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Abstract

Key message An algae-based vaccine model against

atherosclerosis was developed with positive findings in

terms of antigen yield and immunogenicity in mouse.

Abstract Several immunotherapies against atherosclero-

sis have been evaluated at the preclinical level thus far,

with some of them currently under evaluation in clinical

trials. In particular, the p210 epitope from ApoB100 is

known to elicit atheroprotective responses. Considering

that Chlamydomonas reinhardtii is an attractive host for

the production and delivery of subunit vaccines, in this

study a chimeric protein consisting of the B subunit of the

cholera toxin and the p210 epitope from ApoB100

(CTB:p210) has been expressed in C. reinhardtii chloro-

plast as an attempt to establish an oral vaccine candidate

against atherosclerosis. The Chlamydomonas-made

CTB:p210 protein was successfully expressed at levels of

up to 60 lg per g of fresh weight biomass. The antigenic

activity of the CTB and the p210 moiety was preserved in

the CTB:p210 chimera. Moreover the algae-made

CTB:p210 showed an immunogenic activity, when orally

administered to BALB/c mice, as evidenced the presence

of anti-p210 serum antibodies in mice treated with the

algae-derived CTB:p210. The antibody response lasts for at

least 80 days after the last boost. This experimental model

is proposed as a convenient tool in the development of low

cost atherosclerosis vaccines of easy compliance and

friendly delivery. Further studies will determine the ther-

apeutic potential of this algae-made vaccine in

atherosclerosis animal models.

Keywords Antigen delivery vehicle � Cardiovascular
disease � Chlamydomonas reinhardtii � Green bio-factory �
Immunotherapy � Low density lipoprotein � Oral
immunization

Introduction

Cardiovascular diseases are a group of heart and blood

vessels disorders causing 17.3 million deaths each year,

which represents the 30 % of deaths due to non-commu-

nicable diseases (NCD) worldwide (WHO 2015). In fact,

atherosclerosis is the main cause associated to cardiovas-

cular events. This disease has chronic autoimmune and

inflammatory components proven through both transgenic

mouse models and clinical studies (Sakakura et al. 2013).

Atherosclerosis etiology has as primary event the accu-

mulation and oxidation of lipoproteins, which leads to

inflammation of the vascular wall with a subsequent for-

mation of an atheromatous or fibro-fatty plaque that causes

several diseases (Conti and Shaik-Dasthagirisaeb 2015).

The development of therapies for chronic diseases faces the

challenges imposed by high costs, low compliance and in

some cases significant adverse effects (Patel and Blazing

2013). Immunotherapeutic approaches against atherosclerosis
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have gained interest in the biomedical field as they theo-

retically constitute a convenient intervention requiring few

doses for the induction of long lasting therapeutic effects

(Keijzer et al. 2013). Among the therapeutic targets iden-

tified to address atherosclerosis progression, there is a

prominent interest in ApoB100 since it is the main

Apolipoprotein present in the low density lipoproteins

(LDL), which are associated with the pathology initiation

when present at sustained elevated levels (Leake 1993).

Among the epitopes present in the ApoB100 sequence

p210 and p143 gained particular attention as these

sequences were identified as targets of antibodies present in

sera from healthy subjects (Fredrikson et al. 2003a). In a

pioneered study, Fredrikson et al. (2003b) evaluated their

immunotherapeutic potential, observing that apoE null

mice immunized with these peptides by a parenteral route

presented disease attenuation. This effect was associated

with the induction of antibodies against p210 and p143. In

a further study, the intranasal administration of a chimeric

protein consisting of the mucosal adjuvant B subunit of the

cholera toxin (CTB) and the p210 sequence induced an

atheroprotective effect in the apoE null mice (Klingenberg

et al. 2010). Interestingly, anti-p210 IgG levels have been

associated with atherosclerosis protection as healthy sub-

jects showed increased antibody levels in comparison with

post-infarction patients. This observation indicates that

antibody levels are inversely related to the severity of

coronary atherosclerosis and individuals with high levels

have a 45 % lower risk of developing myocardial infarc-

tion (Sjögren et al. 2008). However, p210 therapy has been

recently associated with the activation of other arms of the

immune system, comprising the expansion of CD4? reg-

ulatory cells (Tregs) (Wigren et al. 2011). Therefore, p210

epitope is a key tool on the development of atherosclerosis

vaccines.

In this context, cost is a crucial factor to exploit the

benefits derived from vaccination strategies at a global

scale. Low cost production platforms are generating sub-

stantial expectations in the vaccinology field; among these,

Chlamydomonas reinhardtii is a unicellular alga that has

been used for the production of a number of vaccine can-

didates tested in animal models with promising findings

(Rosales-Mendoza 2013). Genetic engineering strategies

for C. reinhardtii comprise expression of the transgene in

the context of the nuclear or the chloroplast genomes.

