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Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) functions as
a negative regulator of endogenous and vaccine-induced antitu-
mor immunity. The administration of fully human anti-CTLA-4
blocking monoclonal antibodies to advanced-cancer patients in-
creases immune-mediated tumor destruction in some subjects.
Nonetheless, patients that respond also frequently manifest seri-
ous inflammatory pathologies, raising the possibility that the
therapeutic and toxic effects of CTLA-4 blockade might be linked.
Here we show that periodic infusions of anti-CTLA-4 antibodies
after vaccination with irradiated, autologous tumor cells engi-
neered to secrete GM-CSF (GVAX) generate clinically meaningful
antitumor immunity without grade 3 or 4 toxicity in a majority of
metastatic melanoma patients. The application of this sequential
immunotherapy to advanced ovarian carcinoma patients also re-
vealed that tumor destruction and severe inflammatory pathology
could be dissociated, although further refinements are required to
increase clinical responses and to minimize toxicity in this popu-
lation. The extent of therapy-induced tumor necrosis was linearly
related to the natural logarithm of the ratio of intratumoral CD8+
effector T cells to FoxP3+ regulatory T cells (Tregs) in posttreatment
biopsies. Together, these findings help clarify the immunologic and
clinical effects of CTLA-4 antibody blockade in previously vacci-
nated patients and raise the possibility that selective targeting of
antitumor Tregs may constitute a complementary strategy for
combination therapy.
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Tumors frequently provoke innate and adaptive immune
recognition, but the development of clinically evident dis-
ease denotes a failure of host defense (1). The elucidation of
specific mechanisms that contribute to tumor escape provides a
strong foundation for crafting therapeutic strategies to improve
host immunity. One major defect involves inefficient antigen
presentation by tumor-infiltrating dendritic cells and macro-
phages (2). Soluble and membrane-bound factors produced in
the tumor microenvironment impede the activation of these
professional antigen-presenting cells, skewing host reactions
toward immunosuppressive circuits and dysfunctional effector T
cells. Diverse vaccination strategies, however, may enhance the
acquisition and processing of tumor antigens by dendritic cells
and thereby engender protective immunity (3). Among these
approaches, vaccination with irradiated, autologous tumor cells
engineered to secrete GM-CSF (GVAX) stimulates a coordi-
nated cellular and humoral response that effectuates substantial
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tumor necrosis in many patients with solid or hematologic
malignancies (4).

Whereas immunization augments the magnitude and breadth
of host reactions, most vaccinated subjects eventually succumb
to progressive disease, implying the existence of additional
immune defects. In this context, a key role has emerged for
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) as a
negative regulator of antitumor responses (5). Upon engagement
by B7-1 or B7-2, CTLA-4 expressed on the surface of activated
T lymphocytes signals for cell-cycle arrest and attenuation of
effector function (6-8). Therefore, the transient blockade of
CTLA-4 with antibodies potentiates immune-mediated tumor
destruction, particularly in combination with cancer vaccines
(9-11). The therapeutic efficacy of CTLA-4 blockade in murine
models involves enhanced antitumor cytotoxicity, which reflects
an increased proportion of CD8* T effector cells to FoxP3*
Tregs within intratumoral infiltrates (12). Although CTLA-4
may contribute to Treg-induced immune suppression in some
settings (13, 14), the infusion of anti-CTLA-4 antibodies triggers
an overall expansion of Treg numbers in tumor-bearing hosts,
especially in regional lymph nodes (12). Thus, a complex dy-
namic between effector and regulatory pathways underlies the
antitumor effects of CTLA-4 blockade.

