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Abstract

Objective—Previous studies have demonstrated the ability of non-lethal doses of radiation to
alter the phenotype of tumor cells to facilitate immune mediated killing. This pilot study evaluated
the tolerability of a vector-based vaccine targeting CEA in combination with radiation therapy in
patients with gastrointestinal malignancies metastatic to the liver.

Methods—~Patients enrolled had progressive CEA* tumors with metastatic liver lesions. Patients
received a median of 3 previous chemotherapy regimens, with a median of 2 months since their
last chemotherapy regimen. Only 58% had metastatic disease limited to the liver. Vaccination
commenced day 1 with biweekly boosters and split course radiation (total 32 Gy) starting on day
21. Blood was collected at baseline and day 91 for immunologic analysis.

Results/conclusion—Twelve patients were enrolled in this trial. There were no grade = 3
toxicities or grade = 2 hepatic toxicities. Median time on-study was 3 months, with longest time
on treatment being 5 months (n = 2). Immunologic analysis was limited to 2 patients; neither
showed an increase above baseline in CEA-specific T cells post-therapy. CEA/TRICOM
vaccination in combination with low-dose radiation therapy is safe. However, there is limited
evidence of activity in this advanced patient population.
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1. Introduction

Carcinoembryonic antigen (CEA) is a 180-kDa immunoglobulin-like molecule that is
expressed on the cell surface and primarily functions in cellular adhesion [1]. CEA is also
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commonly overexpressed on adenocarcinomas arising from the breast, cervix, lung, and
gastrointestinal tract [2, 3]. Increased expression of CEA may increase cellular adhesion,
which has been implicated in the proliferation and metastasis of malignant cells. In colon
cancer cell lines, the increased adhesion from increased CEA expression distorts normal
cellular architecture, decreasing cellular differentiation and inhibition of cellular
proliferation [4]. The increase in cellular adhesion may also allow for cells that have broken
off from the main tumor to establish metastatic sites of disease [5].

Increased expression of CEA in malignant cells makes it an attractive focus for targeted
therapies, including immunotherapy. Therapeutic cancer vaccine strategies can enhance
immune recognition of CEA as part of immune cell-mediated destruction of tumor cells.
Several vaccine strategies have been developed targeting CEA including DNA
electroporation, peptide, adenovirus, and Saccharomyces cerevisiae (yeast)-based
approaches [6-9]. An additional vaccine platform used in this study is CEA/TRICOM,
which employs recombinant poxvirus vectors [10]. Poxviruses are a safe and effective
delivery vehicle for vaccines. The large poxviral genome allows for the incorporation of
multiple transgenes into the vector, including the transgenes for CEA and 3 costimulatory
molecules (B7.1, ICAM-1 and LFA-3, designated TRICOM) that enhance T-cell activation
[11-14]. When injected subcutaneously (s.c.), the immunogenic viruses attract immune cells
to the injection site [15, 16]. The viruses can infect a wide variety of cells, including
dendritic cells. The tumor-associated antigen (TAA) transgene is expressed, processed and
presented to T-cells via the MHC molecule. The T-cell costimulatory molecule transgenes
lead to upregulation of these proteins on the cell surface and enhanced T-cell activation to
the TAA [11]. Since poxviruses do not enter the cell nucleus or integrate into human DNA,
there is no risk of induced genetic alterations in the host [11]. The existence of multiple
species of poxviruses is a further advantage of this approach. The vaccine schema consists
of a vaccinia-based vaccine as an initial priming dose, and subsequent boosting with
fowlpox results in enhanced immune activation [17, 18].

Previous clinical trials utilizing a poxviral vaccine targeting CEA in this manner have
demonstrated minimal toxicity and enhanced immune response [18-20]. An initial phase |
trial with a recombinant poxviral-based vaccine targeting CEA demonstrated that 7 of 9
evaluable patients had enhanced CEA-specific T-cell responses with no significant
attributable toxicity. This study also suggested that vaccinia priming followed by avipox
boosters led to enhanced clinical benefit relative to avipox followed by vaccinia [18]. A
subsequent trial was conducted using vaccinia priming CEA/TRICOM and fowlpox booster
CEA/TRICOM. Of the 58 patients enrolled, 40 had stable disease for 4 months and 14 had
stable disease beyond 6 months. CEA stabilization or decline was seen in 11 patients, and
the majority of evaluable patients had enhanced CEA-specific T-cell responses [19].

