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Abstract — Objective: The prevention and treatment of cancer remain a challenge. Current
treatments are largely unsuccessful due to high toxicity. The most effective way to reduce global
mortality from cancer is to block the initial stages of the disease, common to all types of cancer —
invasion and metastasis. The elevated levels of ma-trix metalloproteinases, such as MMP-9 play a
key role in tumorigenesis, angiogenesis, apoptosis, cancer invasion and metastasis. Among various
therapeutic modalities, vaccines are the most effective and af-fordable approaches against diseas-
es in general. In the global fight against cancer, a vaccine capable to impede MMP-2 and MMP-9
activity could open the door for effective prevention -- and even cure. We previously reported that
mice immunized with synthetic oligopeptides containing specific amino acid se-quences from hu-
man MMP-2 and MMP-9 showed a significant reduction in melanoma tumors and tu-mor burden.

Materials and Methods: Here we tested a syngeneic approach to cancer vaccines by investi-
gating whether immunization of mice with rodent derived MMP-9 oligopeptides would generate
sufficient immune response and anticancer ef-ficacy. Accordingly, C57BI/6 mice were immunized
with three oligopeptides containing specific sequenc-es from rat MMP-9 and two oligopeptides
from mouse MMP-9. All these peptides showed to be highly immunogenic in mice.

Results: Subsequently, the immunized mice challenged with B16FO melanoma cells developed
significantly smaller tumors and had reduced tumor burden. The weight gain in vaccinated and
control mice was com-parable. In addition, no significant differences were observed in serum clini-
cal chemistry, hematological parameters and the histopathology of major organs in relation to test
peptides in the immunized mice.

Conclusions: Our findings confirm that MMP peptide-based vaccines can be a viable strategy
for cancer therapy.
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INTRODUCTION

Effective and safe therapies for cancer remain a
major challenge to global health. Most current
cancer therapies are not fully effective, are high-
ly toxic, non-specific and generate many health
problems that impair quality of life of cancer sur-
vivors long after the cessation of treatments.

The most effective way to reduce global mor-
tality from the cancer epidemic is to block the ear-
ly stages of the disease, which is common to all

types of cancer — invasion and metastasis. These
stages are characterized by the presence of abnor-
mally elevated levels of matrix metalloproteinases
(MMPs) enzymes that digest the connective tis-
sue. These enzymes enable tumor cells to invade
the surrounding extracellular matrix (ECM), mi-
grate in the tissue and penetrate into the vascular
membrane to be carried in the bloodstream and
metastasize to other organs'2.

The MMPs are zinc dependent endopeptidases
that also play an important role during normal,
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physiological processes such as embryonic devel-
opment, reproduction, tissue remodeling and oth-
ers. In healthy conditions this process is under strict
metabolic regulation®. In contrast, high and uncon-
trolled activity of metalloproteinases, particularly
type MMP-2 and MMP-9, have been correlated
with cancer progression and increased metastasis.
Several studies, including our own, indicate that
the spread of cancer, and also other diseases that
are facilitated by the disintegration of ECM, can
be controlled by curtailing the activity of MMPs*”.
Thus, we chose the blockage of MMP-2 and MMP-
9 enzymes as our therapeutic target.

Regarding the path of delivery of such a new
therapy, we selected vaccines as the most promising
form. If selected and developed properly, vaccines
are the most effective and affordable approach-
es against diseases in general. In the global fight
against cancer, a vaccine capable to impede MMP-
2 and MMP-9 activity could open the door for ef-
fective prevention - and possible cure. Our earli-
er studies in this field documented that synthetic
peptides containing specific amino acid sequences
from human MMP-2 and MMP-9 could be con-
sidered in the development of effective anti-cancer
vaccine. Mice immunized with these oligopeptides
showed a significant reduction in melanoma tumor
growth with an average decrease in tumor volume
by 76%. Notably in some vaccinated animals the
tumor growth was completely prevented®.