The formulation of fully human anti-CTLA-4 blocking mono-
clonal antibodies suitable for clinical administration has pro-
vided an opportunity to investigate the activities of CTLA-4 in
advanced-cancer patients (5). Several early-stage trials demon-
strated that anti-CTLA-4 antibodies alone or in combination
with melanosomal antigen-derived peptide vaccines or chemo-
therapy can accomplish durable tumor regressions in a minority

Author contributions: F.S.H., J.P.A., and G.D. designed research; F.S.H., M.B., D.A.O., M.V.S.,
F.G.H., A.Kruse, S.M., M.N,, C.C,, D.L,, S.R.,, M.T.J,, N.R,, T.C.C., M.C.M., and G.D. performed
research; I.L. and A. Korman contributed new reagents/analytic tools; F.S.H., M.B., D.A.O.,
D.N., M.C.M., and G.D. analyzed data; and F.S.H., M.B., D.A.O., M.C.M., and G.D. wrote the
paper.

Conflict of interest statement: I.L. and A. Korman are employees of Medarex, Inc. J.P.A. is
a consultant to Medarex, Inc. F.S.H. has served as a nonpaid consultant for Medarex, Inc.,
and Bristol-Myers Squibb. F.S.H. receives support for company-sponsored trials from
Medarex, Inc., and Bristol-Myers Squibb.

bTo whom correspondence may be addressed. E-mail: stephen_hodi@dfci.harvard.edu or

allisonj@mskcc.org.

ePresent address: Fox Chase Cancer Center, 333 Cottman Avenue, Philadelphia, PA 19111.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0712237105/DC1.

© 2008 by The National Academy of Sciences of the USA

PNAS | February 26,2008 | vol. 105 | no.8 | 3005-3010

IMMUNOLOGY



http://www.pnas.org/cgi/content/full/0712237105/DC1
http://www.pnas.org/cgi/content/full/0712237105/DC1

SINPAS

of metastatic melanoma patients (15-19). However, responding
subjects often develop significant toxicities, with gastrointestinal
inflammation, manifested as diarrhea, abdominal pain, and
rarely perforation, the most common serious adverse event.
Endoscopic biopsies have documented mucosal disruption ef-
fectuated by mixed lymphocyte, granulocyte, and macrophage
infiltrates (20), features consistent with a critical role for
CTLA-4 in maintaining intestinal homeostasis in murine models
(21). Symptomatic immune-mediated hypophysitis, hepatitis,
glomerulonephritis, pneumonitis, and dermatitis have also been
reported at lower frequencies.

The concordance of tumor regressions and serious inflamma-
tory pathologies with CTLA-4 blockade has raised the possibility
that the therapeutic and toxic effects of the antibody might be
linked. Indeed, some current strategies for identifying the opti-
mal dose and schedule of antibody treatment are based on the
idea that tumor destruction might require a major breach of
tolerance to normal self-antigens (22, 23). In contrast to this
notion, though, the presence of a significant endogenous or
vaccine-evoked host response might allow less intense levels of
CTLA-4 blockade to accomplish selective amplification of tu-
mor-specific immunity. Consistent with this idea, we previously
demonstrated that a single infusion of anti-CTLA-4 antibody (3
mg/kg of MDX-010, Ipilumimab) triggered striking tumor ne-
crosis without severe toxicity in five of five metastatic melanoma
or ovarian carcinoma patients who were previously immunized
with GVAX (24). To explore further whether tumor immunity
and serious inflammatory toxicity might be uncoupled with
CTLA-4 antibody blockade, we evaluated this sequential immu-
notherapy in a larger patient cohort.

Results

Metastatic Melanoma. In our initial studies of sequential immu-
notherapy for stage IV metastatic melanoma patients, the
interval from completion of GVAX to anti-CTLA-4 antibody
administration was several years (24). To examine the interac-
tions of these approaches in more detail, we designed a new
clinical protocol in which antibody infusion was moved tempo-
rally closer to vaccination. The 11 additional stage IV patients
treated in this study received CTLA-4 blockade from 1 to 4
months after GVAX [supporting information (SI) Table 1].
Ipilumimab was infused at a fixed dose of 3 mg/kg, with
subsequent treatments permitted at 2- to 3-month intervals as
clinically indicated. Within this schema, the number of antibody
infusions received by individual patients to date ranged from 1
to 16.

