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DNA vaccine

Therapeutic vaccine research and development are especially important in Chagas disease considering the
characteristics of the chronic infection and the number of people in the Americas living with a parasite infection for
decades. We have previously reported the efficacy of attenuated Salmonella enterica (S) carrying plasmid encoding
cruzipain (SCz) to protect against Trypanosoma cruzi infection. In the present work we investigated whether Cz DNA
vaccine immunotherapy could be effective in controlling an ongoing T. cruzi infection in mice. We here report the
intramuscular administration of naked Cz DNA or the oral administration of Salmonella as Cz DNA delivery system as
therapeutic vaccines in mice during acute or chronic infection. The coadministration of a plasmid encoding GM-CSF
improved vaccine performance, indicating that the stimulation of innate immune cells is needed in the event of an
ongoing infection. These therapeutic vaccines were able to address the response to a protective and sustained Th1
biased profile not only against Cz but also against a variety of parasite antigens. The combined therapeutic vaccine
during the chronic phase of infection prevents tissue pathology as shown by a reduced level of enzyme activity
characteristic of tissue damage and a tissue status compatible with normal tissue. The obtained results suggest that
immunotherapy with Cz and GM-CSF DNAs, either alone or in combination with other drug treatments, may represent a

promising alternative for Chagas disease therapy.

Introduction

Chagas disease is a zoonotic infection caused by the hemofla-
gellated protozoan parasite Trypanosoma cruzi. The infection is
transmitted to mammalian hosts by a group of hemipteran
insects belonging to the family Reduviidae, subfamily Triatomi-
nae. In endemic areas, the main transmission mode is vectorial
by domestic, peridomestic and sylvatic triatomines. Infection can
also be acquired by blood transfusion, organ transplant, congeni-
tal infection, and oral transmission from food contaminated with
insect feces. Mass migration of chronically infected and asymp-
tomatic persons has caused globalization of Chagas disease,
which has now been reported in 19 non-endemic areas including
the United States, Canada, Europe, Japan, and Australia."”? Cur-
rently, Chagas disease causes 12,000 annual deaths, and
100 million people are at risk of infection. In endemic areas of
Latin America, 7-10 million people are infected by 7. cruzi,
with an incidence of 56,000 new cases per year.’
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The disease has an initial acute phase characterized by high
parasite level in blood. In most instances, this parasitemia is sup-
pressed following the development of a flourishing immune
response, although this process does not give rise to sterile immu-
nity. Individuals in this chronic stage remain a source of infection
throughout their lives. In about 30% of cases, the disease pro-
gresses from the asymptomatic to the symptomatic-chronic stage,
sometimes decades after the primary infection,” leading to clini-
cal outcomes such as cardiomyopathy, alimentary tract pathology
(typically, megacolon and megaesophagus) and/or damage to the
peripheral nervous system.

For more than 40 years, the nitroheterocyclic agents nifurti-
mox and benznidazole have been the frontline therapy for Chagas
disease.”® However, these drugs are far from optimal. They are
effective against infections in the acute phase, though their use-
fulness in preventing or alleviating symptoms in the chronic stage
remains controversial.”® Both drugs have been reported to be
carcinogenic and display a wide range of side effects which
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Figure 1. Protection against T. cruzi in animals receiving the immunotherapeutic vaccine during the
acute phase of infection. C3H/HeN mice challenged with a lethal dose of RA trypomastigotes were
treated by intramuscular route with 2 doses of 100 pg of a naked (n) plasmid encoding the Cz gene
(nCz) or the GM-CSF gene (nGM-CSF), or both plasmids simultaneously (nCz+-nGM—CSF). Control mice
were treated with a plasmid without an insert (nEmpty). (A) Parasitemia determined every 2-3 days in
fresh blood. The symbols represent the media £ the standard error. (B) Survival recorded daily. These

parasitemia and increases survival
of T. cruzi infected mice

To evaluate the immunotherapeutic
properties of the Cz DNA, mice
infected with a lethal dose of 7. cruzi
trypomastigotes were treated at 0 and

include CNS toxicity, leukopenia, muscle weakness and severe
dermatitis.””

Since 7. cruzi treatments are not always effective and possess
serious side effects, finding alternatives for controlling Chagas
disease demands urgent attention. In this context, parasite protei-
nases represent an interesting chemotherapeutic target due to the
possibility of selective blockage of the key functions performed
by these molecules in the parasite life cycle and in host—parasite
interactions. In that sense, cruzipain, the major 7. cruzi cystein
protease has some properties that signal it as a potential target for
the generation of an immune response able to block the progres-
sion of the parasite inside the host. Among some of these proper-
ties, it is worth mentioning that: i- cruzipain is expressed in all
developmental stages and strains of the parasite'’; ii- it is accu-
mulated in the lysosomes, it is secreted and also present at surface
level, being able to hydrolyze immunoglobulins''; iii- it plays an
important role in the process of internalization within mamma-
lian cells'?; and iv- it is highly immunogenic in natural
infection.'?

Recent improvements to DNA vaccines and the potential and
flexibility of DNA as a potent immunization strategy for induc-
ing both humoral and cell-mediated immune responses, make
them an ideal therapeutic approach for treating or eliminating
chronic disease, as it was shown in multiple sclerosis,"* human
papillomavirus,''® hepatitis B'/, human immunodeficiency

18,19

. .. . . . 20 .
virus, simian immunodeficiency virus,” Mycobacterium

Leishmania spp.,zz’23 Schistosoma mansoni,”* as
. £25,26
well as against 7. cruzi.

