogs with osteosarcoma were
compared to control dogs (p = 0.02 and 0.03, respectively). However, pre-treatment total
lymphocyte numbers or numbers of CD4+ or CD8+ T cells were not significantly

different when dogs with lymphoma were compared to dogs with osteosarcoma. The
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number of B cells was not significantly different between dogs with lymphoma and
healthy control dogs or between dogs with osteosarcoma and healthy control dogs.
However, dogs with osteosarcoma had significantly fewer (p < 0.05) B cells than dogs

with lymphoma.
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Figure 1: Dogs with cancer have fewer numbers of lymphocytes than
healthy dogs. The total number of CD4+ and CD8+ T-cells and B-cells were
compared between healthy dogs and those with either OSA or LSA. The mean
values for total lymphocyte count, CD4, CD8 and B cell counts were then plotted
for healthy control dogs versus dogs with cancer. Bars give standard error (SE)
and * denotes statistically significant difference (p < 0.05).

Effects of chemotherapy on lymphocyte numbers
Lymphocyte subsets were evaluated for changes over time during and after
treatment. In patients treated with doxorubicin only, significant differences in numbers
of CD4+ T cells or CD8+ T cells were not observed at any time during or after treatment,

when compared to pre-treatment values (Figure 2).
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Figure 2: Dogs receiving DOX do not
have significant changes in CD4 and
CDS8 T-cell and B-cell numbers during
the course of chemotherapy. The mean
number (£SE) of CD4+ T cells (a), CD8+ T
cells (b), and B cells (¢) was plotted for each
time point. Significant differences were not
observed for any of the lymphocyte subsets
when compared to pre-treatment values.

In dogs treated with CHOP, the numbers of CD4+ T cells did not change

significantly during the study, compared to pre-treatment values (Figure 3). The

numbers of CD8+ T cells were, however, significantly decreased one week after the first

treatment (p= 0.02), though the numbers of CD8+ T cells rebounded after week 1 and

were not significantly different at any other time points (Figure 3). In dogs treated with

doxorubicin only, significant changes in B cell numbers following treatment were not

observed (Figure 2). However, in dogs treated with CHOP, B cell numbers declined

significantly after the first treatment and remained significantly decreased throughout the

6-month period of study (p < 0.05) (Figure 3).
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Figure 3: Dogs receiving multi-agent
chemotherapy have persistently low B
cell numbers. As in Fig. 2, the mean
number(+SE) of CD4+ T -cells (a), CD8+ T
cells (b), and B cells (c¢) was plotted for each
time point. The number of CD8+ T-cells was
significantly decreased (p = 0.02) one week
after chemotherapy but had returned to pre-
treatment levels by week 3. B-cell numbers
were persistently lower than pre-treatment
numbers both during and after chemotherapy
(p <0.05).

Serology

Dogs treated with either doxorubicin or CHOP and control dogs all mounted

significant antibody titers following the 3 immunizations with KLH (Figure 4). The

magnitude of the antibody responses was maximal at 3 months post-vaccination and

declined by 6 months in all 3 groups. Antibody titers to KLH were numerically higher in

CHOP treated dogs compared to control or doxorubicin treated dogs, but the differences

were not statistically significant. When mean KLH titers at week 3, month 3 and month 6

were compared between all 3 groups, statistically significant differences were not

observed.
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Figure 4: Dogs with cancer develop antibody titers similar
to those of healthy dogs. Dogs were vaccinated during
chemotherapy and compared to control vaccinated dogs. The mean
titer (SE) for each group of animals at each time point was
calculated and plotted. Changes in mean antibody titer over time
within or between the treatment groups were not statistically
different.

Part 2: Preliminary Analysis of Regulatory T Cells

Preliminary Identification of Regulatory T Cells
Prior to analysis of PBMC specimens from the 21 study dogs, flow cytometric
detection of the canine IL-2R on CD4+ lymphocytes was optimized using PBMCs
obtained from 5 healthy dogs and 5 dogs with different types of cancer. Consistent
detection of a small population of CD4+IL-2R+ T cells was possible in both normal and
cancer-bearing dogs however, the percentage of cells expressing both markers was
usually very low; generally ranging from 0.5 to 2.5% of the total CD4+ T cell population

(Figure SA — upper right quadrant).
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As demonstrated by immunostaining with the control protein (not shown), staining for
the IL-2R was specific, however a population of CD4TL-2R+ lymphocytes could also be

detected in many of the samples (Figure SA- upper left quadrant).

A.

Figure 5: Identification of
CD4+IL-2R+ T-cells by flow
cytometry. Representative dot plots
of IL-2R expression by CD4+ T-cells
from (A) PBMCs and (B) following
overnight incubation of the same
PBMC sample with ConA as explained
in the text. Note the large increase in
CD4+IL-2R+ cells following
stimulation. The percentages of
lymphocytes contained within each
quadrant are given.

A
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IL-2R+
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Further investigation of this population revealed that the majority of these cells were
CD8+ lymphocytes; however a small amount of IL2-R staining was also detected on
CD4- and CD8-negative cells (data not shown). IL2-R staining on other cells such as B-
lymphocytes, DCs or NK cells was not assessed.

Half of the PBMC samples run during the assay validation process were
additionally cultured overnight in tissue culture medium containing ConA prior to
immunostaining for CD4 and hIL-2R. As shown in Figure 5B, this led to an
approximately 2 to 6-fold increase in the number of CD4+IL-2R+ and CD4TL-2R+ cells.
This result is most consistent with increased surface expression of the IL-2R on activated

T cells and demonstrates the inability of this assay to discriminate between Treg and
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activated CD4+ T cells. In an effort to solve this problem, we investigated whether other
cell surface markers used to identify human and rodent Tregs could be used for canine
Treg detection. As described in Material and Methods, PBMC samples were tested for
cell surface expression of Lag3, CD122, CTLA-4, GITR, and CD25 (using a combination
of human, murine and feline antibodies). Unfortunately none of these markers could be

detected with these reagents in any of the samples.

Evaluation of CD4+IL-2R+ T cells in Healthy Dogs vs. Dogs with Cancer

Recognizing the limitations of the present assay to distinguish Treg from
activated, non-regulatory CD4+ T cells, we compared pre-treatment numbers of
CDA4+IL2-R+ T cells in the cancer-bearing dogs to those of the healthy, age-matched
control dogs. As shown in Figure 6, untreated dogs with lymphoma had significantly
more CD4+IL-2R+ T cells than control dogs (p = 0.01). Although the dogs with
osteosarcoma tended to have higher CD4+IL-2R+ T cell numbers than normal dogs, this
difference was not statistically significant. No significant differences were found

between the numbers of CD4+IL-2R+ T cells in dogs with lymphoma versus those with

osteosarcoma.
Figure 6: Dogs with lymphoma
_ have increased CD4+IL-2R+ T-
% 60! cells in their blood compared to
= * healthy dogs. The absolute number of
8 CD4+IL-2R+ cells + (SE) is given,
5': 40; comparing values prior to beginning
Y chemotherapy for healthy dogs to those
f 201 with LSA or OSA, p=0.01.
<
o | mmmm
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Effects of chemotherapy on CD4+IL-2R+ T cells

CD4+IL-2R+ T cells were next evaluated for changes over time during and after
chemotherapy for eaéh of the cancer-bearing dogs. Although dogs with lymphoma
tended to have more CD4+IL-2R+ T cells at all time points compared to dogs with
osteosarcoma, these differences were not statistically significant (Figure 7A). In dogs
treated with CHOP, the number of CD4+IL-2R+ T cells did not change significantly
during the study compared with pretreatment values (Figure 7B). Similarly, for the dogs
treated with doxorubicin only, no significant changes in CD4+IL-2R+ T cell numbers
were observed during or after treatment when compared to pre-treatment levels. This
was true for dogs with osteosarcoma as well as lymphoma, although the number of in this

group was very small (n = 3).
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DISCUSSION

The results of the studies in this chapter offer insight into the effects of cancer and
chemotherapy on T and B-lymphocyte numbers in cancer-bearing dogs. One of the most
striking observations that arose here was that neither administration of DOX as single-
agent chemotherapy nor the CHOP multi-agent protocol elicited significant persistent
changes in numbers of CD4+ and CD8+ T cells in any of the dogs during or after
chemotherapy. Although functional analyses of CD4+ and CD8+ T cells were not
performed, the normal antibody responses and lack of development of secondary
infections in these dogs makes it unlikely that administration of either chemotherapy
protocol was associated with a decreased ability to mount a cell-mediated immune
response. The normal T-cell counts contrast, however, with the development of mild to
moderate neutropenia in about 25 — 30% of the treated dogs in this study. In these dogs,
the nadir generally occurred at 7 days following the initial treatment and had resolved by
the 3-week sampling time point. Therefore, although chemotherapy may suppress part of
the innate immune response (e.g. neutrophil counts) these studies suggest that cell-
mediated adaptive immune responses are preserved.

The function of the humoral arm of the adaptive immune response also appears to
be largely unaffected by repeated administration of chemotherapy agents. Thus, none of
the dogs in this study demonstrated an impaired ability to mount an antibody response
following vaccination with the KLH antigen. Interestingly, while total B cell numbers
were persistently low in dogs treated with the CHOP protocol, this did not impact IgG
responses as dogs receiving CHOP had antibody titers similar to those of healthy dogs

and dogs treated with doxorubicin alone. This finding suggests that plasma cells and
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memory B cells may be less sensitive to the effects of multi-drug chemotherapy than
circulating peripheral B cells.

Another key finding to emerge from this study is that dogs with lymphoma or
osteosarcoma have significantly lower numbers of CD4+ and CD8+ T cells prior to
beginning chemotherapy than age-matched, healthy control dogs. These observations
correlate with those of Winnicka et al. who also found that dogs with lymphoma had
fewer T cells and T cell subsets when compared to normal dogs (23). Although low T-
cell numbers have been described in human sarcoma patients they have not been
previously reported in dogs with osteosarcoma (34). Possible explanations for our
observations include stress-induced T-cell lymphopenia or tumor-induced T-lymphocyte
suppression in dogs with lymphoma and osteosarcoma.

Definitive identification of Treg was not possible during the time period of this
study. There were a number of limitations associated with the assay that restrict
interpretation of CD4+IL-2R+ T cells as canine Treg. For example the percentage of
CDA4+IL-2R+ T cells in this study, expressed as a percentage of the total CD4+ T cell
population, ranged from as low as 0.3% to as high as 12%. The vast majority of dogs
with cancer, however, had CD4+IL-2R+ T cell percentages in the 1.0 to 3.5% range. In
healthy humans and in mice, however, the circulating Treg population is reported to
comprise from 5 — 10% of the CD4+ T cell subset and in cancer patients Treg levels of
10-25% are often described (35, 36). The abnormally low levels reported in this study
suggest that: 1) the sensitivity of human biotinylated IL-2 for the canine IL-2R may be
poor, 2) canine Treg do not express high levels of the IL-2R as is observed in rodents and

humans, and/or 3) the IL-2-streptavidin-APC complex is lost from the surface of CD4+ T
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cells during the staining process. The observation that overnight incubation of PBMCs
with ConA leads to large increases in CD4IL-2R+ T cells, however, shows that CD4+IL-
2R+ T cells can be identified when present in larger numbers. However, most of these
cells would be expected to be activated CD4+ T cells rather than Treg.

Despite these limitations and the caution that must be used in interpreting the
data, we found that dogs with lymphoma had higher numbers of CD4+IL-2R+ T cells
than either dogs with osteosarcoma or normal dogs. The increased CD4+IL-2R+ T-cell
numbers persisted throughout the course of therapy and were not dependent on the
protocol used. This suggests that if CD4+IL-2R+ T-cells are indeed Treg, then peripheral
Treg levels do not reflect remission status in dogs with lymphoma since nearly all of the
dogs had achieved a complete remission based on physical examination by the 2™ or 3™
week of chemotherapy. Persistently elevated Treg levels may reflect the continued
presence of microscopic disease rather than the response to chemotherapy. While we can
not exclude the possibility that dogs with lymphoma experience chronic non-regulatory-
CD4+ T-cell activation, the total number of CD4+ T cells did not change significantly at
any point during the study period nor did the dogs demonstrate any indication of
concurrent infection such as fever or elevated neutrophils counts.