In contrast to other more intensive antibody doses and sched-
ules (15-19), no grade 3 or 4 serious toxicities were observed in
this melanoma cohort. Nonetheless, all subjects manifested mild
inflammatory pathologies associated with low-level constitu-
tional symptoms. The most common toxicity (10 of 11 subjects)
was a grade I-II, reticular, and erythematous rash on the trunk
and/or extremities that arose between 3 days and 3 weeks after
antibody administration and then gradually resolved without
specific intervention. Biopsies of involved skin revealed low-
grade interface dermatitis, minor to moderate mononuclear
infiltrates surrounding the superficial dermal vasculature, and
increased mucin deposition (as revealed with colloidal iron
staining) in the papillary and reticular dermis (Fig. 1). The
interface dermatitis consisted almost exclusively of CD8* T cells,
few of which demonstrated significant epidermotropism. The
perivascular infiltrate was composed of a mixture of CD4* and
CD8* T cells. CD4"FoxP3* Tregs were also abundantly repre-
sented in the superficial perivascular dermal infiltrates, where
they might function to ameliorate the severity of the reaction.
Collectively, these pathologic features resemble those observed
in mild cutaneous forms of systemic lupus erythematosis. In
accordance with this notion, two patients displayed transient,
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Fig. 1. CTLA-4 antibody blockade triggers a partial breach of tolerance to
normal skin. (Top Left) Perivascular infiltrates (H&E). (Magnification: x20.)
(Top Right) Interface dermatitis (H&E). (Magnification: x40.) (Middle) CD3
and FoxP3™" (x20), and CD4 and CD8 (x40). (Bottom Left) Colloidal iron stain
reveals mucin accumulation in the dermis. (Magnification: X20.) (Bottom
Right) Colloidal iron stain, normal skin. (Magnification: x20.)

small increases in antinuclear antibody titers, but no evidence of
systemic involvement including glomerulonephritis, serositis,
cerebritis, or arthritis was noted.

A key role for CTLA-4 in immune homeostasis was further
revealed by other grade 1 or 2 inflammatory toxicities in
individual patients. Bilateral, hilar lymphadenopathy without
pulmonary symptoms was detected in one subject upon routine
thoracic computerized tomography imaging. Biopsies of the
enlarged nodes disclosed abundant epithelioid histiocytes that
formed noncaseating granulomas, a pattern typical of sarcoid-
osis (Fig. 2). Although melanoma cells were not detected by
immunohistochemistry for HMB-45 and MART-1 expression in
these nodes (data not shown), abundant dendritic cells and
macrophages were present, as revealed by antibody staining for
S100 and CD68. Substantial numbers of CD3* T cells and
FoxP3* Tregs were also evident, consistent with a recent report
highlighting the involvement of these lymphocyte subsets in
sarcoidosis (25). The patient continued to receive anti-CTLA-4
antibody treatments, and the lymphadenopathy waned without
intervention. One subject experienced transient grade 2 diarrhea
reflecting low-grade colitis, as documented by sigmoidoscopy,
but this subsided in a few days without therapy. One patient
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Fig. 2.
(Top Left) Involved hilar lymph node (H&E). (Magnification: xX4.) (Top Right)
Noncaseating granulomas (H&E). (Magnification: X 10.) Immunostains: $100,
CD68, CD3, and FoxP3 (Magnification: X20).

CTLA-4 antibody blockade precipitates a sarcoidosis-like pathology.

showed mild, nonprogressive, focal hypopigmentation of the
retinal pigment epithelium without alteration of visual acuity.