We have previously reported the efficacy of attenuated Salmo-
nella enterica (S) carrying plasmid encoding cruzipain (SCz) to

. L5 . 27,28
protect against 7. cruzi infection.””*® In the present work we

.21
tuberculosis,

investigated whether Cz DNA vaccine immunotherapy could be
effective in controlling an ongoing 7 cruzi infection in mice. We
administered naked Cz DNA intramuscularly or Salmonella as
Cz DNA delivery system via oral route as therapeutic vaccines in
mice during acute or chronic infection. Additionally, with the
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10 dpi with: GI- Insert-less pCDNA
3.1(+) (nEmpty); GII-pCDNA 3.1(+)
encoding GM-CSF (nGM-CSF); GIII-
pCDNA 3.1(+) encoding Cz (nCz); and GIV- coadministration
of both nCz4+nGM—CSF. Control mice (nEmpty) presented
high level of parasitemia and 100% mortality at 36 dpi (Fig. 1).
In contrast, mice treated with nCz+nGM—CSF elicited an
important reduction in the level of circulating trypomastigotes
throughout the acute phase of infection compared to control
(Fig. 1A). Most importantly, all mice treated with both plasmids
survived until the end of the experiment at 100 dpi (Fig. 1B).
Although mice monotherapeutically treated with nCz or nGM-
CSF did not present any statistically differences in parasitemia
compared to control, their survival was 75% and 40%, respec-
tively, in contrast with control mice, which died between 21 and

35 dpi (Fig. 1).

Combined therapy with Cz and GM-CSF increases IgG
antibodies with a Th1 profile

To determine the specific antibody response, we evaluated the
IgG titers against rCz in sera obtained at 35 and 100 dpi in mice
infected with a sublethal dose of 7. cruzi and treated as previously
described. To assess the immune response against the infecting
parasites, we also determined the antibody response against a
complex mixture of soluble 7. cruzi antigens, F105, containing
~1% of rCz. The results obtained for the nEmpty group reflect
the antibody response elicited by the infecting parasites
(Fig. 2A). Thus, the response against F105 at 100 dpi shows a
slight increase of antibodies against all parasite antigens com-
pared with 35 dpi (0.7 x 10%vs 0.5 x 10%). On the contrary, in
the same group, the response against Cz increases 5 times at
100 dpi compared with 35 dpi (2.0 x 10° to 0.4 x 10?), point-
ing to the strong immunogenicity of this antigen, which is also
observed in natural infection. The administration of nGM-CSF
increases the antibody response elicited by the infecting parasites,
against the complex antigen and Cz, as expected for a stimulating
cytokine; however, they cannot be significantly distinguished
from the control treated with nEmpty. At 35 dpi the antibody
titer against rCz in the group immunized with nCz can be
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attributed mostly to immunization \

since in nEmpty control mice is Humoral response against parasite antigen lysate and rCz
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of both plasmids showed significant NCz+nGM-CSF 2.5+05% 22+0.1% 8.0 0.5%** 6.3+0.2%*
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respect to the IgGl isotype at

?5 .dpl (Flg' 2CD. ".fhe.se results Figure 2. Antibody response at 35 and 100 dpi in mice receiving the immunotherapeutic vaccine during
indicate that the vaccination thera- the acute phase of T. cruzi infection. Mice were challenged with RA trypomastigotes and were treated by
pies were able to address the | intramuscular route with 2 doses of nEmpty, NGM-CSF,nCz or nCz+pGM—CSF. Serum samples were taken
response against Cz to a protective on day 35 and 100 postinfection. (A) IgG titers against rCz or parasite antigen fraction F105.(B) Immunoblot-
ting of epimastigotes blotted onto nitrocellulose incubated with dilution of mice sera at (I) 35 dpi and (Il)
100 dpi; (1) Molecular weight marker, (2 and 3) Control, (4 and 5) Cz+GM—CSF. Strips were incubated with
biotinylated rat monoclonal antibodies to mouse IgG1 (2 and 4) or IgG2a (3 and 5) subclasses. (C) Cz spe-

Thl profile. Most importantly, the
Thl response was sustained over

time (100 dpi), only in mice vacci- cific IgG1 and IgG2a isotypes. The bars represent the media of 7 determinations and are representative of 3
nated with nCz as monotherapy | independent experiments.*p < 0.05; **p < 0.01; **p < 0.001.
and in mice receiving

nCz4+nGM—CSF (Fig. 2CII). In
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addition, this therapeutic vaccine increased and maintained the
IgG2a response over time, not only against Cz but also against
the variety of parasite antigens (Fig. 2BII, lane 4). It must be
emphasized that immunization with nCz alone or with nGM-
CSF as adjuvant is able to revert the balanced IgG2a/IgGl
response produced by parasite infection to mostly all IgG2a, as
shown in the nEmpty or nGM-CSF groups (Fig. 2CII).

Cz DNA vaccination of infected mice induces an important
cellular response #n vivo and in vitro

To evaluate whether the protective efficacy of the Cz DNA
treatment in mice can be attributed to the elicited cellular
response, we conducted an 7z vivo delayed type hypersensitivity
test (DTH) at 100 dpi (Table 1). While mice treated only with
nGM-CSF showed similar DTH levels than the control animals,
footpad swelling increases significantly after the intradermal
injection of the F105 (0.096 mm) or rCz (0.102 mm) in nCz-
treated mice compared to controls (0.010 and 0.041 mm, respec-
tively). Importantly, mice vaccinated with nCz+nGM—CSF
developed a higher cellular response compared to control
(Table 1A). In accordance with these results, when we evaluated
the cellular immune response 2 vitro at 100 dpi in splenocytes
stimulated with rCz or F105, we observed a strong proliferative
response in both groups of mice vaccinated with nCz. Moreover,
the response was even higher in the group that had simulta-
neously received the combination of plasmids, with values being
more than 10-fold higher against rCz and F105 compared to
control (Table 1B). These results indicate that immunotherapy
with the combination of nCz+nGM—CSF improves the cellular
response not only against Cz but also against other parasite anti-
gens contained in F105.

Tissue damage induced by 7. cruzi infection is prevented
by Cz DNA immunotherapy

We further investigated whether the DNA-based therapeutic
regimens that were capable of reducing parasitemia were addi-
tionally effective in limiting tissue damage, a pathogenic feature
of chronic Chagas disease. Accordingly, sera samples of infected
and treated mice were analyzed to determine the enzymatic activ-
ity of lactate dehydrogenase (LDH), creatinquinase (CK) and
aspartate amino transferase (AST) at 35 and 100 dpi. An impor-
tant decrease in the serum activity of at least one of these

cardiomyopathy-associated enzymes was observed at both times
for all vaccinated mice, compared with controls (Fig. 3A). Most
importantly, upon treatment with nCz+nGM—CSF, mice dis-
played serum enzyme levels that were statistically lower for all 3
enzymes with respect to the control. In addition, the activities
were similar to the basal values recorded for non-infected mice
(28.674+10.41, 1087£240, 10.8£3.5, for CK, LDH and AST,
respectively), at least for CK and LDH, both at 35 and 100 dpi
(Fig. 3A).

