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Recombinant AAV-CEA Tumor Vaccine
in Combination with an Immune Adjuvant Breaks
Tolerance and Provides Protective Immunity
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Carcinoembryonic antigen (CEA) is a human glycoprotein
involved in cellular adhesion and expressed during human fetal
development. Although expression of CEA largely ceases prior
to birth, several human epithelial cancers, including colorectal,
gastric, squamous esophageal, and breast carcinomas have been
known to overexpress CEA, suggesting its potential as an
immunotherapeutic target. Using a transgenic mouse model
constitutively expressing human CEA in a spatiotemporal
manner as a self-protein and a syngeneic mouse colon cancer
cell line, MC38-CEA, overexpressing CEA, we tested the poten-
tial of a novel genetic immunotherapy approach against CEA-
expressing tumors, using recombinant adeno-associated virus
vector encoding CEA (rAAV-CEA) and appropriately timed
immune adjuvant application. Results of the study demon-
strated breaking of immune tolerance for CEAwith this vaccine
regimen and an anti-tumor response, resulting in tumor-free
survival. Furthermore, tumor challenge of CEA-vaccinated
mice with parental MC38 cells not expressing CEA did not
result in protection from tumor development, confirming
that the protection against tumor development is CEA specific.
The study illustrates the feasibility of utilizing rAAV vectors in
combination with an immunostimulatory adjuvant to break
tolerance to weakly immunogenic self-antigens and for an
anti-tumor response.
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INTRODUCTION
Carcinoembryonic antigen (CEA) is a human glycoprotein involved
in cellular adhesion and is expressed during human fetal organ devel-
opment. Following birth, the expression of CEA is largely dampened,
with only low levels in the plasma of healthy adults.1 However, CEA is
overexpressed in many human cancers, including gastric, colorectal,
breast, ovarian, lung, and pancreatic cancers.2 As it is a cellular adhe-
sion molecule, its high expression in these cancers can promote
increased intercellular adhesion, in turn supporting the metastatic
process.2 These characteristics make CEA a logical target for vac-
cine-based immunotherapeutics, attempting to break tolerance
within CEA-expressing tumors.3

There is amultitude of potential viral vectors currently being tested for
the development of cancer vaccines. Among these, the recombinant
adeno-associated virus vector (rAAV) holds great promise and
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circumventsmany of the shortcomings of other vectors such as adeno-
viral, lentiviral, and retroviral vectors regarding clinical safety and
immunological clearance prior to sufficient transgene expression. Un-
like retroviral vectors and the subset lentiviral vectors, rAAV rarely in-
tegrates into the host genome,4,5 which greatly reduces the risk of
insertional mutagenesis. Further, AAV is not associated with any
known disease and, in fact AAV has been reported to have anti-onco-
genic properties against human papillomavirus (HPV)-induced carci-
nogenesis.6–8 Preclinical studies using AAV vectors for cancer therapy
have begun to show promise.9 The salient features of AAV vectors,
including low vector-based immunogenicity and efficient transgene
expression, are now being utilized in several cancer clinical trials.9

Vaccines targeting tumor-associated antigens often fail to elicit clin-
ical efficacy due to insufficient immune response.10 A low dose of tu-
mor antigen has been shown to favor a Th2 response, whereas a higher
dose has been shown to favor Th1 response, required for eliciting a
strong T cell immunity against tumors.11 In this context, rAAV re-
mains an ideal vector to achieve high antigen expression. Additional
immunological stimulation has been demonstrated as a requisite to
provide an immune response sufficient to break tolerance against
“self” antigens.2,3,12 For a strong cellular response, it is necessary to
stimulate cross-presentation of rAAV-encoded tumor-associated an-
tigens (TAAs) to activate cytotoxic T lymphocyte (CTL) response
against tumors. Granulocyte-macrophage colony-stimulating factor
(GM-CSF) is a potent chemoattractant of antigen presenting cells
(APC) in this regard.13