Interestingly, chemotherapy did not appear to affect peripheral CD4+IL-2R+ T-
cell numbers in either dogs with lymphoma or osteosarcoma. In people, treatment with
low-dose cyclophosphamide results in a fairly rapid decline in peripheral Treg levels (1).
In the present study, dogs receiving CHOP chemotherapy were given cyclophosphamide
during the 2™ and 7™ weeks of the protocol; following a similar dosing schedule to that

used in human lymphoma patients. At the 3 week time point, however, CD4+IL-2R+

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



numbers were similar to pre-treatment values suggesting that cyclophosphamide does not
lead to CD4+IL-2R+ T-cell depletion. Unfortunately, we can not exclude the possibility
that CD4+IL-2R+ T-cells are not Treg nor can we be certain that the present assay is
sensitive enough to detect changes in CD4+IL-2R+ T-cells over time.

In summary, the results of this chapter show that chemotherapy does not
significantly suppress T-cell numbers and that, despite reduction in B-cell numbers with
multi-agent chemotherapy, antibody responses to vaccination remained intact. These
observations lend support for the concurrent administration of tumor immunotherapy and
chemotherapy; studies of T-cell function are indicated to better assess the efficacy of
combinatorial approaches to cancer therapy.

Unfortunately, it was not possible to draw firm conclusions from these
experiments regarding the effects of chemotherapy on canine Treg levels. While it
appears that dogs with lymphoma have abnormally high numbers of circulating CD4+IL-
2R+ T-cells compared to those of healthy dogs and that chemotherapy does not decrease
CDA4+IL-2R+ T-cell levels, the potentially low sensitivity and specificity of the assay for
Treg detection warrants caution in interpretation of the data. These results do, however,
illustrate the need for a better method to identify canine Treg and suggest that Treg are

likely to play a role in canine tumor pathogenesis just as they do in other species.
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Chapter Three

Use of FoxP3 Expression to Identify Regulatory T Cells

in Healthy Dogs and Dogs with Cancer

ABSTRACT

Regulatory T cells (Treg) are a distinct group of T lymphocytes with
immunosuppressive properties that serve normally to prevent harmful autoimmune
responses. However, Tregs can also interfere with beneficial immune responses such as
anti-tumor and anti-viral immunity in humans and rodents. Given the overall importance
of Tregs, it is likely that they play an important role in diseases of dogs as well.
However, at present reagents required for identification of Tregs in dogs are not
available. Therefore, we investigated whether expression of FoxP3, a transcription factor
that is highly expressed in Tregs in humans and rodents could also be used to identify
Tregs in dogs. We found that a cross-reactive FoxP3 antibody identified a subset of
CD4" T cells in blood and lymph nodes of dogs. By flow cytometry, the mean
percentage of FoxP3"CD4" T cells in normal dogs was 4.3% in blood and 9.8% in the
lymph nodes. In dogs with cancer, there was a significant increase in numbers of Treg in
blood (7.1%) and tumor-draining lymph nodes (17.5%) compared to age-matched healthy
control dogs. We also found that FoxP3"CD4" T cells in dogs could be significantly

expanded in vitro by TCR activation together with addition of TGF-p and IL-2. Treated
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cells also significantly increased expression of TGF-f and IL-10 mRNA. We conclude
from these studies that a cross-reactive FoxP3 antibody can be used to identify Tregs in
dogs and that this reagent may serve as a useful tool for investigating the role of Treg in a

variety of diseases of dogs.

INTRODUCTION

Regulatory T cells are a distinct subset of T lymphocytes that comprise
approximately 5% to 10% of all CD4" T cells in rodents, cats and humans (1-3). Several
types of Treg have recently been described, including naturally-occurring, thymic-
derived Treg and those induced by exposure to antigen and activated in the periphery (4,
5). When stimulated through their TCR, endogenous CD4" Treg function to directly
suppress the proliferation of harmful self-reactive T cells in a cell-contact dependent,
cytokine-independent manner (6, 7). In contrast, antigen-induced Treg typically regulate
immune homeostasis via production of cytokines such as IL-10 and TGF-B (8, 9).
Despite functional and phenotypic differences between Treg subsets, the Treg population
as a whole plays a critical role in the prevention of autoimmune disease and maintenance
of peripheral tolerance.

In mice and humans Treg can be tentatively identified based on surface
expression of high levels of the IL-2-receptor-a chain (CD25). Other cell surface
molecules such as glucocorticoid-induced TNF-receptor (GITR), CD103, and cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) have also been shown to identify a
population of Treg (10, 11). In humans, CD4" T cells expressing low levels of CD127

have also been found recently to be highly enriched for functional Treg (12). However, it
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is often difficult to distinguish true Treg from activated CD4" non-regulatory T cells
using CD25 and other cell surface molecule expression, inasmuch as expression of these
markers is also upregulated upon activation (13).

Recently, however, intracellular detection of the transcription factor FoxP3 has
been shown to uniquely identify a highly enriched Treg population in rodents (14-16).
Although FoxP3 expression is also highly enriched within the human CD4*CD25"¢"
population and is currently the most specific Treg marker known, several investigators
have demonstrated induction of FoxP3 expression in activated CD4" T cells that do not
possess suppressive activity (17-19). Despite these potential species-specific differences
in the regulation of FoxP3 expression, identification of CD4 FoxP3" T cells has greatly
facilitated the study of Treg. Treg have also been identified in cats using an antibody
specific for feline CD25 (3).

Inhibition of the development of effective anti-tumor immunity by Treg is well-
documented in humans and mice with cancer (4, 13). A number of clinical studies have
demonstrated increased numbers of Treg in humans with a diverse range of malignancies
such as melanoma, ovarian carcinoma, hepatocellular carcinoma and squamous cell
carcinoma of the head and neck (20-23). Increased numbers of Treg, especially within
tumor tissues and in tumor-draining lymph nodes, is a strong negative prognostic factor
for some types of cancer. In some cases, the number of Treg predict survival and
response to treatment better than traditional prognostic factors such as stage and grade of
tumor (20, 24-26).

At present, there are no available antibodies to surface determinants such as CD25

in dogs that can be used to identify Tregs. Therefore, we hypothesized that a cross-
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reactive anti-murine FoxP3 antibody could be used to identify Treg in dogs. We found
that the FoxP3 antibody specifically recognized intracellular FoxP3 in canine CD4" T
cells. In functional studies, we also found that FoxP3 expression was markedly
upregulated in canine CD4" T cells by stimuli known to elicit expansion of human Treg
in vitro. Our results suggest that FoxP3 expression occurs predominantly within the Treg
population of CD4" T cells in dogs. Therefore, FoxP3 expression may serve as a useful
marker for identification and quantitation of Tregs in dogs. Our preliminary data also

suggest that Treg may play a role in dogs with cancer.

MATERIALS AND METHODS
Study population and sample collection

For analysis of Treg in normal dogs, blood and lymph node aspirates were
collected from 10 healthy control dogs. For analysis of Treg in dogs with cancer, blood
and lymph node aspirates were collected from patients (n = 10) at the Colorado State
University Veterinary Teaching Hospital and from Veterinary Cancer Specialists in
Englewood, CO. These studies were approved by Animal Care and Use Committees in
place at both participating institutions.

Approximately 4 mls of anticoagulated whole blood was obtained via jugular
venipuncture and PBMC were separated by Ficoll density centrifugation. Lymph node
aspirates were obtained by fine needle aspiration and placed in complete tissue culture
medium at 4°C prior to analysis by flow cytometry. For control dogs, lymph node
samples were obtained from the submandibular lymph nodes. In dogs with cancer, where

possible, lymph node aspirates were obtained from the nearest lymph node draining the
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tumor. In addition, a second lymph node aspirate was obtained from a non-tumor

draining lymph node, usually the submandibular lymph node.

Flow cytometric analysis

PBMC or cells obtained by lymph node aspiration were added at 5 x 10° to 1 x
10° per well in 96-well round bottom plates (Costar, Corning Corporation, Acton, MA.)
and then immunostained for surface expression of CD4 and CDS8, using appropriate
concentrations of FITC-conjugated anti-dog CD4 (clone YKIX302.9; Serotec, Raleigh,
NC) and PE-conjugated anti-dog CD8 (clone YCATES5.9, Serotec), as described
previously (27). The staining was done at 4°C for 30 minutes, with antibodies suspended
in FACS buffer (PBS with 2% FBS and 0.1% sodium azide).

After washing to remove unbound antibodies, intracellular detection of FoxP3
was performed using a cross-reactive, directly conjugated murine FoxP3 antibody (PE
conjugated, anti-mouse/rat FoxP3, clone FIK-16s, eBioscience, San Diego, CA) and the
permeabilization and fix/perm buffers that accompany the antibody (FoxP3 Staining Set,
eBioscience). A directly conjugated rat [gG2a antibody (PE) was used as the isotype
control (eBioscience). A series of experiments (data not shown) were done to determine
optimal conditions for intracellular FoxP3 staining in which a range of FoxP3 antibody
concentrations, as well as various incubation times and temperatures, were evaluated.
Specifically, we found that optimal intracellular staining was achieved when the cells
were resuspended in fix/perm buffer overnight at 4°C following surface staining. The
next day, cells were washed twice with permeabilization buffer and incubated with anti-

mouse/rat FoxP3 antibody (1 ug per 1 x 10 cells) diluted in FACS buffer for 30 minutes
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at 4°C. Following 2 additional washes in permeabilization buffer, the cells were
resuspended in FACS buffer and kept at 4°C prior to analysis.

Flow cytometric analysis was done using a CyAn MLE flow cytometer (Dako-
Cytomation, Ft. Collins, CO) and analysis was done using Summit software (Dako-
Cytomation). Analysis gates were set on the live lymphocyte population based on typical
forward and side scatter characteristics (28). For lymphocytes obtained from PBMC, the
percentage of Treg was calculated based on the percentage of FoxP3*CD4"cells within
the overall CD4" T cell population. Absolute Treg numbers in peripheral blood were
calculated based on the total lymphocyte count determined on the same day by automated

cell counter (Advia, Bayer Diagnostics, Tarrytown, NY).

Quantitation of canine Foxp3 by real-time PCR

Primers for FoxP3 detection were designed based on the canine FoxP3 sequence,
using Primer3 software (Steve Rozen, Helen J. Skaletsky (1998) Primer 3.) (Code
available at http://www-genome.wi.mit.edu/genome software/other/primer3.html). The
forward primer sequence was 5’-AAACAGCACATTCCCAGAGTTC-3’ (sense) and the
reverse primer sequence was 5’-AGGATGGCCCAGCGGATCAG-3’ (antisense). The
sequences of the primer pair for the house keeping gene hypoxanthine-
phosphoribosyltransferase (HPRT) were 5°-TGCTGCATTCCTGAAGTCTTTAT-
3’(sense) and 5’-TCACAAGTCAAACAACAATCCAC-3’(antisense). Primers were
purchased from Invitrogen (Carlsbad, CA) and were resuspended in distilled water and
stored at -20°C. For quantitative real-time PCR (RT-PCR) analysis, RNA was extracted

from PBMC or lymph node aspirates (approximately 1-3 x 10° total cells) using an
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RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions.
First strand cDNA was generated using a kit containing M-MLV Reverse Transcriptase
and First-Strand buffers (Invitrogen). For each PCR reaction, 3 ul of cDNA template was
added to iQ SYBR Supermix (Bio-Rad, Hercules, CA) containing the primer pair for
either FoxP3 or HPRT. Amplification was carried out in 40 ul volumes using the iQ
iCycler system (Bio-Rad). Negative control reactions were performed using either mock
RNA or water. All amplification reactions were performed in duplicate, and the average
threshold cycle (C;) numbers of the duplicates were used to calculate the relative mRNA
expression of FoxP3 normalized to HPRT expression in each sample. Normalized FoxP3
expression was then compared between control and treated samples from multiple in vitro

experiments.