To further characterize tissue damage, we performed histolog-
ical analyses of heart and skeletal muscle in 77 cruzi-infected and
treated mice at 100 dpi. Based on the serum levels of the cardio-
myopathy-associated enzymes, infected and nEmpty-treated
mice exhibited calcifications, intense perivascular mononuclear
cell infiltrate, as well as skeletal muscle fiber infiltration (Fig. 3B).
By contrast, animals treated with nCz4+-nGM—CSF, presented
reduced inflammatory lymphocyte foci in muscle tissue, minimal
perivascular infiltrate, scarce infiltrated and dystrophic calcifica-
tions, and absence of interfiber infiltration (Fig. 3E). 7. cruzi-
infected animals treated with nCz and nGM-CSF as mono-thera-
peutic vaccine showed only a few inflammatory infiltrates, with-
out a general increase in tissue cellularity (Fig. 3C, D). We were
unable to identify any abnormalities in histopathological cardiac
tissues at 100 dpi, neither in treated mice nor in the controls.

Cz and GM-CSF DNAs delivered by attenuated Salmonella
during the acute phase of 7. cruzi challenge reduces parasitemia
and increases survival of infected mice

To overcome the requirement of high dosages of purified
DNA needed in traditional naked DNA vaccines, we explored
Salmonella enterica serovar Typhimurium aro A, which has been
characterized as a successful delivery system for orally adminis-
tered Chagas DNA vaccines.””**?" C3H/HeN groups of mice
lethally infected with 77 cruzi were treated orally at 0 and 10 dpi
with 2 doses of 10° UFC of Salmonella transfected with plasmid
lacking an insert (SEmpty), plasmid encoding Cz (SCz) or GM-
CSF (SGM-CSF). Another group was treated simultaneously
with SCz+SGM—CSF. We observed that SGM-CSF was not
able to reduce parasitemia compared with control, but an impor-
tant decrease in the number of blood parasites was found in mice
treated with SCz as well as with SCz+SGM—CSF (Fig. 4A).
Additionally, we found that 75% of the animals under the

Table 1. Cellular response in naked DNA-treated mice during the acute phase of T. cruzi infection

A. In vivo (DTH, mm =+ SE)

B. In vitro (Proliferation, cpm + SE)

Stimuli

Treatment Against F105 Against Cz Upon F105 Upon Cz
nEmpty 0.010 + 0.004 0.041 £ 0.015 859 £ 292 775 £+ 408.4
nGM-CSF 0.023 £0.014 0.042 +0.014 321111 269 + 64
nCz 0.096 + 0.019* 0.102 + 0.015* 5304 £ 1419* 5214 £ 1785*

nCz+nGM—CSF 0.122 £ 0.013**

0.106 + 0.020*

10209 £ 3143* 8570 % 2201**

C3H/HeN mice challenged with a sublethal dose of RA trypomastigotes were treated by intramuscular route with 2 doses of nCz, nGM-CSF or
nCz+nGM—CSF. The results represent the media of 7 determinations + standard error, and are representative of 3 independent experiments. *p << 0.05;

®p < 0.01.
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vaccination therapy with
SCz4+SGM—CSF survived to T.
cruzi challenge until the end of the
experiment (100 dpi). By contrast,
all  mice  monotherapeutically
treated with SCz or SGM-CSF
died at 24 dpi, showing similar
mortality than control animals

(Fig. 4B).

Immunotherapy with
SCz+SGM —CSF increases
specific antibodies with
predominance
of the IgG2a isotype

We evaluated the development
of the humoral response at 35 and
100 dpi in mice treated during the
acute phase of T.cruzi infection
with Salmonella carrying the differ-
ent genes. Mice treated with
SGM-CSF  or SCz presented
slightly higher antibodies against
Cz and F105 at 35 dpi, with
respect to the control. By contrast,
in mice vaccinated simultaneously
with  SCz+SGM—CSF, the
humoral response against rCz sig-
nificantly enhanced with respect to
the control (15.8 x 10% vs 1.2 x
10%). At 100 dpi, all treated mice
exhibited an increase in the titers
of IgG antibodies against rCz and
F105 compared to control; how-
ever, the differences were statisti-
cally significant only in the mice
treated with SCz+SGM—CSF
(Fig. 5A). These results showed
that immunotherapy with
SCz+SGM—CSF is able to elicit a
specific response as good as with
naked DNA and, more impor-
tantly, this humoral immune
response persists in the chronic
phase of infection (100 dpi).

To further characterize the
humoral response elicited by the
therapeutic vaccine, we analyzed
isotypes IgG1 and IgG2a against
Cz. Coadministration of Salmo-
nella carrying both plasmids was
the only therapy able to increase
IgG2a in the acute phase of
T. cruzi infection and also to main-
tain it during the chronic phase

(Fig. 5B, C).

442

A Serum levels of cardiomyopathy-associated enzymes

Dpi Enzymes nEmpty nGM-CSF nCz nCz+ nGM-CSF
CK 62.8+18 32.2+8 30.8+13 8.8+23*

35 LDH 2068 + 75 1531 + 225 831+387* 850+51.3*
AST 844 +5 54.2+9.6 51.28+8.8 41.49+7.0*
CK 82+6.5 10£2.4 ** 31 £7.0%* 19.5+ 4.6 **

100 LDH 2513.6+84 938.1+122 795.8+131*% 620.6 £ 98*
AST 57+29 845+125 285+2.25* 34+09*

The results represent the media of 7 determinations # standard error, and are representative of
3 independent experiments. *p<0.05; **p<0.01.