Using an rAAV expressing CEA antigen and a plasmid adjuvant en-
coding GM-CSF, we, for the first time to our knowledge, demonstrate
the efficacy of an rAAV-CEA vaccine against a syngeneic, CEA-
expressing, gastrointestinal cell line tumor in a CEA transgenic mouse
model that constitutively expresses CEA in a spatiotemporal manner.
The results of the study demonstrated the breaking of immune toler-
ance to CEA in this model and verified that an rAAV vaccine can
provide antigen-specific anti-tumor response.
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Figure 1. Characterization of Recombinant-AAV

Expressing Human CEA, the C57BL/6 Syngeneic

Cell Line MC38-CEA, and the Experimental Outline

(A) The rAAV-CEA construct was developed by sub-

cloning the human CEA70 open reading frame under the

control of cytomegalovirus (CMV)-chicken beta-actin

promoter and poly(A) sequence within AAV1 inverted

terminal repeats. (B) Western blotting for CEA expression

in HEK293 cells, either transfected with pAAV-CEA or

transduced with rAAV-CEA. Western blot images pre-

sented are a composite of results from two different blots,

in each box. In the plasmid transfection experiment (left),

the same blot was used for staining with CEA and

GAPDH antibodies in succession. (C) Flow cytometry of

CEA expression in C57BL/6 syngeneic colon cancer cell

lines: MC38 parental cells (blue histogram) and MC38-

CEA (red histogram). (D) Overall experimental schema:

on day 1, mice were either unvaccinated or intramuscu-

larly vaccinated once with either rAAV-GFP or rAAV-CEA

(2 � 1011 virus particles per mouse). Following vector

vaccinations, on days 11, 18 and 25, mice were given

50 mg GM-CSF at the rAAV vaccination sites. On day 31,

mice were challenged with 4 � 105 syngeneic MC38-

CEA cells.
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RESULTS
Characterization of rAAV Expressing Human CEA70 and the

C57BL/6 Syngeneic Cell Line MC38-CEA

To test our hypothesis that a robust transgene expression capability of
AAV vectors can be exploited for breaking immune tolerance to a
“self” antigen and to function as an efficacious cancer vaccine, we
created a recombinant AAV (rAAV) by first sub-cloning human
CEA (hCEA) into the open reading frame of pAAV-MCS plasmid
under the control of a human cytomegalovirus (CMV)-chicken
beta-actin hybrid promoter (Figure 1A). This rAAV plasmid was
then used for the production of virions by co-transfection with the
transgene-packaged plasmid along with helper plasmids encoding
adenovirus and AAV genes required for the rescue, replication,
and packaging of rAAV-CEA genome in HEK293 cells, followed
by harvest and purification.14 Western blot analysis using lysates
from HEK293 cells transfected or transduced with the CEA
plasmid and rAAV-CEA virus, respectively, confirmed the expression
of CEA (Figure 1B). Further, the syngeneic MC38-CEA gastrointes-
tinal cell line, constitutively expressing human CEA, was tested
by flow cytometry for CEA expression. Overlaid histograms of
CEA expression in parental MC38 and MC38-CEA demonstrated
homogeneous expression of CEA within MC38-CEA cells (Fig-
ure 1C). Following the development of rAAV-CEA and control
rAAV-GFP, a prophylactic tumor model was developed to test the
efficacy of rAAV-CEA vaccination plus GM-CSF adjuvant as outlined
(Figure 1D).