The anticipated target antigen in the develop-
ment of future human anti-cancer vaccine is an oli-
gopeptide(s) derived from human MMP sequenc-
es, which is a syngeneic approach. Therefore, in
this study we evaluated whether immunization of
mice with xenologous MMP-9 oligopeptide se-
quences derived from rodents will generate similar
anti-cancer effects as observed earlier with oligo-
peptides selected from the human MMP-9. The
C57BIl/6 mice were vaccinated with three oligo-
peptides containing rat MMP-9 sequences and two
oligopeptides from mouse MMP-9. Subsequently,
we tested the effects of this vaccination on growth
of melanoma B16FO tumors. Moreover, in a sep-
arate mouse study, we assessed the metabolic im-
pact of the immune response generated by these
peptides in the body and organs of the test animals.
Towards this end, we conducted a comprehensive
evaluation of critical blood and safety parameters
as well as histopathological changes in 23 organs
in each immunized and control animals.

MATERIALS AND METHODS

Materials and methods were followed as men-
tioned in one of our previous studies®.
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REAGENTS

Complete Freund’s Adjuvant (Cat. No. F5881),
Incomplete Freund’s Adjuvant (Cat. No. F5500),
Avidin (Cat. No. A9275, Anti-mouse IgG-HRP
conjugated antibody (Cat. No. A4416) and TMB
substrate (Cat. No. T0440) were obtained from
Sigma-Aldrich (St. Louis, MO, USA).

Murine melanoma BI16F0 cells obtained from
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS),
100 TU/ml penicillin, 100 mcg/ml streptomycin.
The media and serum were obtained from ATCC
(Manassas, VA, USA), while the antibiotics were
from Gibco (Rockville, MD, USA).

ANIMALS

Male C57BL/6J mice of 5-6 weeks old were ob-
tained from Simonsen Laboratory (Gilroy, CA,
USA). The animals were acclimatized for a period
of two weeks prior to the study. They were main-
tained on a standard rodent diet ad libitum with
free access to water under controlled conditions
of temperature and humidity on a 12 h light-dark
cycle.

TEST PEPTIDES

The test MMP-9 oligopeptides were synthesized
at GenScript (Piscataway, NJ, USA). Each peptide
of 90% purity was synthesized in two forms, one
covalently conjugated to keyhole limpet hemocy-
anin (KLH) protein for immunization, the other
conjugated to biotin for IgG ELISA. The peptides
(6 mg) were dissolved in 6 mL of 0. M NaHCO,
and aliquots stored at -20°C until experimentation.

RatSequence  R#7 :DT-D-RKY-G-F

RatSequence ~ R#18 :D-K-A-D-G-F-CPTRADVIV
Mouse Sequence M#11 : D-K-D-GK-F-G-F
Mouse Sequence M#19 : D-Q-D-K-LY-G-F-C-P-T-RV-D-A

PREPARATION OF PEPTIDE
FOR IMMUNIZATION
AND IMMUNIZATION SCHEDULE

On the day of immunization (Day 0), 0.8 mL of
peptide solution was gradually added to 0.8 mL
of Complete Freund’s Adjuvant (CFA) and simul-
taneously vortexed thoroughly to get a uniform
emulsion. The animals in treatment groups (5 an-
imals per group) were injected intraperitoneally
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TABLE 1. Experimental design.

Week -1 to 0 1 2 3 4 5

6 7 8 9 10 11

Week 1-7: Inmunization and immune response

Week 8-11 Efficacy evaluation

Quarantine/
Adaptation

Immunization of mice on day
0,7, 14 and 28

Blood sampling B16FO Clinical signs
Immune response melanoma (daily)

measurements  cells Body weight
(Day 45) implant ~ Tumor weight
(after
termination)

with 100 ul solutions of the individual KLH con-
jugated peptides emulsified with CFA. On Days
7, 14 and 28, the animals were administered 100
uL of KLH conjugated peptides emulsified with
Incomplete Freund’s Adjuvant (IFA). The control
group was administered with the adjuvant alone.
The experimental timeline, including immuni-
zation, test and evaluation steps are presented in
Table 1.