Figure 3. Tissue damage in T. cruzi-infected and treated mice. Mice infected with a sublethal dose of trypo-
mastigotes were vaccinated by intramuscular route with the naked DNA of Cz and GM-CSF the day of the
infection, and also 7 days later. (A) Serum levels of cardiomyopathy-associated enzymes. Blood was col-
lected at 35 and 100 dpi and assays were performed to determine the levels of CK, LDH and AST. The results
represent the media of 7 determinations =+ standard error, and are representative of 3 independent experi-
ments. *p < 0.05; **p < 0.01. Serum levels of cardiomyopathy-associated enzymes in non-infected mice are:
30.02 5+ 10.41, 1,080 £ 420, and 7.80 & 6.0 IU/liter for CK, LDH, and AST, respectively. Histopathological
analysis of skeletal muscle in T. cruzi- infected and treated mice at 100 dpi. A blind histological test was per-
formed. Magnification 10X (B) nEmpty, (C) nGM-CSF, (D) nCz, and (E) nCz+nGM—CSF.

Human Vaccines & Immunotherapeutics Volume 12 Issue 2
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2.5+ 100+  — mice treated with
A SEmpty B SCz+SGM—CSF, at both 35 and
o~ 20- —— SGM-CFS 80- 100 dpi (Fig. 6A).
o -»- SCz » ¥ . .
= gt SrCiai e < We were unable to identify any
£ 9 = = 00 abnormalities in histopathological
8 . . g i cardiac tissues at 100 dpi either in
2 - @ SEmpty treated mice or in control. By con-
$ - SO OO trast, when we analyzed the skele-
@ 05 204 -+ SCz > Y
/ - SCz+SGM-CSF tal  muscles, we  observed
0.0 . : : : : 0 . , : perivasculitis  with ~ degenerative
7 9 1 13 15 10 14 18 22 26 | alterations of the muscular fibers,
dpi dpi calcifications, and diffuse interfiber

infiltrations in control animals

ments. *p < 0.05.

Figure 4. Protection against T. cruzi, in mice treated during the acute phase of infection with Cz and GM-CSF
DNAs delivered by attenuated Salmonella. C3H/HeN mice infected with a lethal dose of RA trypomastigotes
were treated at 0 and 10 dpi with 2 oral doses of 10° UFC of SCz, SGM-CSF or both combined
SCz+SGM—CSF. As control, a group of mice was treated with Salmonella transfected with a plasmid without
insert (SEmpty). (A) Parasitemia determined every 2-3 d in fresh blood. The symbols represent the media +
the standard error. (B) Survival recorded daily. These results were representative of 3 independent experi-

(Fig. 6B, C). Mice treated with
SCz alone or coadministered with
SGM-CSF showed scarce calcifica-
tions. Most importantly, the treat-
ment with both plasmids prevents
inflammation and infiltration of

Immunotherapy with both Cz and GM-CSF DNA delivered
by attenuated Salmonella increases in vivo and in vitro specific
cellular responses

C3H/HeN mice challenged with a sublethal dose of RA try-
pomastigotes were treated orally with 2 doses of SCz, SGM-CSF
or SCz4+SGM—CSF. We found significant differences in the
DTH test with respect to the control mice only in the
SCz+SGM—CSF group (p <0.05 for F105 and Cz). In con-
trast, no differences were found in mice vaccinated with SCz or
SGM-CSF administered as a single therapy (Table 2).

When splenocytes from infected and treated mice were stimu-
lated 7% vitro with F105 or recombinant Cz, we observed similar
results to those obtained 77 vivo. Only the animals treated with
both plasmids showed a significant proliferative response upon
restimulation (Table 2).

Salmonella carrying Cz-+GM—CSF DNAs prevents tissue
damage characteristic of 7. cruzi infection

We measured serum activity of CK, LDH and AST in mice
treated with the different plasmids carried by Salmonella at 35
and 100 dpi. The activity of the 3 myopathy-linked enzymes was
significantly lower with respect to the control only in infected

mononuclear  cells  (Fig. 6D).
Taken together, these results indicate that immunotherapy with
SCz+SGM—CSF during the acute phase of infection is able to
reduce muscle damage in the chronic phase of 7. ¢cruzi infection.

The immunotherapeutic vaccine with Cz plus GM-CSF
DNAs administered during the chronic phase of infection
prevents Chagas disease

We tested the efficacy of both naked and Salmonella-delivered
DNA therapeutic vaccines during the chronic phase of infection.
Mice infected with a sublethal challenge of trypomastigotes were
treated 3 months after the infection by intramuscular route with
2 doses of naked DNA vaccines nCz or nCz+nGM—CSF. As
controls, mice were treated with nEmpty. Another group of
T. cruzi-infected mice were orally vaccinated on days 90 and 100
with SCz, SCz4+SGM—CSF or SEmpty as control. As a marker
of prevention of tissue damage, we analyzed the activity of serum
enzymes and observed an important decrease in the serum activ-
ity of enzymes LDH, CK and AST in the mice treated with
Cz+GM—CSF, with respect to the control in both naked and
Salmonella-delivered DNA vaccines. Although a reduction in
serum enzyme levels was observed in the animals treated with Cz
monotherapy, the differences were not statistically significant
with respect to the control (Fig. 7A).