Immunohistochemistry for CEA and Immune Cell Infiltrates at

the Site of Vaccination

Based on our hypothesis that robust CEA antigen expression and
an optimal immune adjuvant stimulus are needed for breaking
immune tolerance, the rAAV-CEA vaccine was injected intramus-
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cularly into CEA-Tg mice. A plasmid expressing GM-CSF was
administered to the site on days 10, 17, and 21 post-rAAV-CEA ap-
plications and compared to control groups. The influx of immune
cells following adjuvant administrations was verified from respective
cohorts of mice. Muscle tissues from controls and CEA-vaccinated
mice at the site of vaccination were fixed and stained by immuno-
histochemistry to examine immune cell infiltration. Staining of
sections with CEA antibody demonstrated the presence of CEA
expression in rAAV-CEA + GM-CSF, whereas rAAV-GFP + GM-
CSF-vaccinated mouse tissue did not express CEA (Figure 2A).
This demonstrated the efficacy of the rAAV-CEA vaccine at pro-
ducing CEA in vivo. Staining muscle tissues for CD45, a hematopoi-
etic cell marker, showed that an influx of immune cells was largely
confined to mice receiving the combination treatment of rAAV-
CEA vaccine + GM-CSF, as compared to mice vaccinated with
rAAV-CEA alone (Figure 2B). Characterization of the immune
cell infiltrates identified infiltration of macrophages using F4/80
antibody in the rAAV-CEA + GM-CSF cohort, compared to
rAAV-CEA alone (Figure 2B). This confirmed that rAAV vector
alone was not sufficient to elicit prolonged inflammation at the
vector injection site at a time when optimal transgene expression
is achieved and that adjuvant GM-CSF injections are required to
achieve optimal immune infiltration for cross-presentation. These
experiments demonstrated that rAAV-CEA + GM-CSF is effective
at both CEA expression and chemoattraction of immune cells,
including macrophages, capable of CEA cross-presentation to
T cells.

rAAV-CEA Plus GM-CSF Adjuvant Breaks Tolerance to CEA

“Self” Antigen

As a measure of analyzing the breaking of immune tolerance to
CEA on a humoral level, we measured CEA antibodies by
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Figure 2. Immunohistochemistry for CEA

Expression and Immune Infiltrates at the Site of

Vaccination

(A) Immunohistochemistry for CEA was performed in

muscle tissue of rAAV-GFP or -CEA-vaccinated mice.

(B) Muscle tissues from mice that received rAAV-CEA

alone or rAAV-CEA + pGM-CSF immune adjuvant were

fixed and stained by immunohistochemistry with CD45

antibody for overall immune infiltrates and with F4/80

antibody for macrophages in particular.
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ELISA from plasma samples collected from animals, post-
rAAV-CEA vaccination, plus GM-CSF adjuvant, but prior to
tumor challenge. Results of the ELISA demonstrated that the
vaccination of animals with rAAV-CEA + GM-CSF led to a signif-
icant increase in anti-CEA antibody production (Figure 3; n = 3,
p < 0.01).

Tumor-free Survival in Response to rAAV-CEA Vaccination

Following completion of the vaccine protocol and tumor challenge as
outlined earlier (Figure 1D), mice were monitored for tumor-free
survival. Results of this study indicated that, in the rAAV-CEA +
GM-CSF group, there was a reduction in tumor development,
providing significant long-term tumor-free survival even after a
time point that was nearly double the time during which all mice in
the naive and rAAV-GFP cohorts had developed tumors (Figure 4;
n = 5, p < 0.01)

Vaccine Efficacy of rAAV-CEA Plus GM-CSF Regimen Is

Antigen-Specific

After establishing that vaccination provided significant breaking of
humoral tolerance and offered tumor-free survival against CEA-
expressing tumors, we next tested whether the anti-tumor effect of
Molecula
rAAV-CEA vaccination was antigen-specific,
using the parental version of MC38-CEA cells
that lack CEA expression (MC38). Flow cytom-
etry analysis, comparing CEA expression in
MC38 cells and MC38-CEA cells, confirmed
the lack of CEA expression in MC38 cells (Fig-
ure 5A). Following the rAAV-CEA vaccination
plus GM-CSF adjuvant strategy, mice were
tumor challenged with 4 � 105 MC38 cells
and monitored for tumor development. As
GM-CSF was seen to provide delayed tumor
development in previous experiments, a GM-
CSF-only cohort and a naive cohort with only
tumor challenge and no rAAV-CEA served as
controls. All of the rAAV-CEA-vaccinated
and GM-CSF adjuvant injected groups devel-
oped tumors at early time points with no
significant delay when compared to GM-CSF
vaccinated and the naive groups. These results
demonstrate that the efficacy of rAAV-CEA
vaccination plus GM-CSF adjuvant, observed in previous experi-
ments, was CEA specific (Figure 5B; n R 3).