Quantitation of canine TGF-f and IL-10 by quantitative real-time PCR.

For quantitation of canine IL-10 and TGF-B mRNA, primer sequences were
obtained from published sources (29). For IL-10, the primer sequences were 5°-
GTCCCTGCTGGAGGACTTTAAGA-3’ (sense) and
5’-TGGTCGGCTCTCCTACATCTCG-3’ (antisense). For TGF-p, the primer sequences
were 5°-AGTTAAAAGCGGAGCAGCATGTGG-3’ (sense) and
5’-GATCCTTGCGGAAGTCAATGTAGAGC-3’ (antisense). RNA extraction, cDNA

preparation and RT-PCR were done as described above.

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In Vitro Expansion and Induction of Treg

Canine lymphocytes were activated and cultured in IL-2 and TGF-f, using
protocols previously described for in vitro expansion of human and murine Treg (5, 30,
31). For these experiments, PBMC were obtained from blood collected from 3 healthy
dogs. For each dog, PBMC were cultured at 2 x 10%ml in complete medium in 24-well
plates (Costar). Tissue culture medium consisted of Modified Eagle’s medium (Gibco-
Invitrogen, San Diego, CA) supplemented with nonessential and essential amino acids
(Gibco) with penicillin and streptomycin (Sigma-Aldrich, St. Louis, MO) and 10% FBS
(Gemini Bioproducts, West Sacramento, CA). Some cultures were placed in complete
medium supplemented with recombinant human TGF-3 and IL-2 (Peprotech, Rocky Hill,
NIJ) with or without the addition of ConA (Sigma-Aldrich) as a T cell activation stimulus.
These culture conditions have been shown previously in experiments with murine T cells
to favor the in vitro induction of Treg (30, 31). The following culture conditions tested
were evaluated: Condition 1: cells cultured in complete tissue culture medium only;
Condition 2: addition of 2 ng/ml rhTGF-f and 100 U/ml rhIL-2; Condition 3: addition of
5 ug/ml ConA only; and Condition 4: addition of 2 ng/ml rhTGF-p, 100 U/ml rhIL-2 and
5 ug/ml ConA. The cultures were harvested on day S and the samples were split for flow
cytometric analysis of FoxP3 expression and quantitative RT-PCR analysis of canine

FoxP3, TGF-P and IL-10 mRNA expression.

Statistical analyses
Differences between two groups were compared using the Mann-Whitney U test,

which assumes non-Gaussian distribution of data. Comparisons between multiple groups
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with small sample sizes were done using one-way analysis of variance for non-parametric
data (Kruskal-Wallis test), followed by Dunn’s multiple comparisons test. Comparisons
between multiple groups with larger sample sizes were done by ANOVA with Tukey’s
multiple means comparison. Statistical analyses were done using Prism software
(GraphPad, San Diego, CA). For all comparisons, a p-value < 0.05 was considered

significant.

RESULTS

Identification of canine Treg by intracellular expression of FoxP3

Given the critical role of the FoxP3 transcription factor in the development and
function of regulatory T cells and the fact that the FoxP3 sequence is highly conserved
between diverse species, we first investigated whether a cross-reactive murine FoxP3
antibody could detect the FoxP3 protein within CD4" canine lymphocytes (15, 32, 33).
To address this question, staining protocols for FoxP3 detection were optimized and
blood and lymph node aspirates from normal dogs and dogs with cancer were evaluated
for CD4 and FoxP3 expression. In Figure 1, representative flow cytometry results for

FoxP3 expression in CD4" lymphocytes from a dog with cancer are shown.
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Figure 1. Identification of
canine Tregs using FoxP3
antibody. Lymphocytes were
obtained from blood and lymph
nodes of a dog with oral melanoma
and immunostained for expression of
FoxP3 and CDA4. Representative dot
plots of FoxP3 expression by CD4"
T cells from (A) blood; (B) an
uninvolved lymph node; (C) tumor-
draining lymph node are shown. In
(D), staining of blood from the same
0.25 dog with an irrelevant isotype-
matched antibody (control for FoxP3
staining) is shown. The percentages
100 of lymphocytes contained within
10 100 102 10° 10° 10' 10> 10° | each quadrant are given.
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The specificity of FoxP3 staining was assessed by staining with an irrelevant
isotype-matched antibody and also by assessing FoxP3 expression by non-CD4" T cells.
Although staining for FoxP3 was consistently highest in CD4" T cells, there was some
detectable FoxP3 expression in non-CD4" lymphocytes (see Figure 1). Further analysis
revealed that the majority of the CD4'FoxP3" population were CD8" (data not shown).
This finding does not necessarily indicate non-specific FoxP3 staining, as CD8 FoxP3"
Treg have also been described in humans and in mice (33-35). Thus, these experiments
indicated that the anti-murine FoxP3 antibody was cross-reactive with a protein

expressed primarily in a subset of CD4" T cells of dogs.

In vitro expansion of dog CD4 " FoxP3" Treg using T cell activation plus TGF-B and IL-2
The preceding experiments indicated that FoxP3 expression could be detected

specifically in dog CD4" T cells, but did not address the issue of whether these cells

behaved functionally as Treg. For example, Treg in mice, cats, and humans can be

enriched by cell sorting and added to cultures of activated T cells, where they exert a
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strong inhibitory effect on proliferation and cytokine production. However, in the case of
dogs, the absence of any available antibodies for detection of surface expression of
CD25, GITR, CTLA-4, CD127, or CD103 make it nearly impossible sort cells and do
these types of add-back experiments.

Therefore, we took a more indirect approach to demonstrating that FoxP3
expressing CD4" T cells in dogs behaved functionally as Treg. In mice and humans,
Treg can be expanded in vitro from activated PBMC following addition of exogenous
TGF-B and IL-2 (30, 31, 36). In mice, FoxP3 mRNA expression in activated T cells
increases within 12 hours after cytokine addition and is maximal after about 96 hours of
culture (31). Therefore, we set up in vitro cultures of dog PBMC under conditions that
have been shown previously to induce expansion of Treg in mice and humans. For these
cultures, we evaluated FoxP3 expression by flow cytometry and also FoxP3, TGF-, and
IL-10 mRNA expression by quantitative RT-PCR.

We found that culture of activated T cells in TGF-$ and IL-2 led to a 2 to 3-fold
increase in the percentage of CD4 FoxP3" T cells as detected by flow cytometry (Figure
2). While there was an increase in FoxP3 expression in T cells that were activated only
(i.e., exposure to ConA, but not TGF-P or IL-2), the increase in FoxP3™ cells in cultures
incubated with ConA plus TGF-f and IL-2 was significantly greater (p = 0.01, Figure

20).
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A B Figure 2. In vitro expansion of
FoxP3'CD4" T cells by T cell activation
and culture in IL-2 and TGF-f. PBMC
from normal dogs were cultured in medium
alone, with IL-2 and TGF-f alone, with ConA
alone, or with ConA plus IL-2 and TGF-p.
Representative dot plots for flow cytometric
analysis of cells cultured in medium alone (A)
or medium plus ConA and IL-2 and TGF-f (B)
are shown. In (C), the mean percentage of

C FoxP3'CD4" lymphocytes present in cultures
maintained under the indicated conditions was
calculated and plotted. Culture in ConA plus
IL-2 and TGF-B resulted in a significant
increase (p = 0.01) in the percentage of

20% 1 FoxP3'CD4" T cells, compared to other culture
conditions, as determined by ANOVA. Bars
represent standard error (SE).

FoxP3* =

%FoxP3*CD4*

10% -

" media IL2+ ConA IL2+TGFB
TGFB + ConA

We also observed a 45 to 250-fold increase in mRNA levels for FoxP3 in cultures
containing ConA, IL-2 and TGF-J (Table 1). The increased expression of FoxP3 mRNA
in these cultures was also accompanied by significant increases in mRNA expression for
TGF-B (2 to 4-fold increase) and IL-10 (7 to 14-fold increase). Although increased
expression of FoxP3 mRNA was detected in cultures containing ConA alone, the increase
was significantly less than for cultures containing ConA plus I[L-2 and TGF-B. Also, as
expected from the results of rodent and human studies, cytokine addition alone without
TCR activation did not result in significant increases in FoxP3 (protein or mRNA) or IL-
10 or TGF—B mRNA expression (Table 1). These data indicated, therefore, that culture
of canine T cells under conditions known to promote the in vitro generation of Treg in

human T cells stimulates a significant increase in the number of canine FoxP3'CD4" T
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cells. This treatment was also associated with significant up-regulation of expression of
TGF-P and IL-10 mRNA. These results provide support for our assertion that FoxP3

expression is associated with the Treg phenotype in dogs as well as in humans and

rodents.
Table 1
Relative increase in mRNA during in vitro expansion of Treg
Culture Condition FoxP3® TGF-p* IL-10°
Medium only 1 1 1
IL-2 + TGF-8 9.5 (+/-6.1) 3.1 (+/-1.2) 1.6 (+/-.75)
ConA only 11.7 (+/- 8.3) 2.6 (+/-2.1) 1.9 (+/-0.9)

ConA +IL-2 + TGF-B | 147 (+/- 102)* 7.2 (+/-2.0)* 14.0 (+/- 7.0)*

* denotes significant difference in mean fold increase in expression, compared to the
other treatment groups. a) Mean (+SE) increase in mRNA expression as compared to
medium alone control.

Dogs with cancer have increased Treg in their peripheral blood
and tumor-draining lymph nodes

To assess the biological usefulness of Treg identification using the FoxP3
antibody, we evaluated Treg numbers in dogs with cancer. We chose this population of
dogs to study because previous studies in mice and humans have shown that Treg
numbers are often elevated in humans with cancer (4, 13). For this analysis, 10 dogs with
several different common cancers of dogs were investigated and their results compared to
those obtained from 10 age-matched, healthy control dogs. The percentages and numbers

of FoxP3"CD4" Tregs in lymph nodes and peripheral blood were determined using flow

cytometry.

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




We found that the percentage of Treg and the absolute number of Treg were
significantly higher in the peripheral blood of dogs with cancer than healthy dogs (Figure
3). For example, the mean percentage of Treg in peripheral blood in all 10 dogs with

cancer was 7.5%, compared to 4.3% in the 10 normal dogs (p <0.01).

A Figure 3. Relative and absolute numbers of
10% 1 Treg in peripheral blood in dogs with
T * cancer and healthy control dogs. The mean
8 ° percentage (+ SE) of Treg in blood of normal dogs
6% and dogs with cancer was plotted in (A) and the
& mean of the absolute numbers (+ SE) of Treg was
A plotted in (B). The percentage of Treg in blood
X was significantly increased (p = 0.01) in dogs with
2% cancer compared to healthy control dogs (4.3% vs
7.1%; p = 0.0005). The absolute numbers of Treg
- in blood were also significantly higher (98 X 10° vs
control  cancer 173 X 10*ul; p = 0.04) in dogs with cancer,
B
- compared to healthy control dogs.
g 250 .
X 2001
&
5 150 4
[ag] ]
ng 100
2 50

control cancer

The absolute numbers of Treg in peripheral blood of dogs with cancer were also
significantly increased (mean of 173 cells per ul blood in dogs with cancer versus 98 cells
per ul blood in control dogs, p < 0.04). These results are consistent with previous

observations in humans and mice and provide further evidence for the specificity of using

FoxP3 expression to identify canine Treg.
Previous studies had found higher numbers of Treg in lymphoid tissues of humans

and cats than in blood (3, 37). Therefore, Treg populations in lymph node aspirates of
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dogs were compared to blood Treg populations. We found that in both normal dogs and
dogs with cancer the percentages of Treg were significantly higher in lymph nodes than

in blood (p <.001) (Figure 3 and Table 2).