Table 2. Cellular response in Salmonella-treated mice during the acute phase of T. cruzi infection

A. In vivo (DTH, mm =+ SE)

B. In vitro (Proliferation, cpm + SE)

Stimuli

Treatment Against F105 AgainstCz Upon F105 UponCz
SEmpty 0.018 £ 0.011 0.021 £+ 0.021 85.4 +50.7 82+44
SGM-CSF 0.048 £ 0.024 0.020 £ 0.015 185.5 £ 99.6 54434

SCz 0.037 £0.018 0.046 £+ 0.019 133.1 4 36.62 64.1+51.6
SCz+SGM—CSF 0.074 £ 0.013* 0.098 £ 0.018* 1508 £ 557.2* 847.2 £ 331.6%**

C3H/HeN mice challenged with a sublethal dose of RA trypomastigotes were treated by oral route with 2 doses of SCz, SGM-CSF or SCz-+SGM—CSF. The
results represent the media of 7 determinations =+ standard error, and are representative of 3 independent experiments.
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The histological analysis of car-
¢ fustologieal anaysis of car A Humoral response against parasite antigen lysate and rCz

35 dpi 100 dpi

diac tissue shows a small increase in
cellularity and scarce infiltration,

. . Treatment
aggregates and dystrophic calcifica-
tions in animals receiving SEmpty.
By contrast, these calcifications SEmpty 0.32+0.05 1.2£0.7 0.44+0.2 28104
were not observed in mice treated

a-F105 (x10'£ SE) a-Cz (x10°£SE) a-F105 (x10°£SE)  a-Cz (x10° £ SE)

with SCz, although some increase
in the number of cells and infiltra-
tions were observed. Importantly,
mice simultaneously vaccinated SCz 0.58+0.1 9.1+4.1 2.06+0.3 6925
with both plasmids exhibited a gen-

SGM-CSF 0.50+0.1 3.810.6 1.79+0.1 461058

eral status compatible with normal | “g¢, sepcsr 0.75+0.08 15.8+2.3* 256%0.1* 85%1.2
tissue, with some minor calcifica-

tions proximal to the endocardium.

The results represent the media of 7 determinations + standard error, and are representative of 3
Moreover, the skeletal muscle of P P

SCz+SGM—CSF-vaccinated mice

independent experiments. p<0.05

showed light perivasculitis while

controls showed severe perivasculi- B
tis with degenerative alterations of I | Salmonella DNA 35 dpi 11 | Salmonella DNA 100 dpi

the muscular fibers and calcifica- KDa| 1 2 31415 KDa 2 |34 s

tions, also presenting scarce interfi- 170 1SS Llis

130,
ber infiltrations  (Fig. 7B-D). i

100 100

1

Similar results were observed in - = - i
naked DNA-vaccinated mice (data - | - T ) - e &
not shown). - .

Opverall, these results support the 0_ |, - = -1 -
efficacy of the treatment with
Cz+GM—CSF  in the chronic
phase of Chagas disease with both
protocols using naked DNA and a
DNA delivery system. —-

35 il

25 23

Discussion

)

Because 7. cruzi has evolved 35 dpi 100 dpi

. | Il
many unique and clever mecha- 4000+

g

= igG1
B igG2a

T i
= H M M

SEmpty SGM-CSF  SCz SCz+SGM-CSF

1 IgG1

nisms to evade, modulate and even
Bl gG2a

exploit host immune responses, to 4
P p 3000

g

develop a highly efficient and safe
2000+

SEmpty SGM-CSF  8Cz SCz+SGM-CSF

therapeutic vaccine still remains a
challenge. Recent highlights on the
biochemical pathways of kineto-
plastids and the availability of the
completion of genome sequencing
have enabled the rational design of

g

Cruzipain specific 1gG isotypes
Cruzipain specific 1gG isotypes

o

a large number of potental new
lead compounds and drug candi- Figure 5. Antibody response at 35 and 100 dpi in mice receiving the Salmonella carrying the Cz and GM-
CSF genes during the acute phase of T. cruzi infection. Mice were challenged with a sublethal amount of RA
trypomastigotes and were treated orally with 2 doses of SCz, SGM-CSF or SCz+SGM—CSF. Serum samples
were taken on 35 and 100 dpi. (A) IgG titers against F105 or rCz. (B) Immunoblotting of epimastigotes incu-
Cz inhibitors has shown to be a bated with dilution of mice sera at (I) 35 dpi and (Il) 100 dpi; (1) Molecular weight marker, (2 and 3) Control,
promising drug discovery avenue (4 and 5) Cz+GM—CSF. Strips were incubated with biotinylated rat monoclonal antibodies to mouse IgG1
for Chagas disease. Recently, iden- (2 and 4) or IgG2a (3 and 5) subclasses. (C) Cz specific IgG1 and IgG2a isotypes. The bars represent the
media of 8 determinations and are representative of 3 independent experiments.*p < 0.05; ** p< 0.01.

dates against kinetoplastid diseases.
In that sense, the development of

tified inhibitors of this protease
have blocked the proliferation of
both extracellular epimastigotes and intracellular amastigotes and the parasitic enzyme with the effector molecules and cells of the
arrested metalcyclogenesis.30’33 Previously, we had also targeted ~immune response as bullets. Thus, prophylactic Cz-based
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A Serum levels of cardiomyopathy-associated enzymes systemically. Thus, we recently

dpi  Enzymes  SEmpty  SGM-CSF sCz SCz+SGM-CSF obtained  promising  results in

prophylactic Salmonella-based

CK 82.8+304 25.31+5.7 15.0+4.7 4.7+0.6 ** monocomponent27’38 or multi-

component29 vaccines  against

35 LDH 2576+ 618 1665+754 1425%263  778+217* experimental infection with 7.
cruzi.

AST 1155+63 445+7.8 37.6%56 285+3.9*% Numerous clinical studies have

evaluated recombinant GM-CSF

cK 39+10.8  27%7.6  187%69 103323 * as monotherapy, as adjuvant with

or without cancer vaccines, or in

100 LDH 2673+615 614+225* 670+343* 533.7+50.9% combination  with  chemother-

39,40
AST  43.82£3.5 28734 27923 2903317 apy: In the - present work,

although we have observed some

The results represent the media of 7 determinations + standard error, and are
representative of 3 independent experiments. *p<0.05; **p<0.01.

degree of protection in monothera-
peutically-treated mice with Cz or

GM-CSF DNA, we found that
mice treated during the acute phase
of T. cruzi infection with the com-
bination Cz+GM—CSF exhibited
a significant reduction in parasite-
mia compared with controls, indi-
cating that the stimulation of
innate immune response cells is
needed for a more efficient
immune response in the event

of an ongoing infection.

an important reduction in mononuclear cell infiltration.