Additional strategies can augment immune recognition of CEA-expressing tumor cells.
Low, non-cytolytic doses of radiation are sufficient to up-regulate major histocompatibility
complex (MHC) determinants, costimulatory/adhesion molecules, and Fas ligand on tumor
cells [21, 22]. These phenotypic alterations enhance T-cell recognition and eradication of
CEA-expressing tumor cells 77 vitro [23]. Preclinical models have demonstrated that when
vaccine and low-dose radiation are combined, they more effectively decrease tumor growth
than either modality alone [24]. A previous clinical trial utilizing a poxviral-based vaccine
targeting prostate-specific antigen (PSA) demonstrated that poxviral-based vaccine in
combination with radiation generated an antigen-specific immune response [25, 26].

The role of radiation therapy in the treatment of liver metastasis has evolved significantly.
Initially, its use was limited by the technical challenge of delivering tumoricidal doses of
radiation therapy without causing radiation-induced liver disease. Advances in our
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understanding of liver tolerance and treatment delivery and planning, including stereotactic
body radiation therapy and respiratory gating, have made it possible to deliver tumoricidal
doses to liver metastases with encouraging control rates [27, 28]. However, while eligibility
criteria for stereotactic radiation therapy trials vary, they often limit enrollment to patients
with lower numbers and smaller sizes of metastatic lesions to allow appropriate sparing of
normal liver from high doses of radiation. Using relatively low-dose radiation therapy for
the immune-enhancing effects described above, and not primarily for its tumoricidal effects,
could potentially skirt the problem of normal liver tissue tolerance.

Despite the increasing use of screening colonoscopies, almost 50,000 deaths were attributed
to colon and rectal cancer in 2008 [29]. Although the treatment of metastatic disease has
advanced significantly in recent years, additional strategies are required to reduce mortality
from advanced colorectal cancer. Patients with late-stage colon cancer and other CEA-
expressing tumors may develop multiple metastatic lesions in the liver that cannot be
surgically removed. Given the potential synergy between radiation and immunotherapy, we
initiated a pilot study at the National Cancer Institute (NCI) to investigate the tolerability of
combined vaccine and low-dose radiation to liver metastases in patients with CEA-
expressing tumors.

2. Patients and methods
2.1 Eligibility

All patients enrolled had CEA* tumors with radiographically detectable metastatic lesions in
the liver. CEA expression was determined by immunohistochemical staining (= 20% of
cells), or elevated serum CEA of > 5 ng/mL at any point during the course of disease.
Patients were required to have a > 6-month life expectancy, ECOG performance status of 0
to 1, previous treatment with at least one chemotherapy regimen for metastatic disease, and
normal hepatic, renal, and hematologic functions. Exclusion criteria included a history of
autoimmune disease, HIV or hepatitis B/C infection, any disease requiring systemic steroid
therapy, allergy to eggs, and known brain metastasis. Patients who had prior whole liver
radiation or radiation to > 50% of total body nodal groups were also excluded. All patients
reviewed and signed an informed consent approved by the Institutional Review Board of the
NCI.

2.2 Study design and treatment

2.3 Vaccine

The primary objective of this pilot single-cohort study was to evaluate the clinical safety of
the combination of CEA/TRICOM vaccine and radiation in patients with CEA* solid tumors
metastatic to the liver. Secondary endpoints included evaluation of immunologic response
and phenotypic changes in the tumor after radiation, compared to a baseline sample. Patients
received treatment at the NCI’s Warren G. Magnuson Clinical Center in Bethesda,
Maryland.

Patients were monitored monthly by physical examination and laboratory tests of serum
chemistries, hematologic parameters, serum CEA, and serum vascular endothelial growth
factor (VEGF). Computed tomography (CT) scans of the chest/abdomen/pelvis to assess the
size and extent of tumors were performed at baseline and 3 months, and approximately
every 2 months thereafter.