Table 2

Treg Levels in Healthy Dogs and Dogs with Cancer

Tumor Type | Number of | % Treg in % Treg in % Treg in
Dogs peripheral blood® | Non- draining LN*
draining LN"
Healthy Dogs 10 4.3 (+/-0.7) 9.8 (+/-2.4) ND
Oral 4 11.1 (+/-2.1) 12.0 (+/- 0.5) 19.5 (+/- 8.0)

Melanoma

Osteosarcoma 3 7.2 (+/-1.9) 10.8 (+/- 0.5) ND
Mast Cell 2 6.3 10.0 15.5

Tumor
Soft Tissue 1 5.5 11.6 16.4
Sarcoma

* Mean (+ SE) percentage of FoxP3"CD4" T-cells; ND = not done

Next, we assessed whether lymph nodes draining tumors had more Tregs than
lymph nodes not draining the primary tumor (non-tumor draining lymph nodes) in dogs
with cancer. The percentage of Tregs in the tumor draining lymph nodes of 7 dogs with
cancer (excluding 3 dogs with osteosarcoma where a tumor draining lymph node was no
longer present due to limb amputation) was significantly higher (p = 0.04) than the
percentage of Treg in the non-tumor draining lymph nodes of the same dogs (Figure 4).
However, we found that the percentage of Tregs in the non-tumor draining lymph nodes
of dogs with cancer (11.1%) was not significantly different from the percentage of Tregs
in lymph nodes of healthy control dogs (9.8%; see Figure 4 and Table 2). Thus, it

appears that Treg preferentially accumulate within the tumor draining lymph nodes of
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dogs with cancer, as has been reported previously for humans with metastatic melanoma
(23). These results also suggest the possibility that the major source of increased Tregs in
the blood of dogs with cancer may be the Tregs that accumulate in the tumor draining

lymph nodes.

25%
20%
15%

10%!

%FoxP3"CD4*

5%

control  non-draining draining
LN LN LN

Figure 4. FoxP3'CD4" T cells in lymph nodes of dogs with
cancer and healthy dogs. The mean percentage of FoxP3'CD4"* T
cells (+SE) was significantly higher (p = 0.03) in tumor-draining lymph
nodes of dogs with cancer than in the non-draining lymph nodes from the
same dogs. In addition, the mean percentage of FoxP3"'CD4" T cells was
significantly higher in tumor-draining lymph nodes of dogs with cancer
than in the lymph nodes of healthy control dogs, *(p = 0.01).

Finally, we also conducted a preliminary assessment of whether particular tumor
types might be associated with higher numbers of Tregs. For this analysis, we compared
dogs with melanoma (n = 4) and dogs with osteosarcoma (n = 3) to healthy control dogs
(n=10). We found that dogs with melanoma had significantly (p <0.01) more Tregs in
their blood (11.2% versus 4.3%) than control dogs, as assessed by Kruskal-Wallis test
and Dunn’s multiple means comparison (Figure 5). When Tregs in aspirates from the

same lymph node (submandibular lymph nodes) of all 3 groups of dogs were compared,
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we also found that dogs with melanoma had significantly (p < 0.05) more Tregs (22.6%)
than both control dogs (9.8%) and dogs with osteosarcoma (10.8%). However, it should
be noted that the submandibular lymph node was the tumor draining lymph node for dogs
with oral melanoma. Therefore, we also compared the percentages of Tregs in non-tumor
draining lymph nodes for all 3 groups of dogs (Figure 4). In this case, we did not observe
any significant differences (p = 0.20) in Tregs in lymph nodes between the 3 groups of

dogs.

125 T
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=
=
1

Control Melanoma  Osteosarcoma

Figure 5. Comparison of Treg percentages in blood of dogs
with melanoma or osteosarcoma and in healthy control dogs.
Dogs with melanoma had significantly more Tregs than control dogs (p
<0.01), as assessed by the Kruskal-Wallis test. (* denotes significant
differences relative to control dogs, bars represent SE).

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DISCUSSION

The major findings to emerge from these studies were that a cross reactive FoxP3
antibody can also be used to detect dog FoxP3 and to identify canine Treg in vivo. We
found that Treg numbers were significantly higher in peripheral blood of dogs with
cancer and that Treg may preferentially accumulate within the tumor-draining lymph
nodes of dogs with cancer. In addition, it appears that certain types of tumors in dogs,
especially highly malignant tumors, may be associated with higher numbers of Tregs.

In mice, FoxP3 is specifically expressed by most Treg and can be used to
distinguish CD4*CD25" Treg cells from CD4"CD25" non-regulatory T cells. These non-
regulatory T cells upregulate CD25 expression, but not FoxP3 expression, upon
activation (14, 34). Conflicting reports exist, however, concerning the specificity of
human FoxP3 expression for identification of Tregs. For example Yagi et al.,
demonstrated that TCR stimulation of naive human CD4"CD25" T cells failed to elicit
FoxP3 expression and that FoxP3 expression was limited to T cells with a regulatory
phenotype (32). Other investigators however have shown that FoxP3 expression is
increased in activated non-regulatory T cells (18, 19). Because of these discrepancies,
evaluation of human Treg currently relies on analysis of expression of multiple Treg-
associated cell surface markers, including CD25, GITR, and CTLA-4, in addition to
assessment of intracellular FoxP3 expression. A recent study also suggests that
evaluation of CD127 expression in conjunction with CD4 and CD25 expression may be
even more specific than previous markers (12). The lack of antibody reagents for

assessing expression of these molecules in dogs currently precludes Treg analysis using

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



multiple surface markers. Therefore, at present assessment of FoxP3 expression may be
the best available method of enumerating Treg in dogs.

The definition of Treg also depends in part on demonstration of typical
immunosuppressive functions. For example, studies of feline CD4'CD25" Treg have
shown that in vitro activation of purified Treg with LPS and rhIL-2 induced strong
suppressive activity against ConA-stimulated CD4"CD25™ T cells (3). The lack of
available antibodies to surface determinants such as CD25 on dog T cells, however,
prevented us from performing these types of experiments. Therefore, as an alternative
we investigated whether Treg expansion could be elicited in vitro by stimuli known to
expand the numbers of Treg in human T cells. For example, in humans and mice
naturally-occurring CD4"CD25 FoxP3" Treg can be expanded in vitro from PBMC when
cultured in the presence of [L.-2 and TCR stimulation (5, 38). Signaling through the high
affinity 1L-2 receptor CD25 has been recently shown to be critical to Treg growth and
differentiation (39, 40). Addition of TGF-P to activated T cells may also be used to
further expand Treg through induction of FoxP3 expression (30, 31). In our studies with
dog lymphocytes, we observed an increase in FoxP3 mRNA and protein expression in
activated lymphocytes cultured in IL-2 and TGF-P. Similar to observations described by
Morgan and others, we found that TCR activation alone induced small increases in FoxP3
expression by CD4" as well as by some CD4- T cells (17-19). However, the expression
was significantly greater when the activated T cells were also cultured in IL-2 and TGF-
(Figure 2). Thus, in contrast to murine Treg, our findings suggest that the regulation of
FoxP3 expression in dog Treg is more similar to the regulation of FoxP3 expression in

human Treg. Our assertion that FoxP3 expression occurs predominantly within the
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canine Treg population is further strengthened by finding concurrent significant increases
in IL-10 and TGF-B mRNA expression in appropriately activated cells, a result not
expected if activation were to lead to the development of cells without a Treg phenotype.

The availability of a diagnostic reagent to reliably identify Treg in dogs should
greatly facilitate future investigations into the role of Treg in important diseases of dogs,
including autoimmune diseases and chronic infections and cancer. The observation that
the dogs with cancer in this study had increased numbers of Treg in their peripheral blood
and tumor-draining lymph nodes compared to healthy dogs is remarkably similar to
findings for human cancer patients. Our preliminary observations suggesting that more
malignant tumors may be associated with higher numbers of Tregs also indicates that
evaluation of Treg numbers may have important prognostic value. Moreover, the results
predict that the most informative sites to sample for evaluation of Treg numbers in dogs
with cancer are the blood and the tumor draining lymph nodes.

We anticipate that further investigations into the role of Treg in various
malignancies will offer important insights into immunological control of cancer. These
studies may well lead to newer tools for assessing the immunopathogenesis of cancer in

dogs and manipulating the immune system to control cancer.
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Chapter Four

The Immunomodulatory Effects of Doxorubicin on Dendritic Cells

ABSTRACT

Immunotherapy-based approaches to the treatment of cancer, such as the
administration of vaccines targeted to specific tumor antigens, will likely be most
effective when given in combination with conventional therapies such as cytotoxic
chemotherapy. Little is known, however, about the effects of chemotherapy on many
aspects of immunity. For example, it is not known how chemotherapy affects the
function of dendritic cells, which are central mediators of the innate immune system and
critical to the development of effective antitumor immunity. Therefore, we investigated
the effects of commonly used chemotherapy drugs on key aspects of dendritic cell
function. We found that the drug doxorubicin was unique in its ability to activate
dendritic cells both in vitro and in vivo. In vitro, exposure of bone-marrow derived
dendritic cells to doxorubicin increased expression of CD40 and 4-1BBL, enhanced
antigen presentation and stimulated the production of the p40 subunit of IL-12 and IL-23.
Treatment of mice with doxorubicin led to significantly increased costimulatory molecule
expression and antigen presentation of myeloid dendritic cells within 5 — 7 days
following drug administration. In mice with B16 melanoma, treatment with doxorubicin

increased the number of activated dendritic cells in tumor-draining lymph nodes and
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within tumor tissues themselves. These findings demonstrate that DOX induces dendritic
cell activation and expansion in vivo and therefore provide a rationale for the inclusion of

doxorubicin in combined chemotherapy and immunotherapy protocols.

INTRODUCTION

Conventional cytotoxic chemotherapy has long been a part of standard cancer
therapy, especially in the management of metastatic disease. Although progress has been
made in maximizing the benefits of chemotherapy while minimizing its toxicity, many
cancer patients experience side effects that significantly diminish their quality of life and
most ultimately succumb to drug-resistant metastatic disease. One of the newer
approaches to cancer treatment is the use of targeted forms of immunotherapy, such as
vaccine strategies that actively elicit the development of antitumor immunity (1-3).
Unlike cytotoxic chemotherapy, tumor vaccines can be targeted specifically to neoplastic
cells, thus sparing normal tissues and potentially providing protection against relapsing
disease. The results of recent clinical trials suggest, however, that the best use of tumor-
specific immunotherapy is in the setting of minimal disease and as an adjuvant to more
traditional methods of tumor reduction (4-7).

The limitations of chemotherapy and tumor immunotherapy as single treatment
modalities as well as mounting evidence for the immunomodulatory potential of many
chemotherapeutic agents, have led to investigation of combined treatment approaches (8-
12). A number of mechanisms have been proposed for the immunostimulatory effects of
certain chemotherapy drugs. For example, administration of doxorubicin (DOX) or

gemcitabine to tumor-bearing mice induces immunostimulatory tumor apoptosis that
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enhances tumor antigen cross-presentation to cytotoxic T-lymphocytes (CTLs) in vivo,
significantly increasing the efficacy of adaptive antitumor immune responses (13-16).
Other immunomodulatory effects, such macrophage activation by paclitaxel (PTX) and
DOZX, and inhibition of regulatory T cell function by cyclophosphamide (CYC) have also
been described (17-23).