Figure 6. Tissue damage in T. cruzi infected mice receiving the Salmonella-based therapeutic vaccine during
the acute phase of infection. C3H infected mice were treated by oral route with 2 doses of SCz, SGM-CSF or
SCz+SGM—CSF. (A) Serum levels of myopathy-linked enzyme in blood collected at 35 and 100 dpi. The
results represent the media + standard error and are representative of 3 independent experiments.
*p < 0.05. Serum levels of cardiomyopathy-associated enzymes in non infected mice are: 30.02 5 + 1041,
1,080 £ 420, and 7.80+6.0 IU/liter for CK, LDH, and AST, respectively. The sections of quadriceps were
stained with H/E and observed by microscopy (40X) one hundred days after the last immunizations. (B) Skel-
etal muscle of control mice showing important necroses, calcifications and perivasculitis. (C) Mice treated
with SCz exhibited some zones of muscular necrosis, and (D) mice treated with SCz+SGM—CSF displayed

Cz+GM—CSF combination as a
therapeutic vaccine was effective in
both naked plasmid and Salmo-
nella- based DNA delivery system
strategies. These results contrast
with those obtained when both
plasmid were used as a prophylactic
vaccine, since the addition of GM-

CSF to Cz DNA did not improve

vaccines demonstrated strong protection against deadly chal-
lenges with trypomastigotes.””**>” Here we analyzed the ability
of Cz and haematopoietic cytokine GM-CSF DNAs to protect
already infected mice. Research on and developments of thera-
peutic vaccines are especially important in Chagas disease consid-
ering the characteristic mammal chronic infection and the
number of people living in the Americas with a parasite infection
for decades. In experimental 7. cruzi infection, Dumonteil
et al.”>? demonstrated that an intramuscular injection of plas-
mid DNA encoding TSA-1 or Tc24 protected infected mice.
The use of live attenuated organisms as foreign DNA-delivery
systems offers several advantages as compared to the administra-
tion of naked DNA. First, the vaccine can be administered by the
mucosal route, facilitating its widespread development in patho-
gen eradication campaigns. In addition, the mucosa-associated
lymphoid tissue facilitates the capture of antigen by specialized
immune cells: macrophages and dendritic cells, initiating a strong
humoral and cellular immune response, both locally and

www.tandfonline.com

protection.”’

Since lethal infection kills 100%
of the Control group (nEmpty), 60% of the nGM-CSF group as
well as 20% of the nCz group by day 36 (Fig. 1), to show the
immune response differences between the 4 groups at 35 and
100 dpi we performed a sublethal infection. In addition, we eval-
uated the immune response to a sublethal inoculum of trypomas-
tigotes with the aim of assessing what happens in humans, where
the inoculum in the vector-borne disease is considered to be small
and most patients overcome the acute phase of infection pro-
gressing to a chronic infection. The assayed therapeutic vaccines
were able to address the response to a protective and sustained
Th1 biased profile not only against Cz but also against the variety
of parasite antigens. We found that GM-CSF co-administered
with Cz contributes to the early generation and persistence of Cz
specific IgG antibodies, particularly IgG2a, in both naked and
Salmonella DNA-delivery system approaches. In addition, the
cellular immune response against Cz and F105 is significantly
higher in animals treated with Cz with respect to the control; and
this response even increased when co-administered with GM-
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CSF, mainly for splenocyte prolif- A
eration. Lymphocyte proliferation

Serum levels of cardiomyopathy-associated enzymes

after stimulation with Cz or F105 Treatment Control Cz Cz+GM-CSF Enzymes
using SCz4+SGM—CSF increased ,
10 times, compared with SCz as 59 +14.25 22.2+6.0 15.1+4.0 CK
monotherapy  (Table 2). These Naked 15959+ 190 866.6 + 154 3748959 * LDH
results emphasize that GM-CSF DNA
co-administration is necessary for 67.6% 107 365466 2504+27 % AST
enhancing cellular response, which
is essential in eradicating intracel- 83.8+33 30.0+8.9 10.8 +2.2* CK
lular pathogens such as 7 cruzi.

Considering that Cz is hlghly Salmonella 1461 + 231 1205 + 320 225.1 +62.9* LDH
immunogenic in natural infec- DNA

13,36 52.1+2.8 37.1+53 32.3+35 AST

tion, it is not surprising that
nEmpty as well as SEmpty-treated

mice showed specific IgG and acti-

The results represent the media of 7 determinations + standard error, and are representative of 3

independent experiments. *p<0.05.

vated lymphocytes. The humoral
and cellular immune response is
elicited against the native Cz pres-
ent in the infecting parasites.
Moreover, these responses were
not only directed against Cz but
also against other proteins present
in a complex mixture of soluble 7.
cruzi antigens (F105) (Figs. 2A
and 5A). These results can also be

observed in the immunoblotting

assay, where control mice at
35 dpi have a small amount of
IgG2a against Cz whereas at
100 dpi antibodies recognizing
other antigens can also be
observed. However, in both
nEmpty and SEmpty groups there
were no significant differences
between IgG1 and IgG2, indicat-

Figure 7. Tissue damage in T. cruzi infected and treated mice during the chronic phase of parasite infection.
(A) Serum levels of myopathy-linked enzyme from T. cruzi-infected mice, vaccinated during the chronic
phase of infection. CK, LDH and AST were determined by UV spectrophotometry in blood sample. The results
represent the media of 7 determinations and are representative of 3 independent experiments. *p < 0.05. (B,
C, and D). Serum levels of cardiomyopathy-associated enzymes in non infected mice are: 30.02 5 + 10.41,
1,080 =+ 420, and 7.80 + 6.0 IU/liter for CK, LDH, and AST, respectively. Histopathology sections of skeletal
muscle. Infected animals treated with 2 doses of Salmonella without plasmid showed calcifications, degener-
ative muscle alterations, perivasculitis and lymphomonocytary infiltrates (B). Mice treated with SCz, exhibited
scarce inflammatory infiltration (C). Mice vaccinated with 2 doses of SCz+SGM—CSF presented little perivas-
culitis and scarce interstitial infiltrates (D). B and C magnification: 100X and D: 40X.