Notwithstanding the absence of clinical grade 3 or 4 inflam-
matory toxicities, 8 of the 11 subjects displayed meaningful
antitumor effects, as measured by tumor regressions or pro-
longed stable disease, with associated improvements in disease-
related morbidities (SI Table 1). By standard Response Evalu-
ation Criteria in Solid Tumors (RECIST), three subjects
demonstrated partial responses (Fig. 3). These regressions be-
came apparent only after several months of therapy and were
preceded by transient increases in tumor size early after antibody
infusion. Regressions were observed in multiple visceral sites,
including lung, pleura, intestine, and perirenal soft tissues, and
these responses have proved durable (ongoing at 34, 24, and 21
months). By radiographic and clinical criteria, an additional five
patients manifested stable disease for a minimum of 4 months
and extending up to 25 months (the current length of follow-up).
In light of the prior pace of disease progression and the
significant tumor burden present in these patients upon initia-
tion of anti-CTLA-4 antibody treatment (liver, lung, bone,
visceral nodes, skin, and soft tissues), these antitumor effects are
significant.

To examine the immune mechanisms underlying the antitu-
mor activities of CTLA-4 blockade, we studied biopsies of
metastatic lesions that were resected in six cases after Ipilumi-
mab administration. These specimens revealed a spectrum of
tumor necrosis ranging from minimal to extensive (Fig. 44). All
samples that exhibited significant necrosis contained a dense
infiltration of CD8* T cells, sometimes associated with acute
inflammatory cells, particularly at the periphery of the lesion,
where scattered viable melanoma cells were still evident. A
vasculopathy composed of lymphocytes and neutrophils with
rare fibrin thrombi was also found in areas of zonal necrosis. The
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Fig. 3. CTLA-4 antibody blockade evokes durable objective responses of
metastatic melanoma with minimal toxicities. Serial thoracic CT scans docu-
ment a transient increase in size of a pulmonary nodule (arrows) and pleural-
based disease (brackets) followed by marked regression of the involved sites.

degree of tumor cell destruction was inversely related to the
number of intratumoral FoxP3* Tregs (slope —5.27, P < 0.0001),
but only weakly proportional to the intensity of intratumoral
CD8* T cells (slope 1.5, P = 0.054) (Fig. 4B). However, the
overall extent of tumor necrosis was linearly related to the
natural logarithm of the ratio of infiltrating CD8" T cells to
FoxP3* cells (Necrosis = 26.25 + 24.6 * (In(Ratio)), P < 0.0001,
and R? is 98.6%). These findings are in accordance with recent
work demonstrating that combined GVAX and anti-CTLA-4
antibody treatment in the B16 murine melanoma model modu-
lates the balance of antitumor effector T cells and Tregs (12).
Our clinical results further raise the possibility that complemen-
tary strategies targeting intratumoral Tregs might increase the
therapeutic efficacy of GVAX and CTLA-4 blockade in ad-
vanced melanoma patients.

Metastatic Ovarian Carcinoma. We previously reported that a
single infusion of Ipilumimab (3 mg/kg) after GVAX in two stage
IV ovarian carcinoma patients was well tolerated and triggered
a decrease or stabilization of CA-125 levels of several month’s
duration (24). To define the toxicity and antitumor effects of this
sequential immunotherapy in more detail, we treated an addi-
tional nine stage IV ovarian carcinoma subjects by using the
same antibody dose and schedule that was explored in the
metastatic melanoma cohort (with the exception of one patient,
who was treated at 3- to 6-month intervals as described below).
The time from completion of GVAX to Ipilumimab for the
ovarian group varied from 1 month to 3 years, and the number
of antibody infusions administered to individual patients to date
ranged from 1 to 11 (SI Table 2).

In contrast to the melanoma patients, two cases of grade 3
inflammatory toxicities that involved the gastrointestinal tract
were observed in the ovarian population. In both instances,
significant diarrhea followed a single infusion of antibody, and
endoscopic biopsies revealed mucosal damage associated with
abundant granulocytes, macrophages, CD4* and CD8" T cells,
and FoxP3* Tregs. A brief course of oral corticosteroids ac-
complished rapid amelioration of symptoms in one subject,
whereas the other case gradually resolved over several months.
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Fig. 4. The ratio of tumor-infiltrating CD8* T cells to FoxP3* Tregs after

Ipilumimab infusion is tightly correlated with the extent of tumor necrosis. (A
Upper) Minimal necrosis of melanoma metastasis. (Lower) Extensive necrosis
of melanoma metastasis. (Magnification: H&E, x4; CD8, x20; FoxP3, xX40.) (B)
Numbers of intratumoral FoxP3* Tregs and CD8" T cells versus tumor necrosis.