The majority of studies investigating combined chemotherapy and
immunotherapy protocols have focused on the induction of tumor-specific T-cell
responses, tumor cell apoptosis, and on clinical endpoints such as tumor growth and
survival times. Although dendritic cells (DCs) are central to the development of
antitumor immunity and effective immunotherapy hinges on their proper function, little is
known about the impact of chemotherapy on DCs themselves. Therefore, we investigated
the effects of commonly used chemotherapy drugs on key aspects of dendritic cell
function. We hypothesized based on prior studies that DOX and paclitaxel would induce
DC activation. We found that DOX was unique in its ability to activate DCs. Stimulation
of DCs with DOX induced secretion of the p40 subunit of IL-12 and IL-23, increased
cell-surface expression of several different costimulatory molecules, and enhanced
antigen presentation.

We also hypothesized that treatment of tumor-bearing mice with DOX could
activate DC function, despite the immunosuppressive effects of the tumor itself, Using
the B16 melanoma model, we found that treatment with DOX significantly increased
numbers of activated DCs in tumor-draining lymph nodes and tumor tissues compared to
DCs isolated from untreated tumor-bearing mice. These results suggest that DOX

chemotherapy may potentially augment antitumor immunity through stimulation of DC
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function and provide an important rationale for further investigation of DOX in

combination chemotherapy and immunotherapy protocols.

MATERIALS AND METHODS
Mice and B16 tumor model

Female ICR or C57BL/6 mice were used for experiments involving healthy or
tumor-bearing animals, respectively. All mice were purchased from Harlan Sprague
Dawley and used at approximately 10 — 18 weeks of age. To establish the B16 tumor
model, C57BL/6 mice (4/group) were injected s.c. with 2 x 10° B16.F10 cells (provided
by I. Fidler, MD Anderson Cancer Center, Houston, TX) and DOX chemotherapy (4
mg/kg i.v.) was administered 7 days later when most mice had palpable tumors. Tumor
growth was monitored using calipers every 2 days until 7 days following DOX
administration, at which time all mice were sacrificed. Animal protocols for these
experiments were approved by the Animal Care and Use Committee at Colorado State
University.

Chemotherapeutic agents

The following chemotherapy drugs were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO): doxorubicin, cisplatin, cyclophosphamide, chlorambucil,
vinblastine, paclitaxel and dexamethasone. Each drug was diluted and stored as

recommended by the manufacturer.
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Preparation of lipid-DNA-complexes

A lipid-DNA-complex (LDC) was used as a positive control for stimulation of
innate immunity in in vivo experiments as previously described (24, 25). To form the
LDCs, sterile 10 mM solutions of the cationic liposomes comprising DOTIM
(octadecenoyloxy (ethyl-2-heptadecenyl-3-hydroxyethyl) imidazolinium chloride) and
cholesterol were prepared as previously described (26, 27). LDCs were prepared just
before injection by gently mixing cationic liposomes with plasmid DNA at a ratio of 16
nmol lipid per 1.0 ug DNA in 5% dextrose in water. The final plasmid DNA

concentration in the complexes was 100 ug DNA per ml.

Generation of bone marrow-derived DCs and determination of sensitivity
to chemotherapeutic agents

DCs were cultured from bone marrow of ICR mice using a standard protocol (28).
Bone marrow was flushed from femurs with Hank’s balanced salt solution (HBSS)
supplemented with 2% FBS (InVitrogen Life Technologies) and the cells were washed
and RBC lysed with buffered ammonium chloride (NH4Cl) solution. Viable cells were
plated at 1 x 10%ml in 24-well plates in RPMI supplemented with 10% heat-inactivated
FBS, 2 mmol/l L-glutamine, 1% non-essential amino acids, 50 IU/ml penicillin, 50 ug/ml
streptomycin (RPMI/complete medium) and 3% B78-Hi supernatant (GM-CSF). The
medium was changed every other day during the 7-day culture period. DCs generated in
this way were routinely 60 — 70% CD11¢"/DEC-205" as assessed by flow cytometry.

A standard MTT assay was used to determine the cytotoxicity of each drug (29).

Bone marrow-derived DCs (BMDCs) harvested at day 7 of in vitro culture were plated at
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4 x 10°/well in triplicate in 96-well plates for every concentration of chemotherapy drug
evaluated. Each drug was serially diluted across a wide concentration range (100 - 0.05
ug/ml) and added to BMDCs. Following a 24-hour incubation period at 37°C, the MTT
reagent was added. The average percentage of DC killed by each concentration of

chemotherapy drug was calculated relative to medium (0 ug/ml drug) control.

Cell preparations and chemotherapy of mice

For in vitro studies, BMDCs were harvested after 7 days in culture and plated at 5
x 10°/well in 24-well plates containing RPMI/GM-CSF. Based on the results of the
cytotoxicity analysis, each chemotherapy drug was added at a single, minimally cytotoxic
dose to triplicate wells; LPS (5 ug/ml) was used as a positive control for all in vitro
studies. Following a 24 hour incubation period, cells were washed in and resuspended in
fluorescence-activated cell sorting (FACS) buffer (phosphate-buffered saline with 2%
FBS and 0.1% sodium azide) before cytometric analysis, or in RPMI/complete medium
before use in experiments assessing cytokine production and antigen presentation.

For in vivo studies, groups of 4 mice were treated with a single dose of each
chemotherapy drug using a dosage and route of administration based on the results of
previous studies (30, 31). At the time of sacrifice, single-cell suspensions of spleen cells
were prepared by mechanical disruption and screening through a 70-um nylon mesh
screen (BD Biosciences), followed by NH4Cl lysis. In experiments with tumor-bearing
mice, tumor-infiltrating cells and lymph node cells were prepared by lysis of RBC and
screening through 70-um screens as described for spleen cells. All cell preparations were

resuspended in RPMI/complete medium prior to use in additional experiments.
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Antibodies and flow cytometric analysis

Directly conjugated antibodies used for flow cytometric analyses were purchased
either from Pharmingen (San Diego, CA) or from eBiosciences (San Diego, CA). The
following antibodies in various combinations were used: anti-CD4 (FITC or APC-Cy7;
clone RM4-5), anti-CD8a (APC; clone 53.6.7), anti-I-A/I-E-(MHC II), (biotin; clone
M5/114.15.2), anti-CD11b (PE-Cy7 or APC-Cy7; clone M1/70), anti-CD11c¢ (PE or
APC; clone N418), anti-B220 (APC-Cy7; clone RA3-6B2), anti-NKG2D (biotin, clone
CX5), anti-4-1BBL (biotin; clone TKS-1), anti-CD40 (PE; clone 1C-10), and anti-CD86
(FITC; clone GL1) and anti-DEC-205 (biotin; clone NLDC-145). Biotinylated
antibodies were followed by staining with either SA-FITC or SA-PE. Non-specific
binding of antibodies was blocked by pre-incubation of cells in normal mouse serum with
40% supernatant from rat anti-FcRIII hybridoma 24.G2, plus 0.2 mg/ml human
immunoglobulin (IgG). Antibodies were diluted in FACS buffer for staining. Staining
was carried out at 4°C for 20 min, followed by washing in FACS buffer. In most cases,
cells were fixed in 1% paraformaldehyde for 30 min and stored in FACS buffer at 4°C
before analysis. Flow cytometry was performed using a Cyan MLE cytometer (Dako-
Cytomation, Ft Collins, CO). Gates were drawn to include live lymphocytes and APCS
based on forward and side-scatter characteristics of spleen cells. DCs were defined as
CD11c"/DEC-205" cells that expressed variable levels of costimulatory molecules,
including CD40, CD86 and 4-1BBL as well as MHC Class II.

Further division of DCs into myeloid, lymphoid and plasmacytoid subsets was
based on detection of CD11c” cells expressing CD11b, CD8+ or B220, respectively. A

minimum of 30,000 total events were collected for each sample; data analyses were
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carried out using Summit Software (Dako-Cytomation). The percentage of each cell
population was determined and then total cell numbers for each population were

calculated from the total number of viable cells collected.

Antigen presentation assay

For in vitro analysis, BMDCs (harvested from ICR mice after 7 days of culture)
were plated at 2 x 10%well in 24-well plates and exposed to DOX at 200 ng/ml. After 24
hours, DCs were harvested and added in graded doses to 5 x 10* purified splenic T cells
(from C57Bl/6 mice) in 96-well round bottom plates. After another 3 days in culture,
[3 H]-thymidine was added (1 uCi) for the final 12 hours of culture and the amount of
incorporation measured.

For in vivo analysis, groups of 4 mice were treated with either a single dose of
DOX (4 mg/kg i.v.), 200 ul of PBS i.v. (as a negative control), or 200 ul of LDC i.v.
Seven days after treatment with DOX, or 24 hours following treatment with either LDC
or PBS, the mice were euthanized and single cell suspensions were prepared from
spleens. DCs were purified by first enriching for CD11c+ cells by using MACS
MicroBeads (Miltenyi Biotec Inc., Auburn, CA), immunostained with anti-CD11c-biotin
(Ebioscience, clone N4 18) and then separated from CD11c- cells using an LD Column
according to the manufacturer’s instructions (Miltenyi). Prior to cell sorting, the
CD11c"-enriched cell population was then immunostained with anti-CD3 (APC; clone
145-2C11), anti-CD19 (APC; clone MB19-1), anti-NKG2D (APC; clone CX5) and anti-
CD11b (PE; clone M1/70). CD3/CD19/NKG2D7/CD11c" DCs were sorted based on

differential expression of CD11b using a MoFlo (DakoCytomation). This protocol is
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routinely used in our lab and typically yields CD11c*/CD11b* populations of greater than
95% purity. The sorted DCs were then added to purified, splenic T cells (obtained from
C57Bl/6 mice) as before. Conconavalin (ConA) (Sigma-Aldrich) stimulated T cells, DCs
or T cells alone were also included as positive or negative controls for both in vitro and in
Vivo assessment.
Determination of secreted cytokines

Culture supernatants were collected from in vitro studies and assayed for the
presence of TNF-a, IL-1f, IL-6, IL-12p40, IL-10, and TGF-p by ELISA using
commercially available kits according to the manufacturer’s instructions (R&D Systems,
Minneapolis, MN). LPS (5 ug/ml) was used as a positive control for stimulation of pro-
inflammatory cytokines while zymosan (3 ug/ml) was used to elicit IL-10. For detection
of mouse IFN-a, an ELISA was developed as previously described (24, 32). A rat anti-
mouse IFN-a capture antibody was purchased from PBL Biomedical Labs (Piscataway,
NJ) and a detecting antibody (rabbit anti-IFN-a) was purchased from US Biologicals
(Swampscott, MA). For IFN-f detection, a rat anti-mouse IFN-f capture antibody was
purchased from Seikagaku (Cape Cod, MA) and a detection antibody (rabbit anti-murine
IFN-B, PBL Biomedical) was used. For both cytokines, detection antibodies were
followed with addition of a donkey anti-rabbit HRP antibody (Jackson ImmunoResearch)
and then TMB substrate (Sigma-Aldrich). Sample analysis was performed using a

Multiskan Ascent ELISA plate reader and Ascent software (ThermoLabsystems).
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Statistical analyses
In experiments with multiple groups of mice, statistical differences between
treatment groups were compared using analysis of variance (ANOVA) and Tukey’s
multiple means comparisons test. For comparisons between two treatment groups,
Student’s t-test was used. Statistical analyses were carried out using GraphPad Prism

software (San Diego, CA). A p-value < 0.05 was considered significant for these

analyses.
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RESULTS

Determination of the sensitivity of BMDCs to common chemotherapy drugs

Because the goal of our initial studies was to assess the direct effects of

chemotherapy on DCs without inducing significant cytotoxicity, we first established the

sensitivity of BMDCs to drug-induced cytotoxicity in vitro. A panel of commonly used

chemotherapeutics, each with a different mechanism of cytotoxicity, was selected for

study; this information is summarized in Table 1.