ing that the immune response is
not addressed to Thl (Fig. 2C and 5C). By contrast, in
Cz+GM —CSF-treated mice, IgG2a was high at 35 and increased
at 100 dpi against a broad range of antigens (Figs. 2 and 5). This
Thl-driven immune response is the most protective against 7.
cruzi infection, as previously demonstrated.>**"*? In addition,
the critical importance of specific antibody-producing B cells for
controlling systemic 7. cruzi infection was recently reported by
Sullivan et al.*®

The robust humoral immune response and intense cellular
response observed would explain the decreased parasitemia found
in mice treated with the combination of both plasmids. These
results become even more important since serum levels of
enzymes that are markers of muscle damage in chronic Chagas
disease (CK, AST and LDH) achieved significantly lower activity
levels with respect to controls. The decline is mainly evident in
CK serum levels, which would be more specific for cell injury in
both skeletal and cardiac muscles. We also analyzed the effect of
the therapeutic vaccine on day 100 after infection by microscopic
examination of the tissues most affected by Chagas disease. We

446 Human Vaccines & Immunotherapeutics

observed that mice vaccinated with Cz4+GM—CSF only exhib-
ited scarce inflammatory infiltrates in both cardiac and skeletal
muscle, in contrast with the intense mononuclear cell infiltration
in skeletal muscle found in control mice (Figs. 3 and 6).
Recently, Pereira et al.** have highlighted the importance of
reprogramming the immune response to preserve and recover tis-
sue injury in Chagas heart disease induced by parasite infection.

Due to the lack of an effective treatment during the chronic
phase of 7. cruzi infection, an important finding reported here is
that mice treated with Cz plus GM-CSF DNAs as a combined
therapeutic vaccine during the chronic phase of infection pre-
vents tissue pathology, as shown by a reduced level of enzyme
activity characteristic of tissue damage and a tissue status compat-
ible with normal tissue (Fig. 7).

In this manuscript we demonstrated that several specific com-
ponents of the immune system are involved in cruzipain-induced
T. cruzi control. However, a deeper explanation of the mecha-
nisms as to how immunotherapy using Cz and GM-CSF DNAs
mediate disease control is needed. Unfortunately, we were not
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able to deplete only CD4™ and CD8™ T cells that were amplified
by cruzipain to properly answer this question. We previously
tried to approach the issue by depleting CD4" or CD8™ T cells
with rat IgG anti-CD4 and anti-CD8 monoclonal antibodies.
Normal IgG-treated mice survived infection, whereas 100% of
CD4- and CD8-T-cell-depleted animals died between days 17
and 20 after trypomastigote challenge. These results showed that
both CD4- and CD8-T cells are involved in the control of parasi-
temia achieved through cruzipain vaccination.”” In addition,
selective depletion of NK cells and adoptive transfer of sera con-
taining anti-Cz antibodies should be tested in order to better
identify the therapeutic mechanisms.

We were unable to find significant advantages of Salmonella
as a DNA delivery system compared with the naked DNA vac-
cine. Both nCz+nGM—CSF and SCz4+SGM—CSF treatments
showed similar parameters of protection such as parasitemia,
survival and cardiomyopathy-associated enzyme activity. How-
ever, surprisingly, when we compared the humoral response at
35 and 100 dpi in SCz4+SGM—CSF and nCz+nGM—CSF
we found that the Salmonella delivery system was able to
increase the specific IgG with respect to the naked vaccine
(IgG titers: 15.8 vs 2.2 % 10 and 8.5 vs 6.3 x 10° at 35 and
100 dpi, in SCz4+SGM—CSF and nCz4+nGM—CSF, respec-
tively). In contrast, the response against the whole parasites
(F105) was not higher in the Salmonella-delivered vaccine
with respect to the naked DNA vaccine in Cz+GM—CSF-
treated mice. Considering the drawbacks associated to the
naked DNA immunization and the advantage of attenuated
organisms, it seems that further investigation must be con-
ducted in order to improve protection using the Salmonella
DNA delivery system.

In addition, in the fight against kinetoplastid disease, consen-
sus has grown over the past few years toward the use of combina-
tion therapies allowing reducing treatment duration or total drug
doses, resulting in fewer toxic effects and less burden on the
health system.®> Recently, it has been demonstrated that combi-
natorial therapy with benznidazole and granulocyte colony-stim-
ulating factor (G-CSF) was beneficial in arresting inflammatory
processes and tissue damage in Chagas heart disease.*> Exogenous
administration of G-CSF partially repaired the damage provoked
by 7. cruzi due to the high level of inflammation that persisted in
this experimental model. Immunotherapy with Cz and the GM-
CSF DNAs may represent a promising alternative for Chagas dis-
ease therapy, both alone or in combination with other drug treat-
ments. Thus, Salmonells as a DNA delivery system of
Cz+GM—CSF might help reduce doses, delay the emergence of
resistance and increase the therapeutic lifespan of benznidazole or
nifurtimox. Moreover, the DNA therapeutic vaccine can over-
come the challenges that affect the “druggability” of a compound,
such as poor solubility or 77 vive instability, inadequate pharma-
cokinetic and distribution tissue profile, poor therapeutic index
(ratio toxicity/efficacy) or limited oral bioavailability, which
could also reduce overall costs and provide a more cost-effective
option.

Future therapeutic strategies should focus upon mode of
administration, antigen selection, adequate immune stimulation
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and the potential combination of therapeutic vaccines with anti-
parasitic drug therapies in order to achieve improved control or
clearance of chronic parasitic infection.

Materials and Methods

Parasites and antigens

T. cruzi bloodstream trypomastigotes (RA strain) were iso-
lated from acutely infected mice at the peak of parasitemia. Epi-
mastigotes of the same parasite strain were grown in biphasic
medium as previously described.”” Parasites were harvested dur-
ing exponential growth phase, re-suspended in 0.25M sucrose
and 5mMKCI and broken by freezing/thawing and sonication in
the presence of protease inhibitors as described.>* After centrifu-
gation at 105000 x g, the supernatant obtained, called F105, was
conserved at —20°C. F105 was used as a representative fraction
of the parasite antigens.