DISCUSSION
The recent promise of AAV vectors in human gene therapy has gener-
ated renewed interest for examining its use in the context of cancer
immunotherapy. Although robust and durable expression of rAAV-
encoded transgenic proteins is an attractive property for mounting
an effective anti-tumor cellular response, the low vector immunity
and kinetics of rAAV-transgene expression precludes utilization of
this non-pathogenic vector system for cancer vaccine development.
To overcome this limitation, we hypothesized that providing a sec-
ondary immune adjuvant signal at the vector-transduced tissue site
when optimal CEA expression was achieved would overcome this
limitation. Testing of this protocol in CEA Tg mice, in fact, indicated
the breaking of immune tolerance of CEA by this combination, a key
requisite for targeting many human cancers by immunotherapy,
characterized by overexpression of tumor antigens.

The importance of establishing a cellular immune response to
tumor antigens is vital in forming efficacious anti-tumor responses
using peptide-based vaccines.15,16 Comparison of tumor inhibition
r Therapy: Oncolytics Vol. 12 March 2019 43
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Figure 3. ELISA for CEA as a Measure of Breaking Tolerance to a Self

Antigen

CEA ELISA was performed in replicates using serum samples from naive mice

and mice that received rAAV-CEA + pGM-CSF adjuvant (n = 3). **p < 0.01;

***p < 0.001.
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Figure 4. Tumor-free Survival in Response to rAAV-CEA Vaccine Plus

pGM-CSF

Following rAAV-CEA vaccination and application of pGM-CSF at the site of vector

administration, when optimal CEA expression was achieved, mice were challenged

with CEA-expressing, syngeneic MC38-CEA cells (4 � 105) in the flank region.

Tumor-free survival of naive, rAAV-GFP + pGM-CSF, or rAAV-CEA + pGM-CSF

mice was recorded well beyond the time when mice in control groups had devel-

oped tumors (n = 5). **p < 0.01.
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following treatment with anthracyclines among T cell-deficient mice
versus mice with antibody-depleted B cells has shown poor results
among animals lacking T cells, whereas efficacy was still apparent
within the B cell-depleted mice, implying a crucial role for T cells
in anti-tumor therapies.17 While CTLs serve a requisite role in the
anti-tumor activity in genetic-based immunotherapy, studies have
also confirmed the need to augment CTL activation using antigen-
presenting cells (APCs). Their uptake, processing, and cross-presen-
tation of antigens to tumor-specific CTLs make them indispensable
contributors to an effectual vaccine-based anti-tumor ther-
apy.12,15,18–21 GM-CSF adjuvant has proven effective as an adjuvant
for increasing APC intratumoral infiltration, thus permitting antigen
uptake and cross-presentation to CTLs.18,22 In addition to CTL
cellular responses against tumor cells and augmented APC cross-pre-
sentation, a third component for a successful anti-tumor peptide-
based vaccination is the initiation of a Th2 humoral response.22–27

Though CTL responders are now seen as critical components of vac-
cine-based therapies, the humoral arm should not be ignored.

Cancer has proven a difficult disease to fully and permanently erad-
icate in patients, as has been observed repeatedly with conventional
strategies relying on surgery, chemo, and radiation therapies.
This has much to do with its adaptability and/or the survivability
of subsets of cancer cells within heterogeneous tumors possessing
distinct genetic signatures that permit therapy circumvention and
eventual tumor outgrowth.28–31 In 2016, the “Cancer Moonshot”
was launched, with the aim to find cures for cancer relying heavily
on the promise of immunotherapy.32 As immunotherapies evolve,
it is vital that we understand the need to include all the arms of
the immune system, as they have multi-directional influence on
vaccine efficacy. In this context, the aim of the present study was
to improve APC infiltration into the vaccination site for efficient
tumor antigen uptake, processing, and presentation for a strong
anti-tumor cellular response while also breaking tolerance to a
44 Molecular Therapy: Oncolytics Vol. 12 March 2019
“self” antigen, which is the case in many passive immunotherapy
strategies.

