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HIGHLIGHTS
o E. coli BL21 as a suitable expression and delivery vaccine system;
e rSeM protein protect mice against S. equi infection;
e E. coli cells enhance the immune response against S. equi;

e rSeM protein, purified or not, presented immunogenicity in horses.

Abstract: The Equine Strangles, caused by Streptococcus equi subs. equi, is a contagious disease,
causing high rates of morbidity been responsible for important economic losses. The M protein synthesized
by S. equi plays an important role in the pathogenesis and is a promising candidate for a vaccine antigen.
The innate immune system is responsible for the first immune response against microorganisms, this
response is mediated by receptors that detect PAMPs and their activation trigger crucial modulation of the
adaptative immune response. This work describes the immune response of S. equi subs. equi. recombinant
SeM protein, using Escherichia coli BL21 (DE3) as an expression and delivery vaccine system. To
characterize and to determine the vaccine efficacy, mice were vaccinated as followed: 1. Recombinant E.
coli expressing rSeM protein; 2. The same recombinant E. coli, inactivated adsorbed in Alumen; 3. Purified
rSeM protein adsorbed in Alumen; 4. Inactivated S. equi whole cells adsorbed in Alumen; 5. Control group.
All vaccinated mice developed protective response against S. equi infection, however the groups that
received the E. coli expressing rSeM presented significant higher IgG level than other vaccinated groups.
The recombinant E. coli delivery vaccine system also induced a highest IgG response than inactivated S.
equi or purified rSeM vaccines in horses. This study evidence that the recombinant E. coli, live or
inactivated, enhanced the humoral response, reaching significant higher antibodies levels than those
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obtained in the vaccination with the bacterin or purified antigen, showing the feasibility of producing low-
cost vaccines against strangles.

Keywords: Streptococcus equi; SeM protein; PAMPs; recombinant E. coli.

INTRODUCTION

Bacterial agents have been associated with respiratory problems in equines, among these, one of the
most important is the streptococci genre, that is associated with upper tract diseases (Streptococcus equi
subsp. equi and S. equi subsp. zooepidemicus) [1]. Streptococcus equi infection, also named “Strangles”,
is characterized by an increase in the volume of lymphonodes in the throat, purulent nasal discharge,
cough and fever, causing high rates of morbidity and possibly lethality [2]. Strangles affects horses
worldwide, is highly prevalent and contagious, which makes it responsible for several economic losses and
an obstacle to the equine sector growth [3].

The S. equi cell wall M-like protein (SeM) is responsible for the antiphagocytic capacity and to grip at
the host cell, been one of the several main virulence factors of this bacteria. SeM is a major determinant for
protection against S. equi and plays an important role in horses that recover from the infection [1,4].
Strangles vaccines have different formulations and routes of administration, including bacterins and subunit
vaccines with SeM and other virulence factors [1,5]. However, vaccines targeting SeM induce only strain
specific immunity [6,7]. The host protection mechanism for SeM is not yet fully understood and strategies to
prevent the spread of this infection still need to be developed. Recent studies have been directed to
develop a vaccine that can stimulate the innate and adaptive immunity [8].

The use of E. coli prokaryotic system to express recombinant proteins has been widely used in vaccine
production [9]. The PAMP’s present on microorganisms, as E. coli, enhance the response against vaccine
epitopes [10] due to LPS induction of TLR-4 signaling cascade, that activates the nuclear transcription
factor NF-kB, resulting in production of pro- inflammatory (TNF-a) cytokines and interleukins (IL-1, and IL-
8), giving the modulation of immune responses [11,12].

The objective of this study was to evaluate the immune response of S. equi subs. equi. recombinant
SeM protein, using E. coli BL21 (DE3) as an expression and delivery vaccine system.

MATERIAL AND METHODS

Antigen production

Streptococcus equi subsp. equi (ATCC 9528) was used for the bacterin production. The bacteria were
grown in Brain Heart Infusion (BHI, Difco, USA) and incubated under shaking at 37°C overnight. The
cultures were then centrifuged (3,000 x g, 10 min), the pellets suspended in sterile saline buffer and viable
bacterial cells was determined by the standard plate count method.