Recombinant cruzipain (rCz) purification was previously
described.?® Purity was assessed by sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS-PAGE). Protein concentra-
tion was determined by the Bradford assay (Bio-Rad, Hercules,
CA), using bovine serum albumin (Sigma) as standard.

Eukaryotic expression plasmids pCDNA 3.1(+4) encoding Cz
and murine GM-CSF were constructed as mentioned in
Cazorla®® and purified from transformed E. coli XL.2-Blue, using
the Megaprep kit (Qiagen). The corresponding expression vec-
tors were then transferred into the attenuated Salmonella enterica
serovar Typhimurium areA 7207 strain (an S. enterica serovar
Typhimurium 2337-65 derivative, hisG46 DEL407 [aroA::
Tn105Tc-s6]).

Animals and T.cruzi challenge

All studies were carried out in inbred female 6 to 8-week old
C3H/HeN mice bred at the University of Buenos Aires, using 7
animals in each group, which were maintained under standard
conditions. Experiments using animals are in accordance with
the guidelines established by the National Research Council
(CONICET). Mice were infected intraperitoneally with a lethal
dose of 500 or a sub-lethal dose of 50 bloodstream trypomasti-
gote forms. Parasitemia was monitored by counting peripheral
parasites every 2-3 d in 5 pl of blood diluted 1/5 in lysis buffer
(0.75% NH,CI, 0.2% Tris, pH 7.2) by direct microscopy exami-
nation in a Neubauer chamber. Mortality was recorded daily.

Immunotherapy of infected mice

Two different experimental approaches were used in this
study. In one of them, animals infected with a lethal or sublethal
dose of parasites were vaccinated during the acute phase of
T. cruzi infection on days 0 and 10 post-infection (dpi). Another
group of mice, infected with a sublethal dose of parasites received
the treatment during the chronic phase of infection (90 and
100 dpi).

Immunotherapy was conducted using 2 different protocols. A
naked DNA based therapeutic vaccine where 7. cruzi infected
mice were treated with naked (n) DNA by intramuscular
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injection of 2 doses of 100 wg of plasmid in the quadriceps,
according to the following regimens: 1- Plasmid lacking an
Insert- (nEmpty); 2- plasmid encoding GM-CSF (nGM-CSF);
3-plasmid encoding cruzipain (nCz); and 4- coadministration of
plasmids encoding cruzipain and GM-CSF (nCz+ nGM-CSF).

The other protocol to treat the infected animals consisted in
the administration of the same plasmids but employing Salmo-
nella aro A7207 as DNA delivery system. Oral administration
was achieved by feeding 20 ul of PBS containing 10 UFC to
mice that were deprived of drinking water for 2 h. Groups were
as follows: 1- Salmonella with a plasmid lacking an insert
(SEmpty); 2- Salmonella carrying the plasmid encoding GM-
CSF (SGM-CSF); 3- Salmonella with the plasmid encoding cru-
zipain (SCz); and 4- simultaneous administration of SCz and
SGM-CSF (8Cz+SGM—CSE).

Animals were killed by cervical dislocation at 100 dpi, for
mice treated during the acute 7. cruzi infection, and at 190 dpi
for mice vaccinated during the chronic phase of Chagas disease.
Blood and spleen cells were taken to analyze the immune
response.

Antibody titers and IgG isotype determination

F105- or Cz-specific antibody titers were determined in serum
samples by ELISA. Plates were sensitized with 1 pg/well of F105
or with 0.1 pg/well of rCz. Peroxidase-conjugated anti- mouse
IgG (Sigma) or biotinylated anti- mouse IgG1 or IgG2a sub-
classes (PharMingen) were used as secondary antibody, followed
by streptavidin-peroxidase. Plates were developed by adding
OPD/H,0,, and the reaction was stopped using 4N H,SO,.
End point titers were defined as the dilution that resulted in OD
value greater than 0.1. Control negative samples included in the
assay had values lower than 0.1.

SDS-PAGE and immunoblotting

Epimastigotes containing protease inhibitors were diluted in
sample buffer for SDS-PAGE and electrophoretically separated
on 3% stacking/ 10% resolving gel. Samples were electrophor-
esed and blotted onto nitrocellulose. After blocking in Tris buffer
solution (TBS: 50mM Tris—=HCI, 150 mM NaCl, pH 7.4) with
1% skim milk, nitrocellulose was cut into strips and incubated
for 1 h at 37 °C with 1/100 dilution of mice sera. After three
washes with TBS, strips were incubated with biotinylated rat
monoclonal antibodies to mouse IgG1 or IgG2a subclasses, later

on with streptavidin—peroxidase and developed with H,O,/4-
Cl™ 1-naphtol[34].

Characterization of the cell-specific immune response

Delayed-type hypersensitivity (DTH) reactions were per-
formed 3 months after treatment by intradermal administration
of 5 pg of rCz or 50 pg F105. The thickness of hind footpads
were measured before and 48 h after the antigen injection with a
digital indicator. Results are expressed as the difference in foot-
pad thickness after and before inoculation.

Spleen cells were aseptically removed and cell suspensions
were prepared. Cell proliferation was assayed as previously

reported by thymidine incorporation.®”

Measurement of muscle damage

Muscle damage was evaluated through the determination of a
panel of myopathy-linked enzyme markers. Serum levels of crea-
tine kinase (CK), aspartate aminotransferase (AST) and lactate
dehydrogenase (LDH) were measured at 35 and 100 dpi for the
acute model and 190 dpi for the chronic model of 7. cruzi infec-
tion. The assays were done by ultraviolet spectrophotometry fol-
lowing the manufacturer’s specifications (Wiener Lab, Buenos
Aires, Argentina).

The histological features of heart and skeletal muscles (quadri-
ceps) from immunotherapy- treated mice were also investigated.
A blind histological test was done, analyzing 10 microscopic
fields in 10 sections of each organ.

Statistical analysis

Statistical analyses were carried out with the Prisma 3.0 Soft-
ware (GraphPad) using one-way analysis of variance (ANOVA)
for proliferation, antibody and enzyme assays, and parasitemia
data. The log-rank test was used for survival curves. All compari-
sons were referred to control groups. Values of p <0.05 were
considered significant.
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