Chloroplast-based expression provides several advantages,

including the following: higher yields that those reached by

nuclear expression, which is a result of the high genome

copy number in chloroplasts and the lack of silencing

mechanisms and position effects; the possibility of

achieving the expression of multiple genes by polycistronic

arrangements; efficient genetic transformation mediated by

homologous recombination that allows for a site directed

insertion of heterologous DNA; and the ability to assemble

multimeric proteins properly (Chen and Melis 2013).

Considering that most immunotherapies explored thus

far are based on the use of purified proteins produced under

complex and expensive downstream processing or costly

synthetic peptides, this study aimed at the production of the

CTB:p210 immunogen in C. reinhardtii as a low cost

production system, intended to favor the design of new

affordable and friendly atherosclerosis immunotherapies.

The CTB:p210 immunogen was produced in C. reinhardtii

and the immunogenic potential was assessed in mice fol-

lowing an oral immunization scheme.

Materials and methods

Gene design and Chlamydomonas reinhardtii

transformation

A chimeric protein named CTB:p210 was designed, con-

sisting of the p210 epitope fused to the C terminus of the

cholera toxin B subunit, which serves as an adjuvant car-

rier. A synthetic gene, called CTB:p210, was defined and

synthesized by Genscript (USA) following an optimization

procedure in order to favor codon usage in Chlamy-

domonas chloroplast. The CTB:p210 gene was sub-cloned

into the p464 vector trough the NcoI restriction site to

obtain the p464-CTB:p210 vector. This expression vector

allows for a site-directed insertion of heterologous DNA

sequences downstream of the tscA gene. Expression cas-

sette consists of a bicistronic arrangement where the atpA

promoter drives the expression of both the gene of interest

and the aadA marker gene, which confers spectinomycin

resistance. Sub-cloning was verified by restriction analysis

and sequencing following standard molecular cloning

procedures. Once confirmed, the expression vector was

propagated in E. coli cultures and isolated using the Gen-

eGETTM plasmid miniprep kit (Fermentas) to conduct

transformation experiments.

Chloroplast transformation of the CC-137 (mt?) C.

reinhardtii strain was carried out following the particle

bombardment protocol described by Daniell et al. (2005).

A single C. reinhardtii colony was inoculated in a 250 ml

flask containing 150 ml of TAP medium (Gorman and

Levine 1965), and incubated at 25 �C with shaking at

150 rpm under continuous light (100 lmol m-2 s-1). Once

the culture reached OD values of about 0.7 (3–5 days),

cells were harvested by centrifugation at 17509g for

5 min. Pellet was resuspended in 3 ml of TAP medium,

and 1 ml aliquots were spread onto individual Petri dishes

containing TAP agar and plates were subjected to particle

bombardment. This procedure was performed with 0.6 lm
gold particles in which the target DNA (10 lg) was
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previously adsorbed following the protocol described by

Daniell et al. (2005). Five cultures in individual Petri

dishes were bombarded at 1100 Psi with a 9 cm target

distance. Plates were incubated at 25 �C during 2 days

under a 16 h photoperiod (100 lmol m22 s21). Cells were

subsequently harvested by resuspending them through

pipette up and down 2 ml of TAP medium, and transferred

onto selection agar TAP plates supplemented with 100 mg/

l spectinomycin and maintained at 25 �C under a 16 h

photoperiod (100 lmol m-2 s-1). Individual spectino-

mycin resistant colonies, described as CT1–40 clones, were

subsequently sub-cultured with a 2-week periodicity.

Transgene detection

To investigate the presence of foreign DNA in the candi-

date clones, total DNA preparations were obtained as fol-

lows. Cells were packed by centrifugation at 4000 rpm for

5 min and pellets resuspended in 700 ll of extraction

buffer [100 mM Tris–HCl, pH 8; 50 mM EDTA, pH 8;

500 mM NaCl; 0.9 ll/ml b-mercaptoethanol]. After shak-

ing for 10 min, 700 ll of phenol:chloroform were added

and the samples were mixed again. The samples were

centrifuged at 13,000 rpm during 8 min and aqueous phase

transferred to a new tube and 700 ll of isopropanol and 40

ll of 3 M sodium acetate (pH 5) were added. Samples were

incubated at -20 �C for 30 min and subsequently cen-

trifuged at 13,000 rpm for 8 min. DNA pellets were

washed with 800 ll of 70 % ethanol, air-dried and dis-

solved in 30 ll of sterile water. PCR analysis was per-

formed with specific oligonucleotides targeting the region

comprising atpA promoter and the CTB:p210 gene (for-

ward, 5́ACAAGTGATCTTACCACTCAC 3́; reverse,

5́TACGAGCTTGAGTACAAGCTAGC 3́) and the tubulin

gene as a control (forward, 5́ACCGAGGGCGCTGAG

CTGATTGAC 3́; reverse, 5́ TTGGGCGAGGGCAC-

GACCGAGAAG 3́) using a standard PCR reaction mix.