To express the recombinant SeM protein (rSeM) the plasmid containing the SeM protein gene
sequence (pAE/SeM) was transformed into E. coli BL21 (DE3) cells. The rSeM protein expression and
recovery was performed as previously described [13]. The rSeM protein expression was evaluated by SDS-
PAGE on a 12% separating gel in an electrophoresis system (Bio-Rad, Hercules, California, USA). The
expressed protein was purified by affinity chromatography using both HisTrap™ HP columns pre-packed
with pre-charged Ni Sepharose™ (GE Healthcare,). The purified rSeM fraction was analyzed by Western
blot using a monoclonal anti-histidine antibody (Sigma Aldrich). The concentration of the purified protein
was determined using the commercial BCA Protein Assay kit (GE Healthcare). The recombinant SeM used
in live and inactivated E. coli vaccine was quantified by 12% SDS PAGE using a BSA curve and analyzed
in the TotalLab Quant software.

Ethical Parameters

All mice were maintained and handled at the animal care facility from the Universidade Federal de
Pelotas (UFPel), Brazil, and were housed in autoclaved cages (Alesco, Brazil) with no food or water
restrictions. All procedures were performed in accordance with the Brazilian Committee for animal care
and use (COBEA) guidelines and were approved by the UFPel Ethics Committee for animal research
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(project number 2354). Horses were maintained and handled at the Centro de Ensino e Experimentacdo
em Equinocultura da Palma (CEEEP) — Universidade Federal de Pelotas (UFPel) Capdo do Ledo- RS.
Brazil, and were housed in horses stalls (3x4m?) with no food or water restrictions. All procedures carried
out in this study were approved by the Ethics Committee on Animal research at the Universidade Federal
de Pelotas (CEEA-UFPel) under protocol 2354.

Vaccination and challenge

To evaluate different vaccine formulation 40 Balb/c female mice, 6-8 weeks old, were divided in five
groups, with eight animals each. The animals in groups 1-2 were vaccinated with recombinant strain E. coli
BL21 (DE3) that was previously cloned to express the protein of interest, recombinant SeM protein (rSeM).
In group 1 mice received 2x10° CFU/100 pl of recombinant E. coli BL21 (DE3) expressing the rSeM (~25
Mg rSeM protein), the group 2 received the same recombinant E.coli but inactivated (0.1% formaldehyde)
plus 10% of Aluminum Hydroxide (AI(OH)s) (Sigma-Aldrich) as adjuvant. Group 3 was vaccinated with the
rSeM (25 pg rSeM protein) purified protein plus Aluminum Hydroxide (10%) as adjuvant. The group 4
received a bacterin, composed by S. equi subsp. equi suspension containing 1.2 x 108 CFU/ml, inactivated
with formaldehyde (0.1%) and adsorbed in Aluminum Hydroxide (10%). Animals belonging to group 5, used
as control, were inoculated with phosphate buffer (PBS) plus Aluminum Hydroxide (10%). All mice were
vaccinated intramuscularly with two doses of 200 puL each on days 0 and 21 of the experiment. Blood
samples were collected on days 0, 7, 14, 21, 28 and 42 through submandibular puncture. The sera were
obtained by blood centrifugation (3,000 x g for 5 min) and stored at -20°C for further analysis.

To evaluate the vaccine efficacy vaccinated mice were challenged, on day 42, with a lethal dose of an
isolate of S. equi subs. equi, previously characterized [14]. The lethal dose of S. equi was determined by
Letal Dose 50 (LDso) assay. Groups of not vaccinated mice were intraperitoneally inoculated with 10!, 102
or 102 CFU of S. equi (n=5). Animals that reach endpoint criteria were euthanized by deepening anesthesia
with inhaled anesthetic agent, isofluorane.

After the vaccine evaluation in mice, was performed an experiment to access the horse’s
immunogenicity. In group 1 horses were vaccinated with 2x108 CFU of recombinant E. coli BL21 (DE3)
expressing the rSeM (~300 pg rSeM protein), the group 2 was immunized with the rSeM (300 ug rSeM
protein) purified protein plus Aluminum Hydroxide (10%) as adjuvant. The group 3 received a bacterin,
composed by S. equi subsp. equi suspension containing ~ 4 x 108 CFU/ml, inactivated with formaldehyde
(0.1%) and adsorbed in Aluminum Hydroxide (10%). The control group (group 4), was inoculated with
phosphate buffer (PBS) plus Aluminum Hydroxide (10%). All groups contained 5 horses and were
vaccinated intramuscularly with a single dose of 2 ml on day 0. Jugular vein puncture was done to collect
blood samples, into vacuum blood collection tubes (Vacutainer®) on days 0, 14 and 28.