CEAJ/TRICOM vaccine consists of a recombinant vaccinia (rVV)-CEA/TRICOM primary
vaccination and recombinant fowlpox (rF)-CEA/TRICOM boosts. The vaccinia is derived
from the New York City Board of Health vaccine and is replication-competent while the
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fowlpox is replication-defective in mammalians. The vaccine contains the CEA transgene,
which also contains an agonist epitope to enhance immunogenicity [30], and transgenes for
3 human T-cell costimulatory molecules (B7-1, ICAM-1, and LFA-3). Vaccines were
supplied by the Cancer Therapy Evaluation Program of the NCI.

All patients were given 1.2 x 108 pfu rV-CEA/TRICOM s.c. on day 1 as the primary
vaccination, followed by 4 boosts with 4 x 108 pfu rF-CEA/TRICOM s.c. on days 21, 35,
49, and 63. All vaccines were administered with 1 x 107 pfu rF-GM-CSF s.c. as an immune
adjuvant. After day 63, patients with either stable disease or objective response could
continue on trial and receive additional boosts at the same dosage at one-month intervals,
with no further radiation therapy (Figure 1).

2.4 Radiation therapy

CT simulation was performed for 3-dimensional conformal radiotherapy treatment planning.
Contrasted abdominal CT or MRI examinations were fused for target delineation. Treatment
volumes were based on liver tumor size prevaccination. A margin of 2 cm in the inferior and
superior dimension and 1.5 cm in the anterior, posterior, and lateral dimensions was added
to define the planning target volume. Modifications to the planning target volume were
allowed to account for extension outside of the liver. Appropriate beam angles were chosen
to allow coverage of the planning target volume within the 90% isodose line, while
minimizing dose to normal structures and remaining liver. Where there were multiple liver
metastases, up to 3 metastatic lesions were targeted if an acceptable plan resulted in < 50%
of the liver volume receiving 32 Gy.

Patients received a total radiation dose of 32 Gy to sites of metastatic disease in the liver,
delivered in 8-Gy courses (4 separate 2-Gy fractions) beginning one day after each vaccine
boost (days 22-25, 36-39, 50-53, 64—67). Treatment was delivered with energies of 6 MV
and higher. Portal films were obtained on the first day of every 8-Gy course to verify proper
positioning.

2.5 Immunologic monitoring

Immunologic response was evaluated by comparing peripheral blood mononuclear cells
(PBMC:s) obtained via leukapheresis at baseline and around day 91. IFN-y production was
measured by ELISPOT assay as previously described [31] to determine CTL precursor
frequency to CEA and MUC-1 peptide in both pre- and post-treatment PBMCs.

2.5.1 Flow cytometry analysis—Phenotypic characterization of regulatory T-cells
(Tregs) was performed by 3-color flow cytometry analysis of PBMCs, as previously
described [26]. Cells were resuspended in staining buffer (PBS containing 3% fetal bovine
serum) and stained for 30 min at 4°C with PerCP-Cy5.5—conjugated anti-CD4 and
phycoerythrin-conjugated anti-CD25 (both from BD Biosciences; Franklin Lakes, NJ).
FoxP3 intracellular staining was done on the cells stained with anti-CD4 and anti-CD25.
Cells were fixed and permeabilized using a fix/perm kit (eBioscience; San Diego, CA)
according to the manufacturer’s instructions and labeled with FITC-conjugated anti-FoxP3
antibody (PCH101 clone) or its isotype control antibody (eBioscience) as a negative control.
Flow cytometry was done on a Becton Dickinson LSRII (BD Biosciences); 1 x 10° cells
were acquired, and data were analyzed using FlowJo software (BD Biosciences). To
determine the percentage of Tregs, lymphocytes were gated by plotting forward versus side
scatter, followed by gating of the CD4* population. Then the CD25M3" and FoxP3*
populations were gated. The CD25M3" population was separated from the CD25!0W
population on the basis of the level of CD25 expression in CD4™T cells, as previously
described [32] (Figure 2).
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2.5.2 Measurement of CD4 antigen-specific responses—The CD4 assay used in
this study was previously described by Kobayashi et al. [33]. CD4* T cells (2 x 105/well)
were mixed with irradiated antigen-presenting cells (APCs) in the presence of various
concentrations of CEA protein (AspenBio Pharma; Castle Rock, CO) in 48-well culture
plates. Flu protein and myoglobulin (Sigma-Aldrich; St. Louis, MO) were used as controls.
Autologous dendritic cells were used as APCs (2 x 10%/well). Culture supernatants were
collected after 48 h for measurement of IFN-y with ELISA Kits.