BLOOD SAMPLING

On day 45, animals were anesthetized using Iso-
flurane, and blood samples were withdrawn into
2 mL microcentrifuge tubes and centrifuged at
5,000 rpm for 10 min at 4°C for separation of se-
rum. Samples were stored at -80°C until analysis.

IMMUNE RESPONSE ASSAY

The immune response was measured in serum
samples on day 45 by using an antibody ELISA
titer assay as described here. On day one, 96-
well microtiter plates (Maxisorp®, Nunc™) were
coated with 100 pL of avidin solution (10 pg/mL
prepared in 0.05 M carbonate buffer, pH 9.5) and
incubated for 24 h at room temperature. The next
day, plates were washed 3 times with wash buffer
(200 pL/well) followed by the addition of 100 pL
biotinylated peptide solution per well (50 pg/mL
concentration prepared in Binding buffer) and in-
cubated for 1 h at 37°C. Post incubation, the well
contents were discarded and the plate was washed
3 times with wash buffer. The serum samples to
be analyzed were serially diluted with binding
buffer to get a concentration of 1:100, 1:1,000
and 1:10,000. Then 100 pL of the diluted serum
samples were added to the respective wells and
incubated for 1 h at 37°C. After a serial wash with
wash buffer, 100 pL of Anti-mouse [gG-HRP con-
jugated antibody diluted 1:2000 in binding buffer
was added to each well and incubated for 30 min

at 37°C. The plates were again washed 3 times
with wash buffer, 100 uL. of TMB substrate was
added and incubated for 15 min at room tempera-
ture. The reaction was stopped by the addition of
100 pL of 0.3N HCI and the OD was measured
at 450 nm in a microplate reader (Synergy™ HT,
Biotek®). The IgG antibody titer was determined
by quantification of color reaction and measured
as OD units.

IMPLANTATION OF B16F0 MELANOMA
CELLS IN THE IMMUNIZED MICE

Murine melanoma B16F0 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum
(FBS). Sub-confluent monolayers were harvest-
ed, pelleted and re-suspended in cold PBS. Viable
cells were counted using Trypan blue and 0.2 mL
of the cell suspension in PBS containing 0.4x10°
cells were implanted subcutaneously in mice.

TUMOR EXCISION AND GROSS
PATHOLOGY

After 3 weeks of cell implantation, the animals
were sacrificed by CO, asphyxiation. A necropsy
was performed to examine gross pathology and
metastasis. Tumors were excised, their weight re-
corded, and pictures of the representative tumors
were captured. Tumor volume was measured in
terms of length (I) and width (w) by using a digital
vernier caliper. The tumor volume was calculated
by using the following formula: Tumor volume =
length x width. Clinical signs were monitored dai-
ly and body weight was recorded twice weekly.

TOXICOLOGY EVALUATION

Toxicology due to the peptide vaccination was
evaluated in a separate fully blinded experiment
on 45 male B57Bl/6 mice separated into 9 dis-
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tinct groups of 5 mice each. Test groups included:
Group #1- injection with saline, Group #2 — injec-
tion with Freund’s adjuvant, Group #3- injection
with Freund’s adjuvant + carrier protein Keyhole
Limpet Hemocyanin (KLH), Group #4 — injection
with mimicking peptide (endothelin-1); Group #5
— injection with R #7, Group #6 — injection with
R #12, Group #7 — injection with R#18, Group #8
— injection with M #11, Group #9 — injection with
M #19. As a part of the blinding procedure, details
of the experimental design were not provided to
the examiners and the mice were identified by the
group number. No individual identification was
provided. The evaluations included changes in
body weight, hematology, comprehensive serum
chemistry panel and histopathology examination
of 23 organs, including injection-related evalu-
ation of the abdominal wall (injection site) and
lymph nodes proximal to the injection site.

STATISTICAL ANALYSIS

Statistical analysis of the data was performed by
one-way ANOVA followed by Dunnett’s test us-
ing GraphPad Prism 5.03 (San Diego, CA, USA).

RESULTS

Antibody generation
by test MMP-9 peptides

Immune response in mice was measured by IgG
ELISA on day 45 post immunization. As present-
ed in Table 2, the immunization with five test pep-
tides generated positive immune response indicat-
ed by a significant elevation in serum IgG levels
when compared to control sera.