Antibodies evaluation

Humoral immune response was accessed by indirect ELISA. Plates (Polysorp, Nunc) were coated with
whole inactivated S. equi subs. equi cells (102 UFC/ well) diluted in carbonate bicarbonate buffer, pH 9.6,
overnight at 4°C. The plates were washed three times with PBS plus 0.5% Tween 20 (PBS- T). Pool serum
samples were diluted 1:100 in PBS and added in triplicate, 100 pl/well and incubated for 90 min at 37°C.
After washing the plates with PBS-T, the secondary antibody anti-mouse IgG HRP-conjugated (Sigma,
USA) was added, diluted 1:5000. Plates were again incubated for 90 min at 37 °C. Finally, were added 100
pl of developing solution (10 mg ortho-phenylenodiamine (OPD, Sigma-Aldrich) in 10 ml of 0.1 M
phosphate citrate buffer and 10 pl of 30% H-0O,) and incubated for 15 min at room temperature in the dark.
Stop solution (sulfuric acid 3%) was added and the optical density was read at 492 nm in an ELISA reader
(MR 700 Dynatech Labs). For the IgG isotype evaluation, pooled serum from days 0, 7, 14, 21, 28 and 42
of each group was diluted 1:2000 and ELISA was performed in triplicate according to the instructions of the
isotyping kit from Sigma-Aldrich for IgG1 and IgG2a detection. The results represent the mean absorbance
obtained in the analysis of the samples in triplicate.

The evaluation of the immune response of vaccinated horses followed the protocol described for
analysis of mice sera, with the modification of the secondary antibody and the use of anti-horse 1IgG HRP-
conjugated (Sigma, USA).
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Statistical analysis

The data were analyzed using GraphPad Prism version 7 (USA). Analysis of differences in antibody
titers between treatment groups was performed on logio transformed titer data. The results were subjected
to analysis of variance (two-way ANOVA) followed by Tukey’s Multiple Comparisons.

RESULTS

Recombinant E. coli and rSeM protein

The rSeM protein, was successfully expressed by transformed E. coli BL21 (DE3) strain, showing a
band of 58 kDa, corresponding to SeM protein, in SDS-PAGE analyzes. The recombinant protein was
detected in insoluble form. After purification steps, rSeM was detected by anti-histidine monoclonal
antibody in Western blot analysis (Figure 1).

70 kDa

60 kDa je—358 kDa

50 kDa

40 kDa

Figure 1. Expression and characterization of recombinant antigens. The proteins expression was analyzed
by 12% SDS-PAGE and Western Blot. 1. Protein ladder; 2. E. coli expressing rSeM protein observed in
SDS-PAGE stained with Comassie blue; 3. Purified rSeM protein probed with anti-histidine monoclonal
antibody by Western blot.

Immune response

The humoral immune response against S. equi whole cells was accessed by indirect ELISA. Every
tested vaccine in this study showed immunogenicity in mice with significant antibodies level with a single
dose and increased after the boost dose (Figure 2A). Mice vaccinated with a live or inactivated recombinant
E. coli presented similar antibodies level between themselves and significant higher (~ 4 - 5-fold increase)
than the group vaccinated with purified rSeM protein and the S. equi bacterin group. The last groups did not
show difference between themselves. This kinetics was observed from 7 days after the first vaccination up
to the end of the experiment, day 42 (P < 0.05). The control group (PBS) did not show detectable
antibodies (Figure 2A).

Mice IgG response was characterized by the presence of IgG1 and IgG2 isotypes. All vaccinated
groups presented IgG1 levels higher than 19G2, especially after 14™ day until 28" day (Figure 2B and 2C).
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Figure 2. Humoral response. A) Total IgG kinetics of specific S. equi IgG of the groups vaccinated with the
different vaccines; B) IgGl response; C) IgG2 response. The data represents pool serum mean
absorbance values determined by indirect ELISA. All groups presented statistically difference (P < 0.05) to
the control group (PBS). Asterisk (*) represents difference among the Live and Inactivated recombinant E.
coli compared with rSeM and Inactivated S. equi (P < 0.05).