Table 1: Chemotherapy Drugs Investigated in Preliminary Studies

Chemotherapy Abbreviation | Primary Mechanism Concentration Dose Used
Drug Used of Action Used In Vitro In Vivo
Dexamethasone DEX Inhibits DNA synthesis 15 ug/ml 2 mg/kg i.p.
Doxorubicin DOX Topoisomerase inhibitor | 0.2 ug/ml 4 mg/kg i.v.
*Chlorambucil CHLOR DNA alkylator 35 ug/ml 2 mg/kg i.p.
Cisplatin CIS DNA intercalator 8 ug/ml 12 mg/kg i.p.
*Cyclophosphamide | CYC DNA alkylator NA 150 mg/kg i.p.
Vinblastine VINB Blocks mitotic spindle 35 ug/ml 1.5 mg/kg i.v.
separation
Paclitaxel PTX Blocks mitotic spindle 60 ug/ml 30 mg/kg i.p.

formation

* Both CYC and CHLOR are alkylating agents. CYC, however, must be activated in the liver to its
cytotoxic metabolite while CHLOR is directly cytotoxic; thus CYC is used for in vivo studies but CHLOR
is substituted for in vitro studies since metabolism of CYC to its cytotoxic form is not possible.

A standard MTT assay was then used to determine the concentration of each drug

that resulted in less than 25% cytotoxicity to BMDCs and yet was clinically relevant to

the treatment of human cancer patients (33-39). Figure 1 presents the results for titration

of DOX; similar calculations were performed for each of the other drugs (data not

shown).
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Figure 1: In vitro sensitivity of DCs to DOX. BMDCs were
exposed to serial dilutions of DOX for 24 hours, then an MTT assay was
performed. The concentration of DOX that induced less than 25% toxicity
in vitro, but which was also clinically relevant, was determined for further
in vitro studies. The shaded area represents the therapeutic dose range
based on human pharmacokinetic studies. Bars give the standard
deviation from the mean (SD).

Exposure to DOX and CIS induces CD40 expression on BMDCs

One important aspect of DC function is cell surface up-regulation of
costimulatory molecules that facilitate optimal T cell communication. Therefore, we
assessed cell surface expression of CD40, CD86, 4-1BBL and MHC Class II on BMDC
using the information generated from the MTT assay to guide dose selection. We found
that 24-hour exposure of BMDCs to DOX and CIS lead to significantly increased
expression of CD40 (p < 0.01 for DOX; p < 0.05 for CIS) compared to BMDCs cultured
in medium alone (Figure 2). Of the panel of drugs tested, DOX and CIS were unique in
their ability to induce CDA40 expression; however neither drug, nor any of the others,

significantly increased expression of CD86, 4-1BBL or MHC Class II.
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Figure 2: Exposure to DOX or CIS increases expression of CD40 on
BMDC. BMDC harvested at day 7 of culture were exposed in triplicate to a
single dose of each chemotherapy drug or to LPS for 24 hours. Cells were then
immunostained for CD11c¢ and costimulatory molecules and analyzed by flow
cytometry. The percentage of CD11c+ DC expressing CD40 was significantly
increased *(p < 0.01 for DOX and p < 0.05 for CIS) following exposure to
either DOX or CIS compared to control BMDC. No significant changes in
expression of 4-1BBL, CD86 or MHC Class II were observed. Bars represent
the SD.

Treatment of mice with DOX increases the
number of mature DCs in the spleen
The preceding results indicated that DOX, and to a lesser degree CIS, could
stimulate CD40 expression on DCs in vitro. However, we hypothesized that
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chemotherapy might have a different effect on costimulatory molecule expression in
vivo, given the potential for DC interaction with other immune cells impacted by
chemotherapy. Therefore, to investigate the effects of chemotherapy on DC phenotype in
vivo, mice were treated with a single dose of each drug. As shown in Figure 3, total
numbers of CD11c¢" DCs co-expressing CD40, CD86, 4-1BBL or MHC Class II were
higher in the spleen of DOX-treated mice compared to DCs from PBS-treated control

mice (p <.01).
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Figure 3: Treatment with DOX activates DCs in vivo. Mice
receiving chemotherapy were sacrificed 7 days later and single cell
suspensions were prepared from spleen. The number of CD11c+ DC
co-expressing each marker was determined. Only mice treated with
DOX demonstrated increased numbers of fully activated DCs * (p <
0.01). Bars give the SD.

Interestingly, although splenic DCs isolated from mice receiving paclitaxel exhibited
significantly increased levels of MHC class II (p < .05 versus control mice), they did not

demonstrate increased expression of CD40, CD86 or 4-1BBL. This observation is in line
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with that of a previous study which found that although PTX induced MHC Class II
expression on DCs in vitro, antigen presentation was markedly impaired (40).
Administration of the other chemotherapy agents to healthy mice did not result in
significant differences in costimulatory molecule or MHC Class II expression on CD11c+
splenic DCs compared to levels observed in PBS-treated mice.

Closer analysis of the effects of DOX chemotherapy on different subsets of
splenic DCs revealed that mice receiving DOX had significantly higher absolute and
relative numbers of myeloid DCs (CD11¢"CD11b" DCs) 7 days following drug

administration ( p <0.001) (Figure 4).
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Figure 4: Doxorubicin significantly increases the total
number of myeloid splenic DCs. A panel of chemotherapy
drugs was given to groups of 4 healthy mice. Only mice
receiving DOX had significantly increased numbers of
CD11¢"CD11b" DCs in their spleen 7 days following drug
administration *(p. < 0.001). Bars give the SD.

No differences in the numbers of CD11¢+CD8+ DCs or CD11¢c+B220+ DCs were
observed in DOX-treated mice (data not shown).
Because of the apparent potential for DOX chemotherapy to activate and expand

the splenic myeloid DC population, we more closely examined the kinetics of this
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response in DOX-treated mice. Surprisingly, we found that the increase in
CD11c'CD11b" DCs was even greater at 5 days (p < 0.001 vs. control) following DOX
administration than it was at day 7 (p < 0.01) and had returned to normal levels by 14
days post treatment (Figure 5). Analysis of costimulatory molecule expression during
the expansion phase (24 hour, 3, 5, and 7-days post treatment), showed that expression of
CD40 and 4-1BBL was significantly increased by 3 days post-treatment (p < 0.05 vs.
control), reaching a maximum level at 5 days (p < 0 .01). Increased expression of MHC
Class II and CD86 was also maximal by 5 days post-therapy (p < 0.01) but was not
increased over untreated mice at the 3 day time point as was observed for CD40 and 4-
IBBL (Figure 5). By 14 days following DOX administration the level of costimulatory

molecule and MHC Class II expression was similar to that of untreated mice (not shown).
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Figure 5: Stimulation of splenic myeloid DCs is maximal 5 days after
treatment with DOX. Mice were sacrificed at the indicated time points after
treatment with DOX and the total number of myeloid DCs and their activation
phenotype was determined by flow cytometry. Expression of each marker was
highest at day 5 after chemotherapy with DOX. Bars show SD, * p < 0.05.
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Treatment of mice with DOX does not result in significant cytotoxicity to
T-lymphocytes at day 7 post-administration

In people receiving conventional chemotherapy, cytotoxicity to rapidly dividing
cells, such as lymphocytes and bone marrow stem cells, varies with differences in drug
combinations, dosages and routes of administration. Patients receiving DOX at a dosage
equivalent to the minimally immunosuppressive dose chosen for this study
(approximately 20 — 30 mg/m” when given once every 3-4 weeks) generally do not
experience high grade toxicity to bone marrow or gastrointestinal epithelial cells (41).
Other investigations in mice using the 4 mg/kg dose of DOX that was used in this study
have not reported significant leukocyte toxicity; in fact Casati et al. showed that
administration of DOX at 6 mg/kg i.v. did not interfere with the development of antigen
specific CD4 and CD8 T-cell responses in either healthy or tumor-bearing mice (14).
However, to determine whether cell-mediated adaptive immune responses could
potentially be limited by drug-induced cytotoxicity, we treated healthy mice with a single
dose of DOX at 4 mg/kg i.v. and prepared single cell suspensions from the spleen and
lymph nodes 7 days following administration of DOX. Total numbers of T-lymphocytes
or T-cell subsets (CD4+, CD8+ T-cells) in the spleen or peripheral lymph nodes of DOX-
treated mice were not significantly different than those of PBS-treated animals

(Figure 6).
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Figure 6: T-cell numbers are not significantly different
in PBS-treated or DOX-treated ICR mice. The total
number of CD4+ of CD8+ T-cells (+SD) were determined in the

spleen (A) or lymph node (B) 7 days after treatment with DOX
(black bars) and compared to those of PBS-treated mice (white
bars). No significant differences were detected between groups.

DOX enhances antigen presentation by DCs

Although the studies described above suggested that DOX induces phenotypic
maturation in myeloid DCs without eliciting significant cytotoxicity in the lymphocyte
population, it was important to also determine whether other key aspects of DC function
such as antigen presentation and cytokine production were also stimulated. Therefore,
we next investigated whether treatment with DOX could increase antigen presentation by
DCs. As described in Materials and Methods, BMDCs cultured with DOX or myeloid
DCs purified from the spleen of DOX-treated mice, were added to cultures of allogeneic
T-cells. For in vivo experiments mice were treated intravenously with DOX (4 mg/kg),
PBS, or a liposome-DNA complex (LDC) containing 5 ug of empty vector DNA. In

prior work in our laboratory we have shown that systemic administration of LDC triggers
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strong activation of innate immune responses and can reliably be used as a positive

control for DC activation (25, 42, 43).
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Figure 7: Doxorubicin enhances the antigen presenting
ability of DCs. BMDC cultured with DOX (A) or DCs sorted from
DOX-treated mice (B) showed significantly increased ability to
stimulate T cell proliferation *(p <0.01). Bars represent the SD.

As illustrated in Figure 7, we found that DOX significantly enhanced antigen
presentation both in vitro and in vivo; indeed the effects of DOX were neatly as
pronounced as those elicited by treatment of mice with LDC or LPS stimulation of
BMDCs. No increases in antigen presentation were observed in similar experiments with

the other chemotherapy drugs under investigation; rather we found that dexamethasone,
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paclitaxel and cisplatin significantly suppressed DC-mediated allogeneic T-cell
proliferation while chlorambucil and vinblastine had neither suppressive nor stimulatory
effects.
Exposure to DOX stimulates production of IL-12 from BMDCs

Efficient priming of Th1-mediated CD4+ and CD8+ T-cell responses by DCs is
dependent on adequate production of pro-inflammatory cytokines. The nature of
cytokine production by DCs from cancer patients is especially critical since tumor-
induced defects in DC activation may result in secretion of immunosuppressive rather
than pro-inflammatory cytokines that generate tumor tolerance rather than effective
antitumor immunity (44-46). Therefore we conducted experiments to characterize
cytokine production in BMDCs exposed to DOX. Despite increased expression of CD40,
24-hour culture of BMDCs with DOX did not trigger significant production of pro-
inflammatory (TNF-a, IL-12, IFN-a, IFN-f or IL-1p) or immunosuppressive (IL-10,
TGF-B) cytokines. In these experiments LPS (5 ug/ml) was use as a positive control for
pro-inflammatory cytokine secretion while zymosan (3 ug/ml) was used to elicit IL-10
production. In addition, because the results of our in vivo studies showed that maximal
stimulatory effect of DOX on DCs occurred 3-5 days after administration, we also
examined cytokine production in DOX-pulsed BMDCs that were maintained in culture
for several days following removal of the drug. Surprisingly, culture of DCs for an
additional 4 days resulted in production of a small yet significant amount of IL-12
(p <0.01) (Figure 8). Increased production of other cytokines, either pro-inflammatory

or immunosuppressive, was not observed.
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Analysis of costimulatory molecule expression after the extended culture period
also revealed significantly increased levels of CD40 and 4-1BBL compared to DCs
maintained in culture medium alone (p < 0.001), mirroring the early expression of these
markers exhibited by splenic DCs in vivo (Figure 8). At this time point, however, the
expression of CD86 and MHC Class II was not increased over the levels observed on
control DCs (data not shown). Unfortunately we were not able to maintain sufficient
viability in BMDC cultures past 4 days (despite replacement of the GM-CSF supernatant
in the tissue culture medium every other day) and were therefore unable to assess
costimulatory molecule expression or cytokine production past this point. Thus, the
ability of DOX to fully activate DCs appears to be time-dependent both in vitro and in

Vivo.