The results showed that the immune response
was the highest at 1:100 serum dilutions and
slightly decreased at 1:10,000. In up to 1,000 se-
rum dilutions, the immune response was simi-
lar for all five test MMP-9 oligopeptides (M#11,
M#19 and R#7, R#12 and R#18) and it stayed at

TABLE 3. 1gG Immune titer of MMP-9 Mouse Peptides

#11 & #19 in B16FO Tumor Bearing Mice.

Control MMP-9 MMP-9
Sera Peptide Peptide
M#11 M#19
1-100 0.126+0.004  2.408+0.10  1.938+0.10
1-1,000 0.123£0.004  2.295+0.23  2.06+0.11
1-10,000  0.119£0.002 2.505+0.04  1.97+0.09

similar level up to 1:10,000 dilutions except for
peptide R#18, which induced significantly lower
titer at this serum dilution.

Immune titer in mice immunized
with test MMP-9 peptides after challenge
with melanoma

The results in Table 3 and Table 4 present chang-
es in IgG titer in mice immunized against mouse
oligopeptides and rat oligopeptides, respectively,
after inoculation with B16FO melanoma cells.
The results indicate that the antibody titers did
not markedly change in animals challenged with
melanoma cells when compared to the pre-inocu-
lation immune response (Table 2).

Inhibition of tumor development
in mice vaccinated with MMP-9
oligopeptides

Mice immunized with the five peptides containing
specific sequences of MMP-9 from rat and mice,
and subsequently challenged with BI6FO mela-
noma cells, developed distinctly smaller tumors
compared to control mice at 3 weeks post mela-
noma cell implantation. As presented in Table
5 and Figure 1 (A, B) mice immunized with rat
MMP-9 peptide sequence R #7 and mouse MMP-
9 sequence M#19 had 55% reduction in the tumor
weight (p<0.001 and p<0.05) compared to control
mice. Mice immunized with MMP-9 mouse oligo-

TABLE 2. 1gG Immune titer of MMP-9 Mouse Peptides #11 & #19 and MMP-9 Rat Peptides #7, #12 and #18 after immuni-

zation of C57BL/6 Male Mice.

Dilution Control MMP-9
Sera Mouse Peptides MMP-9 Rat Peptides
Peptide Peptide Peptide Peptide Peptide
M#11 M#19 R#7 R#12 R#18
1-100 0.142 2.280+0.3 2.246+0.3 2.559 2.232 2.120+0.1
1-1,000 0.126 2.41+0.44 2.403+0.09 2.608 2.109 1.798+0.17
1-10,000 0.123 1.961+0.2 1.920+0.16 1.696 1.768 0.865 +0.07
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TABLE 4. Immune response to MMP-9 Rat Peptides #7, #12, and #18 in BI6FO Tumor Bearing Mice.

Control Sera MMP-9 Peptide R#7  MMP-9 Peptide R#12  MMP9 peptide R#18

1-100 0.156 2.54+0.21 2.7140.21 2.26+0.12
1-1,000 0.140 2.87+0.96 2.9+0.12 2.49+0.12
1-10,000 0.138 2.56+0.1 2.38+0.16 2.30+0.09

TABLE 5. Tumor weight (g) at the end of the study.

Groups Tumor Tumor Rank in
weight weight tumor
reduction weight
(%) reduction
Control 3.2 +/-0.52

Peptide R # 7 1.4+/-0.46

55 #4

Peptide R# 12 0.78+/-0.24

Peptide R# 18  1.0+/-0.37

Peptide M# 11 1.244/- 0.40

Peptide M#19 1.5 +/-0.41

77 #1
70 #2
62 #3
55 #4

peptide M#11, and rat MMP-9 oligopeptides R#12
and R#18, showed even more pronounced average
reduction in tumor weight, by 62%, 77% and 70%,
respectively. Peptide R#12 ranked number one in
tumor weight reduction in the vaccinated animals.