The present study addresses the important points of improved APC
infiltration into the site of vaccination and breaking of immune
tolerance. Results of immunohistochemistry demonstrated not
only effective delivery of CEA through rAAV but also that GM-
CSF adjuvant application improved immune infiltrates into the vac-
cine site. ELISA for CEA showed rAAV-CEA results in breaking of
humoral tolerance with the production of anti-CEA antibody that
corroborated with a significant anti-tumor activity in mice, which
was also confirmed to be CEA specific. These points denote that
use of rAAV vectors can provide an antigen-specific anti-tumor
response.

Despite significant protection against tumor growth following rAAV-
CEA immunotherapy, some mice developed tumors in this group. A
possible explanation for tumor development within this cohort is a
noted robust intratumoral expression of programmed death-ligand
1 (PD-L1), (Figure S1). This prompts future studies combining check-
point inhibitors targeting PD1 and/or PD-L1 to further improve anti-
tumor response. Recent studies have reported that the Th1 cytokine,
interferon (IFN)-gamma, can lead to upregulation of PD-L1 by tu-
mors.33,34 Counter intuitively, though previously viewed as being an
anti-tumor cytokine, IFN-gamma appears to regulate a pro-tumoral
mechanism, increasing PD-L1 expression through the JAK-STAT
pathway.35 Furthermore, in gastric cancer, this increased PD-L1
expression correlates with the presence CD8+ T cells in the tumor
stroma.35 Therefore, combining rAAV-CEA vaccination with an
anti-PD-L1 adjuvant to address this point should further improve
vaccine efficacy.
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mice, mice that received pGM-CSF adjuvant injections only, or mice that were vaccinated with rAAV-CEA plus pGM-CSF adjuvant injections were tumor challenged with

MC38 parental cells (4 � 105) and assessed for tumor development, starting 1 week post-tumor challenge (n R 3).
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The vaccine approach of the study has clear clinical application. It is
estimated that up to 30% of all colorectal cancers are an inheritable
disease.36,37 CEA is so commonly expressed by colorectal cancers
(89%), it is the favored biomarker for this type of cancer.2,38 Addition-
ally, among sporadic colorectal cancers, approximately 15% have
pervasive microsatellite instabilities (MSIs) that promote transforma-
tion.39 Therefore, targeting patients having familial mutations or
those with MSIs that predisposes them to a higher risk for colorectal
cancer might lead to benefit from prophylactic vaccination using
AAV-based vectors expressing CEA. As CEA has been a long
sought-after vaccine target in multiple cancer types, our findings
are important, as they, for the first time, demonstrate the feasibility
of anti-tumor responses in CEA-expressing tumors using AAV, a vec-
tor not associated with any pathology and that possesses minimal risk
for insertional mutations, overcoming obstacles that have been
viewed as major safety concerns with other viral vectors.

MATERIALS AND METHODS
Mice

Six- to 8-week-old female and male pathogen-free CEA transgenic
mice in a C57BL/6 background (C57BL/6J-TgN(CEAGe)18FJP) pre-
viously acquired from Dr. James F. Primus at Vanderbilt University
Medical Center, were bred and housed in accordance with established
guidelines and protocols approved by The University of Alabama at
Birmingham Institutional Animal Care and Use Committee (UAB
IACUC).