Of the 12 patients enrolled on this trial (Table 1), 11 had colon cancer and one had rectal
cancer. The 6 men and 6 women had a median age of 58 years (range: 27 to 69). The
patients were a median of 2 months removed from their last chemotherapy regimen (range: 1
to 8 months) and had a median of 3 previous chemotherapeutic regimens.

The 12 patients enrolled also had a significant amount of tumor burden as demonstrated by
the target lesions followed for standard Response Evaluation Criteria in Solid Tumors
(RECIST) assessment (Table 2). These lesions do not represent the entirety of the tumor
volume and most patients had additional lesions that were not followed as target lesions, per
RECIST guidelines [34]. Most of the target lesions were in the liver; however, 5 patients had
radiographic evidence of metastatic lesions outside of the liver. Eleven of the 12 patients had
at least one target lesion of 3.0 cm or greater at baseline. Four patients had baseline target
lesions of = 4.5 cm, including 2 patients who had hepatic lesions of = 8.0 cm.

The treatment was well tolerated, with the most common toxicity being a transient
dermatologic reaction at the vaccine injection site (< grade 2) seen in 6 of the 12 patients
enrolled. One patient had a self-limiting grade 2 constitutional/flu-like reaction attributed to
the vaccine. Another patient had grade 2 leukopenia possibly related to the radiation
component of the therapy. There were no > grade 3 toxicities attributable to the treatment
and no = grade 2 hepatic toxicities.

The median time on-study was 3 months, with 7 patients staying on trial for = 3 months.
Two patients (#1 and #12) had stable disease for 5 months, which was the greatest duration
of treatment on trial. Neither of these patients had extrahepatic sites of disease. Only one
patient had a decline in serum CEA, but this did not correlate with response. Given the small
sample size, it is unclear if the presence of lesions beyond the radiation field affected
responses or outcomes.

PBMCs could only be collected for analysis from 4 patients after treatment; therefore, the
planned immunologic analysis could not be adequately carried out in this study. Similarly,
planned optional biopsies to evaluate for local immune response in the tumor
microenvironment and phenotypic changes in tumor post-radiation (pre-treatment vs. post-
treatment) were only obtained from 3 patients pre-treatment and only from one of those
post-treatment. This post-study biopsy had insufficient tumor cells for analysis. The 2
patients that were HLA-A2 positive from whom pre- and post-treatment PBMCs were
collected for evaluation by ELISPOT showed no increase in CEA-specific T cells post-
vaccination. Of the 4 patients evaluated for changes in the ratio of effector T cells:Tregs, 2
had decreases in the ratio and 2 had increases (Table 3). One of the patients (#1) who
remained on-study the longest (5 months) had a decline in Tregs at 3 months. Patient #1 also
had a nearly 50% reduction in serum VEGF levels, which may have prognostic value for
some patients with colon cancer[35, 36]. Tregs in the second patient on-study for 5 months
(#12) were not evaluated because peripheral blood was not able to be collected after
treatment.
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4. Discussion

A previous phase I clinical trial using CEA/TRICOM showed promising results in patients
with CEA™ tumors, the majority (60%) of which were colon cancer. In fact, 40% of the 58
patients treated had stable disease at 4 months, and 14 patients had stable disease for > 6
months. In addition, 11 of 16 evaluable patients had a > 3-fold increase in CEA-specific T
cells after treatment with 4 doses of vaccine [19]. More recently, a trial was conducted in
patients with colon cancer who had metastectomy and were thus without detectable disease.
Patients were given a poxviral vaccine that targeted MUC-1 in addition to CEA (with
TRICOM). The vaccine was administered s.c. or by ex vivo priming of a patient’s own
dendritic cells. Regardless of the in vivo or ex vivo approach, enhanced antigen-specific T-
cell responses were seen and the patients had enhanced survival compared with historical
controls [37, 38].