Vaccine efficacy

To evaluate if the immune response developed by different vaccine formulation was able to induce
protection against S. equi infection, vaccinated mice were challenged with 10 x Lethal Dose 50 (LDso) of an
isolate of S. equi subsp. equi equivalent to 10> S. equi CFU. All vaccinated mice survived the lethal
infection. No vaccinated group showed endpoint criteria fourth day after the challenge (Figure 3).

Brazilian Archives of Biology and Technology. Vol.64: e21200724, 2021 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

6 Rosa, M.C.; et al.

100 i “l | A L L L ! |
—i— Live recombinant £.coli

80+ : s
E: ~4~ Inacuvated recombinant £.coli + Al{OH);
5 604 rSeM + Al(OH)4
§ 40- - Inactivated S. equi + AI(OH);
& PBS + Al(OH),

20-

0 T 1 T T T 1

T
0 1 2 3 4 5 6 7
Days post challenge

Figure 3. Protection against S. equi lethal infection. Vaccinated mice (8 animals per group) were submitted
to survival challenge by a lethal dose of S. equi subsp. equi (10?2 CFU equivalents to 10 x LDso).

Horses Vaccine immunogenicity

Horses vaccinated with a single dose of a live recombinant E. coli presented higher 1gG level against
S. equi whole cells than horses vaccinated with an inactivated S. equi or rSeM (Figure 4).
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Figure 4. Vaccine immunogenicity in horses. Response against S. equi whole cells in horses vaccinated
with a live recombinant E. coli or S. equi bacterin. The data represents the mean absorbance values
determined by indirect ELISA from individual serum samples analysis. All groups presented statistically
difference (P < 0.05) to the control group (PBS). Asterisk (*) represents difference among the Live
recombinant E. coli compared with rSeM and Inactivated S. equi (P < 0.05).

DISCUSSION

Streptococcus equi is the pathogen responsible for strangles, one of the most common worldwide
infections in horses. This is an old problem, that still causes significant economic losses to the sector.
Although different vaccines are available, they are not completely harmlessness or effective [15]. In
addition to the conventional commercial and autogenous bacterins on the market, live attenuated vaccines
are also available for use in specific regions such as U.S., New Zealand and Australia [16]. However, in
Europe, live attenuated vaccines have not been approved for use due to cases of reversion in virulence
[15,16]. The Equilis StrepE®, another live attenuated vaccine against strangles, had its production
discontinued due to inducing short-term immunity [17] and also by presenting problems due to its harm
[18].

Vaccines developed with recombinant technologies, such as the use of toxins, subunit proteins and
DNA vaccines have been explored [19,20]. However, due to problem with low immunogenicity and antigen
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purification costs, the conventional bacterins still play a major role in preventing diseases [21,22]. Whole-
cell microorganism vaccines are comprised of many antigens, as well as important molecules in immune
responses triggering [23]. The innate immune system is responsible for the first immune response against
microorganisms, this response is based, in part, by Toll-like receptors (TLR) that detect pathogens and
modulate an appropriate protective immune response [11]. These receptors bind specifically to microbial
structures called Pathogen Associated Molecular Patterns (PAMPS), these include lipopolysaccharide
(LPS), flagellin, lipoproteins, glycolipids and nucleic acids bacterin origin, among others [24]. Studies
describing that E. coli cell-based system, containing the antigen of interest in experimental vaccines, is
capable to prevent other animal diseases [25]. The vaccine composed by the formaldehyde-inactivated
recombinant E. coli was able to induce neutralizing antibodies against BoNTs C and D in cattle [26]. Also,
recombinant E. coli vaccines can effectively induce high antibody titers against Clostridium perfringens
alpha (CPA) and epsilon (ETX) toxins in rabbits and ruminants [27].