Cells and Reagents

HEK293 cells were purchased from ATCC (Manassas, VA, USA)
and cultured in DMEM from GIBCO-Life Technologies (Grand
Island, NY, USA) with 1% penicillin-streptomycin (Pen Strep;
GIBCO) supplemented with 10% heat-inactivated fetal bovine serum
(FBS) from Omega Scientific (Tarzana, CA, USA) in a 5% CO2 37�C
humidified incubator. 0.25% Trypsin-EDTA (GIBCO) was used to
detach cells from culture plates. The murine adenocarcinoma cell
line, MC38-CEA, was obtained from Dr. Jeffrey Schlom from the
National Cancer Institute (Bethesda, MD, USA) and cultured in
DMEM supplemented with 1% non-essential amino acids, 1%
L-glutamine, 1% sodium pyruvate, 1% Pen Strep, 400 mg/mL Genet-
icin (all from GIBCO), and 10% heat-inactivated FBS (Omega Scien-
tific). Human CEA protein was purchased from Fitzgerald Industries
International (Concord, MA, USA). Mouse monoclonal antibody,
(COL-1 clone) to human CEA was purchased from Invitrogen
(Rockford, IL, USA). Mouse immunoglobulin G (IgG) control
(catalog #sc-2027) was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). Secondary anti-mouse antibody, labeled with
horseradish peroxidase (HRP), was purchased from Invitrogen
(catalog #31430) or GE Healthcare (catalog #NA931V; Marlbor-
ough, MA, USA). FcR block (catalog #130-092-575) was purchased
from Miltenyi Biotec (San Diego, CA, USA). Unlabeled anti-CEA,
COL-1 (COL-1 clone), and biotin-labeled anti-CEA (COL-1 clone)
were purchased from Invitrogen. Biotin-labeled IgG control was
purchased from BioLegend (MOPC-173 clone; San Diego, CA,
USA). Fluorescein isothiocyanate (FITC)-labeled streptavidin was
purchased from BioLegend (catalog #405201). A secondary, FITC-
labeled anti-mouse IgG antibody (catalog #A21202) was purchased
from Invitrogen. APC-Cy7-labeled CD3e antibody (145-2C11 clone)
was purchased from BD Pharmingen (San Jose, CA, USA). FITC-
labeled CD8 (536.7 clone), APC-labeled CD44 (IM7.8.1 clone),
and VioBlue-labeled CD62L (MEL14-H2.100 clone) were all pur-
chased from Miltenyi Biotec. Unlabeled CD45 (30-F11 clone),
CD11b (M1/70.15 clone), F4/80 (BM8 clone), and CD19 (60MP31
Molecular Therapy: Oncolytics Vol. 12 March 2019 45
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clone) antibodies were purchased from Invitrogen. AAV serotype 1
(AAV1) was used for the vaccine.

Western Blot Analysis

Cells were harvested for protein isolation using a lysis buffer contain-
ing protease (Roche Diagnostics, Indianapolis, IN, USA) and phos-
phatase (Thermo Scientific, Rockford, IL, USA) inhibitors. Following
denaturation, the samples were separated on a 10% polyacrylamide
gel and transferred overnight to a polyvinylidene fluoride (PVDF)
membrane (Bio-Rad, Hercules, CA, USA), followed by blocking using
5% non-fat milk and incubation with primary antibodies. Following
overnight incubation with primary antibody at 4�C and subsequent
washes (3 � 10 min) with 1� Tris-buffered saline with Tween 20
(TBST), an appropriate HRP-conjugated secondary antibody was
applied for 1 h at room temperature (GE Healthcare) and then
washed with TBST (3 � 10 min).40,41 Blots were then incubated
with chemiluminescence reagent (GE Healthcare) according to the
manufacturer’s directions and developed in a Syngene PXi chemilu-
minescence developer (Frederick, MD, USA).

Immunohistochemistry

Immunohistochemistry was performed on 5-mm sections of paraffin-
embedded tumor tissues. After rehydration, slides were incubated
with citrate buffer for 20 min in a steamer for antigen retrieval and
endogenous peroxidase quenched by incubation with 3% H2O2 for
20 min at room temperature. Primary antibody incubation was per-
formed overnight at 4�C. Secondary antibodies used were linked to
HRP and incubated with samples for 1 h at room temperature. Visu-
alization of the bound complex was performed using diaminobenzi-
dine tetrahydrochloride. The slides were counterstained minimally
with hematoxylin.