There are several possible explanations for why similar results were not seen in this study.
Although no radiation was administered in the previous phase | trial, preclinical data
indicate that it is unlikely the radiation used in the present trial prevented clinical response.
Differences in patient population may be a more likely explanation. Patients in the trial
reported here were heavily pretreated. Most had received = 3 prior chemotherapy regimens
and most had completed their last regimen within 2 months of enrollment. The number and
timing of previous therapies may have affected patients’ ability to mount an immune
response to vaccine. An analysis of patients treated in a previous trial with a similar
poxviral-CEA vaccine demonstrated a negative association between the number of previous
chemotherapy regimens and the magnitude of CEA-specific T-cell response (p = 0.032), as
well as a positive association between the magnitude of T-cell response and time since last
chemotherapy administration (p = 0.005) [39].

The tumor burden of patients enrolled in this study may also have reduced the likelihood of
response to vaccine therapy. Studies in both animal and human models have demonstrated
that Treg numbers increase in proportion to the volume of disease [40, 41]. Tregs can limit
the effect of cancer vaccines by decreasing T-cell activation and expansion [42, 43]. In
addition, bulky tumors have been shown to produce TGF-B, IL-10, and indoleamine-2,3-
dioxygenase, which can also inhibit T-cell activation [44, 45]. The association between
greater clinical benefit and smaller disease volume has been seen in 2 poxviral vaccine
studies targeting PSA in prostate cancer, where patients with smaller disease volume
appeared to have an overall survival advantage after treatment with vaccine [46, 47]. A
report of clinical outcomes following therapeutic vaccines and relation to tumor volume has
recently been reviewed [48]. Therefore, the requirement that eligible patients have
unresectable hepatic lesions large enough to radiate may have decreased these patients’
likelihood of responding to vaccine treatment. It is possible that this approach of vaccine
with radiation therapy could still be successful in adjuvant settings, where patients have
minimal previous chemotherapy and where tumor burden would also likely be minimal or
undetectable.

A planned endpoint of this trial was to compare pre- and post-treatment biopsies of liver
lesions to determine if radiation therapy induced phenotypic changes in tumor, such as
increased expression of tumor-associated antigens or MHC, as seen in preclinical models. It
was anticipated that these samples would yield valuable immunologic data on T-cell
trafficking to the tumor after vaccine, as well as changes in and effects of Tregs in the tumor
microenvironment. However, procurement of post-treatment tissue samples became
problematic, as many patients elected not to undergo the voluntary procedure, and others
were too ill at progression to tolerate it. In the end, investigators felt it was unethical to
mandate post-treatment liver biopsy, even though such tissue procurement may have proven
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vital to understanding immune response to vaccines. Improved strategies are needed to
explore this important endpoint.

An evaluation of radiographic imaging after treatment was also met with limitations. In
patients who received the complete course of radiation, radiographic images at one month
post-treatment typically showed a hypodensity in the irradiated liver tissue. Most tumors
showed an enlargement at one month post-treatment, with only one patient exhibiting
increased enhancement. Although it is likely that these results are consistent with
progression, it is difficult to determine if the enlargement signified progression, localized
edema, or cystic degeneration, given the small number of patients available for analysis.
Newly developed response criteria have been proposed for trials involving immunotherapy
and are being implemented in newer clinical investigations. These criteria take into account
delayed responses and minimal initial progression, both of which are characteristic of
previous successful immunotherapy trials [49]. Such criteria may be of great value in future
trials involving immunotherapy and radiation.