This latter subject also manifested Sweet’s syndrome, with a
marked peripheral neutrophilia and a characteristic rash. Biopsy
of the involved skin revealed an intense dermal infiltrate of
neutrophils, which over time evolved to palisading granuloma
annulare-like features in the deep dermis with marked edema of
the papillary dermis (SI Fig. 6).

The remaining seven patients showed only minor inflamma-
tory toxicities. Three subjects developed rashes consisting of
papular, erythematous patches, which upon biopsy displayed
elements similar to the melanoma cohort (data not shown),
whereas four patients generated urticarial-like reactions re-
stricted to sites of prior vaccination. One subject mounted a
transient increase in antinuclear antibody titers.

Although less common than the melanoma group, significant
antitumor effects were observed in a minority of the ovarian
carcinoma patients. Among these, the most striking was patient
OV5, who achieved a dramatic fall in CA-125 levels several
months after an initial dose of Ipilumimab (Fig. 54). Although
the response was not maintained, a second infusion resulted in
a more rapid decline in CA-125 values. Interestingly, this accel-
eration of the antitumor reaction was mirrored by the kinetics of
the Ipilumimab-triggered papular rash, which arose over several
weeks with the first antibody treatment, but after only a few days
with the second. Nine additional infusions of the anti-CTLA-4
antibody spaced at 3- to 5-month intervals over nearly 4 years
have maintained profound disease control, with grade 1 rash as
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Fig. 5. CTLA-4 antibody blockade accomplishes the durable regression of

advanced ovarian carcinoma in the absence of significant toxicity. (A) CA-125
levels as a function of therapy. Small upward arrows indicate GVAX; down-
ward arrows denote Ipilumimab infusions. (B) Arrow indicates a large hepatic
metastasis that underwent marked regression. (C) MDX-010 augmented IgG
antibodies to NY-ESO-1.

the only adverse event. Moreover, this patient’s course was
initially characterized by a remarkable periodicity to the rise and
fall of CA-125 levels, but this gradually dampened as a function
of time and/or prolonged therapy. Consistent with the reduction
in the circulating tumor marker, radiographic studies docu-
mented substantial regression of a large, cystic hepatic metas-
tasis and the complete resolution of mesenteric lymphadenop-
athy and thickening of the gastrocolic ligament (Fig. 5B and data
not shown). Although the antitumor response did not involve the
generation of anti-CA-125 antibodies (data not shown), in-
creased humoral reactions to NY-ESO-1, a cancer-testis antigen
ectopically expressed in many ovarian carcinomas (26), were
associated with therapeutic activity (Fig. 5C).

Three additional subjects achieved stable disease of 6+ (on-
going), 4, and 2 months’ duration, as measured by CA-125 levels
and radiographic criteria, in the absence of serious toxicities. The
patient that developed Sweet’s syndrome and inflammatory
colitis underwent a needle biopsy of pelvic disease, and this
revealed extensive hemorrhagic tumor necrosis.

Discussion

Substantial evidence delineates CTLA-4 as a critical negative
regulator of antitumor immunity and a compelling target for
cancer immunotherapy (5). However, CTLA-4 also is an essen-
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tial mediator of immune homeostasis, as illuminated by the fatal
lymphoproliferative disorder that arises in young CTLA-4-
deficient mice (27, 28). In light of these complex activities, a
major challenge for the clinical development of anti-CTLA-4-
blocking monoclonal antibodies is to define a favorable thera-
peutic index that strikes an optimum balance between tumor
immunity and inflammatory disease. The concordance of tumor
regressions and serious toxicities in several previous trials of
CTLA-4 blockade has raised the spectre that these two treat-
ment effects might be linked (15-19). Indeed, because some
molecularly defined cancer antigens are nonmutated differen-
tiation proteins expressed in normal tissues (29), tumor immu-
nity and autoreactivity may be tightly associated in particular
contexts.