ELISA for CEA

ELISA was performed for serum CEA antibody detection. 96-well
ELISA flat-bottom plates (Costar 3590; Corning, Acton, MA,
USA) were coated with 100 mL human CEA protein (Fitzgerald In-
dustries) at a concentration of 1 mg/mL in PBS and incubated over-
night at 4

�
C. Ovalbumin-coated wells (negative control) were

treated in the same manner. Following overnight incubation, plates
were emptied and gently slapped onto absorbent towels to remove
the residual solution, and then were blocked with 1% borate saline
(BS)-BSA solution for 1.5 h, followed by washing 3� using a PBS-
0.05% Tween 20 solution. 3-fold serial dilutions (from 1/50 to 1/
109,350) of mouse serum using 1% BS-BSA were then applied to
wells in triplicate overnight at 4�C. COL-1 mouse monoclonal anti-
body to human CEA (Invitrogen) in place of serum was used as a
positive control. Plates were then emptied or gently slapped onto
absorbent towels and washed 3� using PBS-0.05% Tween 20 solu-
tion, and then incubated with HRP-conjugated goat anti-mouse IgG
from Invitrogen (catalog #31430) diluted 1:750 in BS-BSA for 6 h at
room temperature in the dark. After washing 3�, 125 mL
SIGMAFAST solution from Sigma-Aldrich (Burlington, MA,
USA) was applied to each well and incubated at room temperature
for 30 min in the dark. Absorbance was then immediately measured
46 Molecular Therapy: Oncolytics Vol. 12 March 2019
at 492l on a BioTek Instruments plate reader using Gen5 software
(Winooski, VT, USA).

Tumor Cell Implantation and Evaluation of Tumor-free Survival

in Response to rAAV-CEA Vaccination

Following intra-muscular vaccination with 2 � 1011 vector particles
of either rAAV-GFP or rAAV-CEA and 3 weekly GM-CSF (50 mg
per mouse per application) adjuvant injections at the vaccination
site, mice were subcutaneously tumor challenged with 4 � 105

MC38-CEA cells and measured twice weekly for syngeneic tumor
development, starting 1 week post-implantation.

Parental MC38 Tumor Challenge

In studies to establish CEA specificity of the genetic vaccine, the
parental MC38 colon cancer cells that are devoid of CEA expression
were implanted in mice (4� 105 cells per mouse), after administering
a rAAV-CEA plus adjuvant GM-CSF vaccination protocol in CEA
transgenic mice, and were monitored for tumor development. Exper-
imental controls were tumor-challenged mice that were administered
either GM-CSF only or naive mice.

Flow Cytometry Analysis and FACS

MC38-CEA and parental MC38 cells were detached from culture
plates by first removing culture media, followed by a gentle wash
with PBS to remove residual culture media before incubation with
0.25% Trypsin-EDTA (GIBCO), and then were washed using PBS
containing FBS to neutralize trypsin and pelletized. For all experi-
ments, cells were re-suspended in fluorescence-activated cell sorter
(FACS) buffer (PBS + 3% FBS). Cells were divided into individual
tubes with 100 mL FACS buffer and stained with appropriate anti-
bodies.42,43 Flow cytometry data was acquired on a BD LSR II
instrument (BD Biosciences, Franklin Lakes, NJ, USA) and analyzed
using FlowJo software (FlowJo, Ashland, OR, USA), while sorted
cells were isolated using FACS on a BD FACSAria instrument (BD
Biosciences).

Statistical Analysis

Results consisting of three groups were analyzed using single-factor
ANOVA with Tukey test. Analysis of results containing two groups
was performed using Student’s t test. Values of p% 0.05 were consid-
ered statistically significant.
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Supplemental Figure 1 

PD-L1 expression in MC38-CEA tumor. Representative 
immunohistochemistry analysis indicates high expression of PD-L1 
in a mouse with resistant tumor growth, within the rAAV-CEA 
treatment group.  
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