In this study a vaccination strategy that combines the immunogenic properties of the bacterin with the
specificity of recombinant subunit vaccines was evaluated. The rSeM protein was expressed in E. coli and
the bacteria was also used to enhance the immune response. SeM protein was selected because it plays
an important role in the pathogenesis of S. equi [4,5]. Also, it induces IgA and IgG antibodies in infected
horses [27,28] demonstrating that it activates the immune system stimulating humoral response. However,
vaccines targeting SeM may induce only strain specific immunity because of the polymorphic nature of the
SeM gene [6,7]. The host protection mechanism for SeM is not yet fully understood and strategies to
prevent the spread of this infection still need to be developed. Since parenteral administration of SeM does
not result in a satisfactory mucosal response, most recent studies have been directed at stimulating the
innate and adaptive immunity [8,29].

The live recombinant E. coli containing rSeM protein and the inactivated recombinant E. coli adsorbed
in alumen as adjuvant showed similar antibody level against whole S. equi cells between themselves. The
recombinant E. coli vaccines presents higher antibody values (P < 0.05) than the S. equi bacterin or
purified rSeM vaccines (Figure 2). Thus, one may suggest that the presence of PAMPs in E. coli cells
enhances humoral immune response. Bacterins are generally composed of large amount of LPS, the major
PAMPs present in E. coli [30]. Studies show that LPS is recognized by TRL-4, inducing the transcription
factor NF-kB activation, resulting in the production of pro-inflammatory cytokines and interleukins,
modulating antibodies production [31]. It was worth nothing that the live recombinant E. coli containing
rSeM protein showed higher antibody values in a mouse model as well as in horses. This finding is
important by two folds: (i) the formalin inactivation process reduced the rSeM immunogenicity as reported
by [25], and (i) this open a promising vaccine alternative by using non-pathogenic E. coli as deliver
antigen(s) [32,33,34,35,36] for strangles control.

In the characterization of the IgG response profile was observed that all groups have a predominance
of the IgGL1 isotype compared to the levels of 1gG2, which, although detectable, have lower levels than
IgG1 in most of the study points (Figure 2). The presence of IgG1 in the mouse is indicative of a Th2-like
response, the most effective against extracellular pathogens, while IgG2a, IgG2b and IgG3 are associated
with a Thl response and protection against intracellular pathogens. Since Streptococcus spp. is regarded
as extracellular pathogens, a protective immune response should be based towards proliferation of Th2
cells and the presence of IgG1. The use of alumen as adjuvant in the vaccine polarizes a Th2 response by
inhibiting IL-12 from DCs [37,38].

To determine the effectiveness of experimental vaccines using a mouse model, a challenge/protection
test was done. S. equi subsp. equi Lethal Dose 50 (LDso) for Balb/c mice was performed using three groups
(5 mice/group) of mice. The mice were intraperitoneal inoculated with 10%, 10? or 10 CFU of S. equi, and
observed for 96 h. The assay evidenced that 10* S. equi CFU concentration was able to cause lethal
infection in 50 - 70% of infected mice. Therefore, for the challenge/protection assay we used a dose of 102
S. equi CFU, equivalent to 10 x LDso. The vaccinated mice remained healthy after the challenge, while the
control group, reached the endpoint criteria 96 h after infection (Figure 3).

In our study all vaccinated mice developed a protective response to S. equi infection, evidenced by the
surviving to the lethal challenge. These results corroborate with studies that show that the presence of anti-
SeM antibodies can be correlated with protective immunity against infection by S. equi [39], since the
purified rSeM vaccine also induced protective response. The rSeM protein was expressed in insoluble
form, so it was solubilized with urea buffer and then submitted to purification process. All urea was removed
before animal’s vaccination by slow dialysis to avoid protein precipitation. These steps, necessary to obtain
the purified antigen, increase the cost and time for vaccine production.
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The results obtained in the murine infection model revealed that vaccines consisting of E. coli
expressing rSeM are a promising alternative for the prevention of S. equi infection. Live recombinant E. coli
vaccine demonstrated immunogenicity and harmlessness in horses, which showed specific antibodies after
a single dose (Figure 4). The use of unpurified antigen facilitated the vaccine production, since rSeM is
expressed in insoluble form, requiring solubilization steps with urea buffer and subsequent dialysis, besides
the purification process is costly and laborious.

Therefore, we verified the potential of a vaccine based on E. coli expressing rSeM protein against
equine strangles. We observed that the recombinant E. coli, live or inactivated, enhanced the humoral
response, reaching higher antibodies levels than those obtained in the vaccination with the S. equi bacterin
or purified antigen.
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