Figure 8: DOX induces IL-12 production and
increased expression of CD40 and 4-1BBL.
BMDCs were exposed to DOX for 24 hours, drug
was then removed and cells maintained in culture for
w 4 days before supernatants were collected for
cytokine ELISAs and DCs were harvested for flow
300 cytometry. IL-12 production, CD40 and 4-1BBL
expression were significantly increased compared to
control cultures (p < 0.01 and p < 0.001) for DOX vs.
1001 medium control of IL-12 and costimulatory
molecules, respectively. Error bars give the SD.
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Treatment of tumor-bearing mice with DOX increases the number of activated
DCs in tumor-draining lymph nodes and tumor-infiltrating lymphocytes

Despite our evidence for the ability of DOX chemotherapy to activate myeloid
DCs in the spleen of healthy mice, previous investigations have shown that DCs from
cancer patients are dysfunctional and may therefore respond poorly to activating stimuli
(45). Therefore, to extend our findings to a more clinically relevant setting, experiments
were conducted to assess the ability of DOX to activate DCs in tumor-bearing mice using
the well-studied B16 melanoma model. In these experiments, B16 tumors were
established in the skin of C57Bl/6 mice and DOX was administered when tumors were
readily palpable (2-3 mm diameter) at about 7 days after tumor inoculation. Following
i.v. administration of either DOX or PBS, mice were sacrificed 7 days later and single
cell suspensions were prepared for FACS analyses from the spleen, draining and non-
draining lymph nodes and tumor tissues.

As demonstrated in Figure 9, we found that mice treated with DOX had
significantly more CD11¢" DCs expressing CD40", CD86" or MHC Class II" within
tumor-draining lymph nodes and the tumor infiltrating lymphocyte (TIL) population than
in similar tissues of untreated mice. No differences were detected in the number of
mature myeloid DCs in the spleen or non-draining lymph nodes between DOX-treated

and PBS-treated mice (data not shown).
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Figure 9: Treatment with DOX increases the number of mature DCs in
mice with Bl16-melanoma. Mice receiving DOX (black bars) had significantly
increased numbers of CD11c” DCs expressing CD40, CD86 or MHC Class 11
within tumor-draining lymph nodes, (*p <0.01 and **p<0001), (A) and TILS, (p <
0.04), (B) than untreated mice (white bars). Error bars give the SD from the mean.

DISCUSSION

The primary objectives of the studies reported here were to better understand the
effects of commonly used chemotherapeutic agents on DC function and to identify
promising candidates for combination with tumor-specific immunotherapy. The key
finding to emerge from this work is that the anthracycline derivative, DOX, augments
several important aspects of DC function including costimulatory molecule expression,
IL-12 production and antigen presentation. Furthermore, in mice with B16 melanoma,
systemic DOX treatment expanded the number of mature DCs within tumor-draining
lymph nodes and tumor tissues. These results suggest that DOX may be able to stimulate

DC function in tumor-bearing animals as well as in healthy mice.
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One striking and novel observation that arose from the studies reported here was
the temporal nature of the immunostimulatory effects of DOX on DCs. Although
increased levels of antigen presentation and CD40 expression were detected in BMDCs
within a 24-hour incubation period, detection of increased expression of 4-1BBL and IL-
12p40 production required an additional 72 hours once DOX had been thoroughly
removed from the culture medium (Figure 8). This phenomenon contrasts with the rapid
(i.e., <24 hr) production of multiple pro-inflammatory cytokines and wide array of
costimulatory molecule expression induced through classic Toll-like receptor (TLR)
signaling pathways (47, 48). Rather, our results suggest that DOX stimulates DCs in
vitro through an as yet unidentified TLR-independent mechanism.

The pattern of costimulatory molecule and MHC Class II expression observed in
splenic DCs from DOX-treated mice was similar to that of DCs in vitro. Thus, we found
that CD40 and 4-1BB L expression were increased relatively early in DOX-treated mice
(Figure 5) while CD86 and MHC Class II expression were not elevated above levels in
control mice until 5 days following drug administration. One possibility, then, is that
DOX may induce DC expression of TNF-receptor superfamily members more readily
than other receptors such as CD86 and MHC Class II. Further analysis of the TNF-R
signaling pathways in DCs exposed to DOX might contribute to a better understanding of
the differential effects of DOX on costimulatory molecule expression.

A limitation of the studies described here is the inability to differentiate between
indirect and direct effects of chemotherapy agents on DCs. Although the BMDC cultures
used in our experiments contained approximately 60 — 70% CD11c+/DEC-205" cells, the

remaining cells were primarily CD11¢/CD11b+/F480+ macrophages (not shown). Given
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the previously described ability of DOX expand and activate macrophages in vitro, DOX
may simultaneously stimulate macrophages as well as DCs. A similar scenario might
also occur in vivo; for example, the delayed expression of CD86 and MHC Class I on
DCs from DOX-treated mice may be dependent on activation of other cell types such as
NK cells and macrophages that further modulate DC function. Cell sorting and depletion
experiments will need to be performed to aid in distinguishing between the direct and
indirect effects of DOX on DCs.

Another intriguing finding to emerge from these studies was the marked
expansion of the splenic myeloid DC population in DOX-treated mice (Figure 5).
Analysis of the kinetics of this effect demonstrated a highly significant increase in the
number of mature myeloid DCs 5 days after administration of DOX; a time period
consistent with the rapid turn-over and proliferation of DCs in the murine spleen (49).

Although we suspect that the increase is secondary to DOX-induced stimulation
of myeloid DC proliferation, an alternative explanation is that DOX drives differentiation
of splenic DC precursors to the myeloid phenotype. Given the lack of increase in the
number of CD11b"CD11¢ or CD11b'Grl” cells in the spleen of DOX-treated mice, this
does not seem likely. Another possibility is that treatment with DOX favors
accumulation of myeloid DCs in the spleen following their differentiation from
precursors present in blood. Unfortunately, CD11b"CD11c¢” or CD11b"Grl" cells were
not enumerated in peripheral blood or lymph nodes, thus we can not rule out the potential
contribution of precursor differentiation in these organs to the increased numbers of
myeloid DCs observed in the spleen. Since the production of splenic DCs is largely under

the control of the cytokine FLT3L (FMS-related tyrosine kinase-3 ligand) and the STAT3
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(signal transducer and activator of transcription 3) transcription factor in mice, studies to
determine whether DOX stimulates FLT3L production or increases STAT3 expression
would contribute to a better understanding of the drug’s effects on the splenic myeloid
DC population (50).

In conclusion, our findings demonstrate the ability of DOX to stimulate multiple
aspects of DC function, both in vitro and in vivo. Furthermore, our results suggest that
DOX chemotherapy would be a logical prelude to administration of tumor vaccines,
based on the ability of DOX to expand the number of activated DCs in the tumor-
draining lymph nodes and TILs of mice with advanced B16 melanoma. Although the
generation of more effective antitumor immunity in these mice awaits investigation,
combination of DOX chemotherapy with vaccine-based immunotherapy for cancer merits

continued investigation.

REFERENCES
1. Gilboa E. The promise of cancer vaccines. Nat Rev Cancer 2004;4(5):401-11.

2. Pardoll DM. Therapeutic vaccination for cancer. Clin Immunol 2000;95(1 Pt
2):544-62.

3. Pardoll DM. Spinning molecular immunology into successful immunotherapy.
Nat Rev Immunol 2002;2(4):227-38. <

4, Belardelli F, Ferrantini M, Parmiani G, Schlom J, Garaci E. International meeting
on cancer vaccines: how can we enhance efficacy of therapeutic vaccines? Cancer Res
2004;64(18):6827-30.

5. Dalgleish AG, Whelan MA. Cancer vaccines as a therapeutic modality: The long
trek. Cancer Immunol Immunother 2006;55(8):1025-32.

6. Rosenberg SA, Yang JC, Restifo NP. Cancer immunotherapy: moving beyond
current vaccines. Nat Med 2004;10(9):909-15.

124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7. Yu Z, Restifo NP. Cancer vaccines: progress reveals new complexities. J Clin
Invest 2002;110(3):289-94.

8. Broomfield S, Currie A, van der Most RG, et al. Partial, but not complete, tumor-
debulking surgery promotes protective antitumor memory when combined with
chemotherapy and adjuvant immunotherapy. Cancer Res 2005;65(17):7580-4.

9. Emens LA, Jaffee EM. Leveraging the activity of tumor vaccines with cytotoxic
chemotherapy. Cancer Res 2005;65(18):8059-64.

10.  Emens LA, Reilly RT, Jaffee EM. Breast cancer vaccines: maximizing cancer
treatment by tapping into host immunity. Endocr Relat Cancer 2005;12(1):1-17.

11.  Machiels JP, Reilly RT, Emens LA, et al. Cyclophosphamide, doxorubicin, and
paclitaxel enhance the antitumor immune response of granulocyte/macrophage-colony

stimulating factor-secreting whole-cell vaccines in HER-2/neu tolerized mice. Cancer
Res 2001;61(9):3689-97.

12. Nowak AK, Robinson BW, Lake RA. Synergy between chemotherapy and
immunotherapy in the treatment of established murine solid tumors. Cancer Res
2003;63(15):4490-6.

13.  Casares N, Pequignot MO, Tesniere A, et al. Caspase-dependent immunogenicity
of doxorubicin-induced tumor cell death. J Exp Med 2005;202(12):1691-701.

14, Casati A, Zimmermann VS, Benigni F, Bertilaccio MT, Bellone M, Mondino A.
The immunogenicity of dendritic cell-based vaccines is not hampered by doxorubicin and
melphalan administration. J Immunol 2005;174(6):3317-25.

15.  Lake RA, Robinson BW. Immunotherapy and chemotherapy--a practical
partnership. Nat Rev Cancer 2005;5(5):397-405.

16. Nowak AK, Lake RA, Marzo AL, et al. Induction of tumor cell apoptosis in vivo
increases tumor antigen cross-presentation, cross-priming rather than cross-tolerizing
host tumor-specific CD8 T cells. J Immunol 2003;170(10):4905-13.

17.  Cohen SA, Ehrke MJ, Ryoyama K, Mihich E. Augmentation of the phagocytic
activity of murine spleen cell populations induced by Adriamycin. Immunopharmacology

1982;5(1):75-84.

18.  Ehrke MJ. Immunomodulation in cancer therapeutics. Int Immunopharmacol
2003;3(8):1105-19.

19. Ehrke MJ, Tomazic V, Ryoyama K, Cohen SA, Mihich E. Adriamycin induced
immunomodulation: dependence upon time of administration. Int J Immunopharmacol
1983;5(1):43-8.

125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20.  Kawasaki K, Akashi S, Shimazu R, Yoshida T, Miyake K, Nishijima M.
Involvement of TLR4/MD-2 complex in species-specific lipopolysaccharide-mimetic
signal transduction by Taxol. J Endotoxin Res 2001;7(3):232-6.

21.  LiL, Okino T, Sugie T, et al. Cyclophosphamide given after active specific
immunization augments antitumor immunity by modulation of Thl commitment of
CD4+ T cells. J Surg Oncol 1998;67(4):221-7.

22.  Schiavoni G, Mattei F, Di Pucchio T, et al. Cyclophosphamide induces type I
interferon and augments the number of CD44(hi) T Iymphocytes in mice: implications for
strategies of chemoimmunotherapy of cancer. Blood 2000;95(6):2024-30.

23.  Wang J, Kobayashi M, Han M, et al. MyD88 is involved in the signalling
pathway for Taxol-induced apoptosis and TNF-alpha expression in human
myelomonocytic cells. Br J Haematol 2002;118(2):638-45.