The design and outcome of this study were not optimal for assessing the ability of radiation
to enhance the clinical benefit of vaccine treatment strategies. As mentioned previously,
patients with lower tumor volume and earlier-stage disease may be better candidates for this
type of study. In a recent study, a cohort of newly diagnosed prostate cancer patients were
all treated with standard definitive radiation therapy, while some also received concurrent
poxviral-based vaccine targeting PSA. Of 19 evaluable patients, 17 had increases in PSA-
specific T cells, while patients treated with radiation alone showed no increase in PSA-
specific T cells [25]. Other methods of delivering radiation are also being investigated.
Samarium-153 is a radioactive agent that binds to areas of osteoblastic metastatic activity in
the bone, providing palliation and ultimately delivering low levels of radiation to metastatic
sites of disease [50, 51]. A trial at the NCI is currently investigating the clinical benefits of
combining a second generation pox-viral vaccine, PSA-TRICOM, with Samarium-153 to
determine if this combination may also enhance immune response and clinical benefit [52].

5. Conclusions

Although it may be challenging to determine the appropriate clinical setting for vaccine
therapy combined with low-dose radiotherapy, an emerging body of both preclinical and
clinical data supports further investigation. This is illustrated by the comparison of both
clinical and immunologic responses as mentioned above in patients with less advanced
disease receiving the exact same vaccine [19]. Targeted radiotherapeutics and more
appropriate patient selection (lower tumor burden or more indolent disease, lower number of
prior chemotherapies) may lead to more successful investigations of the potentially dynamic
therapeutic combination of radiation and vaccine.
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Day: 1 21 91 Every 28 days ﬂ[ll:>
e % \3 \5 \5 AN

Vaccine priming dose:

rV-CEA(6D)/TRICOM 1.2 x 108 pfu s.c.
rF-GM-CSF, 1 x 107 pfu s.c. on day 1
\% Vaccine booster dose:
rF-CEA(6D)/TRICOM 4 x 108 pfu s.c.
rF-GM-CSF, 1 x 107 pfu s.c. on days 21, 35, 49 and 63 then every 28 days
%Radiation therapy:

2 Gy/day x 4 days external beam beginning 1 day after each vaccine
boost for 4 fractions. (Treatment on days 22-25, 36-39, 50-53, 64-67.)

Figure 1.
Trial design.
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Representative dot plot of the expression of FoxP3 in CD4* CD25M9" Tregs. PBMCs from a
patient were analyzed by flow cytometry after cell surface staining with PerCP Cy5.5-
conjugated anti-CD4, phycoerythrin-conjugated anti-CD25, and intracellular staining with
FITC-conjugated anti-FoxP3. CD4*CD25* T cells were gated as CD25M9" and CD25'ow
relative to the level of CD25 expression in CD4~T cells. Expression of Foxp3 in CD4*

CD25M9" Tregs was analyzed.
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Target lesions for patients enrolled demonstrate large tumor burden.

Table 2

Patient # | Lesion number (location) | Baselinesizeby RECIST (cm)

1 1 (liver) 3.8
2 (liver) 3.1

2 1 (liver) 3.7
2 (liver) 16

3 (liver) 1.6

3 1 (liver) 15
2 (liver) 1.0

4 1 (liver) 8.0
2 (liver) 2.7

5 1 (liver) 8.5
2 (liver) 2.2

6 1 (liver) 2.2
2 (lung) 6.2

7 1 (liver) 35
2 (liver) 2.2

8 1 (liver) 25
2 (liver) 2.3

3 (lymph node) 3.3

9” 1 (rectum) 45
2 (adrenal gland) 2.2

10 1 (liver) 3.3
2 (liver) 25

3 (liver) 2.0

4 (lymph node) 17

11 1 (liver) 3.6
2 (liver) 2.3

3 (liver) 2.2

4 (lung) 1.4

12 1 (liver) 3.0
2 (liver) 16

*
Patient had metastatic liver lesions not followed as target lesions because they were not > 1 cm.
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Changes in Tregs after treatment with a combination of radiotherapy and vaccine.

Table 3

Patient # | Day of sample | Tregsas% of circulating CD4* T cells | Effector T cell:Tregratio
1 0 31 20.1:1
96 24 24.3:1
2 0 5.9 6.2:1
93 2.8 14.4:1
5 0 2.47 18.8:1
48 2.75 15.1:1
8 0 2.17 27.1:1
48 3.0 18.6:1
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