Notwithstanding this close relationship, cancer genome se-
quencing experiments have uncovered a multiplicity of mutated
gene products that derive from defects in tumor cell DNA repair
mechanisms (30, 31). These alterations constitute neo-epitopes
that may be presented in the context of MHC molecules as
unique antigens for T cell recognition. If the host harbored
sufficient reactivity to these mutated proteins, or other gene
products aberrantly expressed in tumor cells, such as cancer-
testes antigens (29), then less-intensive dosing and/or schedules
of CTLA-4 blockade might be able to expand tumor-specific T
cells preferentially, without compromising major homeostatic
circuits that maintain tolerance to normal tissues.

To explore this idea, we administered 3 mg/kg of Ipilumimab
at 2- to 3-month intervals to patients who previously received
GVAX. This autologous tumor-cell-based vaccination strategy
consistently enhances specific and long-lasting immunity, which
likely encompasses at least some tumor-restricted epitopes (4).
Intriguingly, none of the 11 stage IV metastatic melanoma
patients treated with this regimen manifested grade 3 or 4
inflammatory toxicities, as compared with 15%-25% of mela-
noma subjects that received higher levels of CTLA-4 blockade on
other clinical trials (15-19). Nonetheless, larger numbers of
melanoma patients will need to be studied to define more fully
the incidence of severe toxicities with this combination regimen.
Mild pathologies indicative of a partial breach of tolerance were
evident, however, and these included a self-limited rash in most
subjects and individual cases of asymptomatic bilateral hilar
lymphadenopathy, focal retinal pigment epithelium hypopig-
mentation, and low-grade colitis. In contrast to the melanoma
cohort, though, a single dose of 3 mg/kg Ipilumimab triggered
two cases of grade 3 gastrointestinal inflammation in a group of
nine ovarian carcinoma patients previously immunized with
GVAX. Although the number of subjects is somewhat limited,
these findings raise the possibility that there may be disease-
related factors that influence susceptibility to the toxicities of
CTLA-4 blockade. Future investigations of genetic polymor-
phisms and the complex patterns of alternative splicing in the
CTLA-4 locus might help identify high-risk patients (19, 32), for
whom even lower doses of antibody or alternative therapies
could be contemplated.

The antitumor responses accomplished with CTLA-4 block-
ade display a relatively slow tempo of onset and may even be
preceded by a transient period of increased lesion size. Patho-
logic examination of metastases resected after Ipilumimab in-
fusion indicate that this unusual course may reflect pronounced
inflammation and edema induced by tumor-infiltrating lympho-
cytes. This profile of therapeutic activity is not adequately
captured by the current RECIST criteria for monitoring tumor
response, which primarily are based on target lesion volume (33).
Thus, although overall survival remains the most important
parameter of clinical efficacy, the adoption of new indexes that
incorporate recent insights into the concept of immune equilib-
rium should be strongly considered (34).

Hodi et al.

Our pathologic analysis uncovered a striking linear relation-
ship between the extent of tumor necrosis in posttreatment
biopsies and the natural logarithm of the ratio of intratumoral
CD8* T cells and FoxP3* Tregs. The balance of these T cell
subsets was previously highlighted in mechanistic studies of
combined GVAX/CTLA-4 blockade in the B16 murine mela-
noma model and as a major prognostic factor in advanced
ovarian carcinoma patients (12, 26). Together, these findings
suggest that complementary strategies that target intratumoral
Tregs might extend the clinical benefits of GVAX and CTLA-4
blockade (35). In this context, we recently showed that GM-CSF
promotes the development of FoxP3"™ Tregs during tumor
vaccination through a pathway involving the milk fat globule-
EGF protein 8 (MFG-ES8)-mediated uptake of apoptotic cells by
antigen-presenting cells (36). Inhibition of MFG-ES function in
conjunction with GM-CSF delivery intensified tumor destruc-
tion by suppressing antitumor Tregs and amplifying cytotoxic
effectors. Studies examining the interplay of this scheme with the
administration of anti-CTLA-4 antibodies are underway.