Evaluation of tumor volume (length x width) in
immunized mice is presented in Table 6 and Figure
2 (A, B). The results show that tumors developed
in mice immunized with R#12 and R#18 MMP-
9 oligopeptides had the lowest average volume
(63% reduction) compared to mice immunized
with two mice derived MMP-9 oligopeptides and
the rat oligopeptide R#19. As such, tumor volume
in mice immunized with rat peptide R#7, mouse
peptides M#11 and M#19 was reduced by 44%,
43% and 36% respectively, compared to controls.
Changes in tumor volume show that immuniza-
tion with the oligopeptides R#12 and R#18 ranked
number 1 in tumor volume reduction.

Photographs of the excised tumors underscore
the marked anti-tumor efficacy of the tested oligo-
peptide vaccines (Figure 3).

The results on Figure 4A and Figure 4B show
that animals immunized with the test MMP-9
oligopeptides from mice and rats, respective-
ly, had a normal rate of weight gain, similar to
the unvaccinated animals. The macroscopic in-
spection of essential organs did not show any
pathology.

Toxicology evaluation

The effect of test peptide vaccination on the body
weight, hematology profile, blood chemistry and
weight and histopathology of major organs in the
test animals was evaluated in a separate blinded
experiment as described in Materials and Meth-
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0
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Control R#7 R#12 MMP-9
R#18

Fig. 1. Effects of vaccination on melanoma tumor weight. Tumor weight inhibition in mice immunized with mice MMP-9 oligo-

peptides M#11 and M#19 (4) and rat MMP-9 oligopeptides R#7,

R#12 and R#18 (B).
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TABLE 6. Changes in tumor volume.

Groups Tumor Tumor Rank in
volume volume tumor
(Mean = SE) reduction volume

(%) reduction

Control 394+52 0

Peptide R# 7 219421 44 #2
Peptide R # 12 146.3£35 63 #1
Peptide R # 18 14424 63 #1
Peptide M# 11 226+37 43 #3
Peptide M# 19 253+39 36 #4

Tumor volume calculation = length x width.
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Fig. 2. Effects of vaccination on melanoma tumor volume. Tumor volume inhibition in mice immunized with mouse MMP-9
oligopeptides M#11 and M#19 (4) and rat oligopeptides R#7, R#12 and R#18 (B).

ods. Mice were assigned to five groups injected Histopathology findings evaluating patholog-
with test rat and mice peptides and four control ical changes in 23 organs in each mouse indicat-
groups with: injection with saline only, with ed that most animals had the presence of gran-

Freud’s adjuvant only, with Freud’s adjuvant to- ulomatous inflammatory alterations around the
gether with a carrier protein and with injection of abdominal organs particularly in the pelvis near
mimicking peptide only. the injection site (spleen, liver, pancreas, etc.).

1 4

Control R#7
Dfeves Lwos-s
N U T A T AT
M#11 R#12

Fig. 3. Melanoma tumors in vaccina-

‘ ted and control mice. Photographs of
" ¢ ’.. . .‘ melanoma tumors developed in mice
g A Ll immunized with MMP-9 oligopeptides

M#19 R#18 M#II,M#IQ,R#ZR#IZ and R#18 and
in control mice
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Fig. 4. Effect of immunization on mice body weight. Weight of male C57Bl/6 mice immunized with mouse MMP-9 oligo-
peptides M#11 and M#19 (4) and rat MMP-9 oligopeptides R#7, R#12 and R#18 (B) before and after challenging them with

melanoma B16FO xenografts.

These changes are characteristic of the antigenic
challenge with oil-containing adjuvants, such as
Freund’s adjuvant used in the vaccination and are
most probably, indicative of non-specific reaction
to intraperitoneal administration of test vaccines.
The histopathological findings were consistent
among all test animal groups and were omnipres-
ent in the controls and immunized groups, except
for group 1 (control-saline) displaying no signs of
immunization related changes. The pathologist
report did not indicate any peptides related to or-
gan and metabolic toxicity.

The results in Figure 5 indicate that there were
no significant changes in total body weight be-
tween test and control groups. No differences in
weights of major organs were observed as well
(results not shown).