24.  Sellins K, Fradkin L, Liggitt D, Dow S. Type I interferons potently suppress gene
expression following gene delivery using liposome(-)DNA complexes. Mol Ther
2005;12(3):451-9.

25. URen L, Kedl R, Dow S. Vaccination with liposome-DNA complexes elicits
enhanced antitumor immunity. Cancer Gene Ther 2006;13(11):1033-44.

26.  McDonald RJ, Liggitt HD, Roche L, ef al. Aerosol delivery of lipid:DNA
complexes to lungs of rhesus monkeys. Pharm Res 1998;15(5):671-9.

27. Templeton NS, Lasic DD, Frederik PM, Strey HH, Roberts DD, Pavlakis GN.
Improved DNA: liposome complexes for increased systemic delivery and gene
expression. Nat Biotechnol 1997;15(7):647-52.

28. Inaba K, Inaba M, Romani N, ef al. Generation of large numbers of dendritic cells
from mouse bone marrow cultures supplemented with granulocyte/macrophage colony-
stimulating factor. J Exp Med 1992;176(6):1693-702.

29.  Mossman T. Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxic assays. J Immunol Methods 1983;65:55-63.

30. Emens LA, Machiels JP, Reilly RT, Jaffee EM. Chemotherapy: friend or foe to
cancer vaccines? Curr Opin Mol Ther 2001;3(1):77-84.

31.  Nigam A, Yacavone RF, Zahurak ML, et al. Immunomodulatory properties of
antineoplastic drugs administered in conjunction with GM-CSF-secreting cancer cell
vaccines. Int J Oncol 1998;12(1):161-70.

126

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



32.  Nguyen KB, Cousens LP, Doughty LA, Pien GC, Durbin JE, Biron CA.
Interferon alpha/beta-mediated inhibition and promotion of interferon gamma: STAT1
resolves a paradox. Nat Immunol 2000;1(1):70-6.

33. Alberts DS, Chang SY, Chen HS, Larcom BJ, Evans TL. Comparative
pharmacokinetics of chlorambucil and melphalan in man. Recent Results Cancer Res
1980;74:124-31.

34.  Gianni L, Kearns CM, Giani A, et al. Nonlinear pharmacokinetics and
metabolism of paclitaxel and its pharmacokinetic/pharmacodynamic relationships in
humans. J Clin Oncol 1995;13(1):180-90.

35. Greene RF, Collins JM, Jenkins JF, Speyer JL, Myers CE. Plasma
pharmacokinetics of adriamycin and adriamycinol: implications for the design of in vitro
experiments and treatment protocols. Cancer Res 1983;43(7):3417-21.

36. Owellen RJ, Hartke CA, Hains FO. Pharmacokinetics and metabolism of
vinblastine in humans. Cancer Res 1977;37(8 Pt 1):2597-602.

37.  Schellens JH, Ma J, Planting AS, et al. Relationship between the exposure to
cisplatin, DNA-adduct formation in leucocytes and tumour response in patients with solid
tumours. Br J Cancer 1996;73(12):1569-75.

38. Struck RF, Alberts DS. Blood levels of alkylating metabolites of
cyclophosphamide in the mouse after iv or oral administration. Cancer Treat Rep
1984;68(5):765-70.

39. Struck RF, Alberts DS, Horne K, Phillips JG, Peng YM, Roe DJ. Plasma
pharmacokinetics of cyclophosphamide and its cytotoxic metabolites after intravenous
versus oral administration in a randomized, crossover trial. Cancer Res
1987;47(10):2723-6.

40.  Joo HG. Altered maturation of dendritic cells by taxol, an anticancer drug. J Vet
Sci 2003;4(3):229-34.

41. Ackland SP, Ratain MJ, Vogelzang NJ, Choi KE, Ruane M, Sinkule JA.
Pharmacokinetics and pharmacodynamics of long-term continuous-infusion doxorubicin.
Clin Pharmacol Ther 1989;45(4):340-7.

42, Dow SW, Fradkin LG, Liggitt DH, Willson AP, Heath TD, Potter TA. Lipid-
DNA complexes induce potent activation of innate immune responses and antitumor
activity when administered intravenously. J Immunol 1999;163(3):1552-61.

43.  Zaks K, Jordan M, Guth A, et al. Efficient immunization and cross-priming by

vaccine adjuvants containing TLR3 or TLR9 agonists complexed to cationic liposomes. J
Immunol 2006;176(12):7335-45.

127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



44,  Almand B, Resser JR, Lindman B, et al. Clinical significance of defective
dendritic cell differentiation in cancer. Clin Cancer Res 2000;6(5):1755-66.

45. Gabrilovich DI, Velders MP, Sotomayor EM, Kast WM. Mechanism of immune
dysfunction in cancer mediated by immature Gr-1+ myeloid cells. J Immunol
2001;166(9):5398-406.

46.  Pinzon-Charry A, Maxwell T, Lopez JA. Dendritic cell dysfunction in cancer: a
mechanism for immunosuppression. Immunol Cell Biol 2005;83(5):451-61.

47.  Steinman RM, Hemmi H. Dendritic cells: translating innate to adaptive immunity.
Current topics in microbiology and immunology 2006;311:17-58.

48.  Tsan MF. Toll-like receptors, inflammation and cancer. Seminars in cancer
biology 2006;16(1):32-7.

49. Shortman K, Naik SH. Steady-state and inflammatory dendritic-cell development.
Nat Rev Immunol 2007;7(1):19-30.

50.  Laouar Y, Welte T, Fu XY, Flavell RA. STATS3 is required for Flt3L-dependent
dendritic cell differentiation. Immunity 2003;19(6):903-12.

128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



GENERAL CONCLUSIONS AND FUTURE DIRECTIONS

The research presented in this dissertation focused primarily on the effects of
chemotherapeutic agents on immune responses in healthy and tumor-bearing animals. As
a whole, these studies contributed to a better understanding of the impact of
chemotherapy on innate and adaptive and immune responses and set the stage for future
investigations into multi-modality approaches to the treatment of cancer. It is anticipated
that extension of this work will include clinical trials investigating chemotherapy
combined with tumor vaccination in dogs with cancer as well as continued basic research
using tumor models in mice.

Initial studies investigated the effects of two different chemotherapy protocols on
adaptive immune responses in dogs with either lymphoma or osteosarcoma. The
objectives of this work were to determine whether: 1) dogs with cancer have decreased T
and B cell numbers in peripheral circulation compared to those of healthy dogs, 2)
cancer-bearing dogs can mount an appropriate humoral immune response to de novo
vaccination, and 3) lymphocyte counts or antibody responses change during the course of
chemotherapy. Although not designed to investigate the impact of each chemotherapy
drug per se, this study also compared the effects of combination versus single agent
chemotherapy.

A key finding of this study was that chemotherapy did not significantly suppress

T-cell numbers and that, despite reduction in B-cell numbers with multi-agent
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chemotherapy, antibody responses to vaccination remained intact. Although these
observations provide support for the concurrent administration of tumor immunotherapy
and chemotherapy, studies of T-cell function are indicated to better assess the efficacy of
combined treatment protocols.

A logical next step, therefore, would be to assess lymphocyte function in cancer-
bearing dogs undergoing chemotherapy and immunotherapy. This can be accomplished
through determination of delayed-type hypersensitivity reactions, lymphocyte
proliferation, antibody titers, and cytokine-release assays such as the ELISpot assay for
IFN-y. These tests would be important in determining the nature of humoral and T-cell
mediated immunity in patients treated with chemotherapy and immunotherapy and would
help in understanding the significance of the observed lymphopenia in tumor-bearing
dogs.

In human cancer patients pre-treatment lymphopenia is linked to a poor prognosis
for some tumor types (1, 2). In addition, defective CTL function is well-recognized as an
important reason for the failure of tumor vaccination to elicit clinically effective
antitumor immunity (3-5). Based on the inability of chemotherapy to alleviate the
abnormally low T-cell counts in the present study, it is suspected that chemotherapy
might neither improve (nor suppress) T-cell function in cancer-bearing dogs.

The immunosuppressive effects of cancer may be manifested in a variety of ways
including defects in lymphocyte and APC function or recruitment of inhibitory cells such
as regulatory T cells. The samples collected during the chemotherapy study described
above provided an opportunity to preliminarily assess of the effects of chemotherapy on

Treg levels in cancer-bearing dogs. Although chemotherapy did not appear to either
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negatively or positively impact the number of probable Treg (CD4+IL-2R+ T-cells), the
low sensitivity and specificity of the assay made interpretation of the data difficult.
However, dogs with lymphoma appeared to have persistently elevated levels of CD4+IL-
2R+ T-cells that did not diminish despite induction of clinical remission. This suggests
that Treg are likely to play a role in dogs with cancer as they do in people and that
chemotherapy may not be sufficient to alleviate some mechanisms of tumor immune
evasion.

The inability to distinguish between activated, non-regulatory CD4+ T-cells and
Treg underscored the need to find a better method for Treg identification. Thus, as
described Chapter 3, we developed an assay to identify canine Treg based on intracellular
detection of the FoxP3 transcription factor. This approach is currently accepted as the
most specific method for Treg identification in other species (6). With this assay we were
able to evaluate Treg levels in dogs with different types of cancer and confirm that Treg
are abnormally elevated in the blood and tumor-draining lymph nodes compared to Treg
levels in normal dogs. This technique will now permit a more critical evaluation of the
role of Treg in the canine cancer patient. It is anticipated that the results of this study will
help to provide a foundation for future clinical trials in which Treg depletion can be
explored as therapeutic modality in dogs with cancer.

In Chapter 4 we investigated the effects of chemotherapy on DCs. Despite the
pivotal role that DCs play in the generation of antitumor immune responses there is
surprisingly little information regarding the impact of drug therapy on DC function.
Although the immunostimulatory properties of several chemotherapy agents have been

described, previous investigations have focused largely on CTL responses or the
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stimulatory effects of tumor cell death on APCs. Therefore, we systematically evaluated
the effects of a panel of commonly used chemotherapy agents on multiple aspects of DC
function in both in vitro and in vivo studies. The objectives of this work were not only to
gain a better understanding of chemotherapy’s impact on DCs, but to also identify a drug
(or drugs) that might enhance DC function, especially when used in combination with
tumor vaccines.

Through this work the ability of the chemotherapy drug DOX to activate DCs
soon became apparent. We found that DOX stimulated multiple aspects of DC function
including antigen presentation and increased costimulatory molecule expression.
Administration of a single dose of DOX led to dramatic expansion of the number of
mature myeloid DCs in the spleen within 5 to 7 days of treatment. Furthermore, in mice
with B16 melanoma, treatment with DOX led to increased numbers of activated DCs
within tumor tissue and tumor-draining lymph nodes suggesting that DOX therapy may
stimulate DC function in tumor-bearing as well as healthy animals.

Based on these observations, we would next propose studies in a mouse tumor
model (e.g. CT26 colon carcinoma) to determine if DOX chemotherapy can be combined
with tumor vaccination to enhance antitumor immunity. Our hypothesis is that mice
receiving DOX chemotherapy prior to tumor vaccination will demonstrate enhanced CTL
function as well as delayed tumor growth compared to mice receiving the tumor vaccine
alone. Clinical trials in dogs with spontaneous cancer could also be conducted to
determine if administration of DOX chemotherapy in combination with an LDC-based
tumor vaccine improves the response to treatment for diseases such as osteosarcoma and

lymphoma.
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Overall, the research described here has documented progress towards a better
understanding of the impact of chemotherapy on innate and adaptive immune responses
and led to initial studies of canine Treg using a novel diagnostic technique. This work
represents a significant step towards the development of more effective approaches to
anti-cancer therapy. We believe that it provides important groundwork for future
investigations of combined treatment modalities that can readily be translated from the
laboratory to the clinic. Thus, by using both companion animals with spontaneously
occurring cancer and the tools of basic research, extension of the studies described here

may help us to move forward down the path towards a cure for cancer.
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