The design of our clinical trial does not permit a definitive
determination of the individual contributions of GVAX and
CTLA-4 blockade to the biologic activity of the sequential
immunotherapy. However, we previously reported that some
patients responding to GVAX alone or GVAX followed by
Ipilumimab infusion generated high titer antibodies against
MHC class I-related chain A (MICA) (37). These humoral
reactions antagonized the immune suppression evoked by solu-
ble MICA and augmented innate and adaptive antitumor cyto-
toxicity. The correlation uncovered here between a heightened
antibody response to NY-ESO-1 and the regression of advanced
ovarian carcinoma further supports the idea that CTLA-4 block-
ade might unleash preexisiting or vaccine-induced antitumor
effector and/or memory reactions. Whether concurrent admin-
istration of GVAX and CTLA-4 blockade might also enhance
immune priming and/or alter toxicity profiles are important
issues for future studies.

Materials and Methods

Clinical Protocols. The Ipilumimab protocol received approval from the Na-
tional Cancer Institute’s Cancer Therapy Evaluation Program and the Dana-
Farber/Harvard Cancer Center Institutional Review Board, and all patients
provided informed consent for enrollment. Subjects were required to have
received GVAX, be at least 4 weeks from prior therapy, have measurable
disease, a life expectancy of at least 12 weeks, adequate end organ function,
and an Eastern Cooperative Oncology Group (ECOG) performance status of
0-2. Melanoma patients were all stage IV, whereas ovarian patients harbored
persistent or recurrent disease after primary surgery and chemotherapy.
Exclusion criteria included autoimmune disease requiring immunosuppressive
treatment, active infection, CNS metastases unless previously treated and
stable for at least 3 months, prior Ipilumimab therapy, and use of systemic
corticosteroids.

Ipilumimab was drawn through a 0.22 M filter, diluted in normal saline to
a concentration of 2.5 mg/ml, and administered intravenously by using a
volumetric pump at a dose of 3.0 mg/kg over 90 min. Diagnostic imaging was
performed at bimonthly intervals, and blood was collected regularly for
laboratory analysis. Patients with a clinical response or up to a 40% increase
in the sum of the longest diameters of target lesions and no more than two
new target lesions were eligible for additional infusions at 2-month intervals.

Pathologic Analysis. Biopsy tissue was fixed in 10% buffered formalin (Fisher
Scientific) and processed for permanent paraffin embedding on a Leica ASP
300 tissue processor (Leica Microsystems); 5-um paraffin sections were stained
with hematoxylin and eosin by using a Leica Autostainer XL. Immunohisto-
chemistry was performed on 5-pum paraffin sections as per standard technique
on a Ventana Benchmark XT autostainer (Ventana Medical Systems) by using
antibodies against CD3, CD4, CD8, S100, CD68 (Ventana Medical Systems),
MART-1 (Signet), HMB-45 (Dako), and FoxP3 (Abcam). Colloidal iron staining
was performed on a NexEs special stainer (Ventana Medical Systems). Histo-
logical samples were analyzed by using an Olympus BX41 microscope, and

PNAS | February 26,2008 | vol. 105 | no.8 | 3009

IMMUNOLOGY



Lo L

1\

microscopicimages were taken with a SPOT digital camera and SPOT software
(Diagnostic Instruments).

CD8* and FoxP3* tumor-infiltrating lymphocytes were counted by using an
Olympus BX41 microscope and a 2-key Laboratory Counter. Tissue sections for
this analysis were cut from a single representative block for each patient, and
all viable tumor tissue on the slide was counted (at 40 objective, 10 to 334
fields per slide). Mean values were calculated from all scored fields, and least
squares regression analysis was used to model the effect of CD8* T cells and
Tregs on the degree of tumor necrosis.
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