The analysis of blood hematology and chem-
istry panels (Table 7) showed no statistically sig-
nificant differences between the groups for the
majority of parameters tested. Statistically sig-
nificant differences were noted for total protein,
which was associated with the globulin rather
than albumin levels and not related to the immu-
nization with test rat and mice peptides. There
were variations in AST, ALT, and BUN between

the groups; however all were within normal rang-
es for each parameter and not related to test oligo-
peptides (Table 7).

Professional expertise evaluating tissue and
organ pathology and toxicity in this double-blind
study concluded that changes induced by test-arti-
cles represent response to intraperitoneal admin-
istration of immunogenic substances, presumably
antigen solutions emulsified with Freund’s adju-
vant. No specific toxic effects attributable to the
test-oligopeptides themselves could be identified.
Due to the large volume of data, only the sum-
mary findings, but not particular results, are pre-
sented.

Discussion

The results presented in this work corroborate
our earlier findings which showed that oligopep-
tides containing human MMP-9 and MMP-2 se-
quences can generate immune response in mice
and, as a result, significantly inhibit melanoma
tumor growth in these animals®. These earlier
studies prompted us to further pursue the devel-
opment of a human anti-cancer vaccine by target-
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Fig. 5. Changes in body weight in mice challenged by different immunization articles. Control groups: 1- injection with saline
only, 2- Freud’s adjuvant only, 3-Freud’s adjuvant together with a carrier protein (KLH), 4- mimicking peptide endothelin-1 only.
Peptide challenged groups: rat peptides: 5- R# 7, 6-R# 12, 7-R#18, mouse peptides: 8-M#11, 9—-M#19.

ing human MMPs as critical enzymes involved in
cancer growth, angiogenesis and metastasis. As
a next step, we tested whether immunization of
mice with rodent MMP oligopeptides (a syngene-
ic approach) will stimulate immunogenicity and
anti-cancer efficacy similarly to human MMPs
peptides.

Here we have shown that two synthetic oligo-
peptides containing amino acid sequences from
mice and three oligopeptides from rat MMP-9
were able to generate immune response in mice
without significant tissue and metabolic toxicity.
Subsequent challenge of the vaccinated mice with
melanoma cancer cells resulted in a significant
decrease in tumor weight and tumor volume. In-
terestingly, all five test peptides generated similar
antibody titers in mice, and we could not detect
a direct correlation between strength of the im-
mune response and a decrease in tumor weight or
volume. Among the MMP-9 peptides, the R#12
and R#18 were most effective in decreasing tumor
volume (by 63%), and R#12 in reducing weight of
melanoma tumors (by 77%). It is anticipated that
the combinations of these peptides would increase
their anti-tumor efficacy, which is under evalua-
tion.

Conjointly, the in vivo results obtained from
our earlier studies using oligopeptides derived
from human MMPs and rodents (this study), show
that targeting of MMP-9 and/or MMP-2 activity
through vaccination has a distinct therapeutic
potential towards the development of a universal

vaccine effective against all types of cancer at the
same time.

Our study confirms that effective control of
cancer could be achieved through increasing ECM
stability as already proposed by Rath and Pauling
already in 1992°. Many studies already document-
ed that anti-cancer effects of some individual nat-
ural compounds can be mediated through inhibi-
tion of activity and expression of MMP-9 and/or
MMP-2'%!", We have also shown that a synergistic
combination of natural components has anti-can-
cer efficacy mediated by increased synthesis and
integrity of ECM in addition to other effects. This
has been documented in over 50 types of human
cancer cells'?.

Also, in the past 20 years, various pharma-
cological approaches including the development
of MMPs inhibitors to halt the spread of cancer,
have been exercised. However, clinical trials us-
ing first generation MMP inhibitors proved to be
disappointing'>-'4,

Conclusions

This and our previous study confirm that develop-
ing a vaccine targeting the MMPs can be a viable
option for effective control of cancer. If success-
ful, this could lead to a significant reduction of the
global human and economic burden of cancer —
and long-term to the potential termination of this
epidemic.
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