Cycling conditions consisted of initial denaturation at

94 �C for 5 min; 35 cycles comprising the following steps:

94 �C for 30 s, 55 �C for 40 s, 72 �C for 120 s; and a final

extension at 72 �C for 5 min. PCR products were analysed

by electrophoresis on a 1 % agarose gel stained with

ethidium bromide (1 lg/ml).

GM1-ELISA analysis

GM1 binding activity of the algae-made CTB:p210 was

determined using the ganglioside-dependent ELISA assay

(GM1–ELISA) as previously described (Rosales-Mendoza

et al. 2007). Approximately 100 mg of fresh algae biomass

were resuspended in 300 ll of protein extraction buffer

[50 mM Tris–HCl, pH 8; 40 mM NaCl; 0.1 % Triton

X-100 (v/v); and 1 mM PMSF], subjected to sonication

(four pulses of 4 s duration with a 4 s delay in between)

using an ultrasonic processor equipment at a 24 % ampli-

tude (model GEX130 PB) and further centrifuged at

8000 rpm for 15 min at 4 �C. Supernatants were trans-

ferred to new micro tubes. During ELISA assay, three

washes with PBS-Tween 20 (0.05 %) were performed

between steps. Assay plates were coated overnight at 4 �C
with 1.5 lg of Type III GM1 ganglioside per well, diluted

in 0.2 M carbonate buffer (pH 9.6). A subsequent blocking

step was conducted with 5 % fat-free dry milk for 2 h at

25 �C. Plates were then incubated with protein extracts

overnight at 4 �C. A further incubation was conducted

overnight at 4 �C with an anti-CTB serum (1:200 dilution)

obtained as previously described (Orellana-Escobedo et al.

2015). The secondary antibody, a goat horseradish perox-

idase-conjugated anti-mouse IgG, was added (Sigma,

1:2000 dilution) and plates were incubated for 2 h at 25 �C.
An ABTS substrate solution [0.6 mM 2, 20-azino-bis (3-

ethylbenzothiazoline-6-sulphonic acid); 0.1 M citric acid,

pH 4.35; 1 mM of H2O2] was added. After incubating

30 min at 25 �C, OD values at 405 nm were measured.

Anti-CTB:p210 western blot analysis

The integrity of the C. reinhardtii-made CTB:p210 protein

was assessed by Western blot analysis. Protein extracts

were obtained by resuspending 50 mg of fresh biomass in

200 ll of extraction buffer [750 mM Tris–HCl, pH 8; 15 %

(w/v) sucrose; 100 mM b-Mercaptoethanol; 1 mM PMSF

(Franklin et al. 2002)] and subjecting samples to sonication

as described above. Samples were further centrifuged at

8000 rpm for 3 min and supernatants were transferred to

new microtubes. Fifty ll of protein extracts were mixed

with the same volume of 2X reducing loading buffer,

denatured by boiling for 5 min at 95 �C, and subsequently

subjected to SDS-PAGE analysis. Gels were blotted onto

BioTrace PVDF membranes (Pall Corporation, www.pall.

com) and, after a subsequent blocking step in PBST plus

5 % fat-free milk, blots were incubated with mouse anti-

sera against either CTB (1:200 dilution) or p210 (1:100

dilution) obtained as previously described (Orellana-Es-

cobedo et al. 2015). A goat horseradish peroxidase-conju-

gated secondary anti-IgG antibody (1:2000 dilution,

Sigma) was further added and an incubation for 2 h at

room temperature was performed. Antigen detection was

revealed by incubating blots with the SuperSignal West

Dura solution following manufacturer’s instructions. Signal

detection was conducted by exposing an X-ray film, which

was then treated with standard developer and fixer solu-

tions. A standard curve was constructed using pure CTB to

estimate CTB:p210 expression levels in microalgae clones

using a Biosens SC805 documentation system and the

myImageAnalysisTM 2.0 Software.
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Immunogenicity assessment

Immunogenicity of the algae-made CTB:p210 was asses-

sed in 13-week old female BALB/c mice with a body

weight of 25 g. Test animals were maintained under stan-

dard laboratory conditions with free access to food and

water following the procedures indicated by the Federal

Regulations for Animal Experimentation and Care

(SAGARPA, NOM-062-ZOO-1999, México). The protocol

was approved by the Institutional Animal Care and Use

Committee.

Five BALB/c mice groups were established (n = 5).

The following groups received orally a volume of 200 ll
containing: PBS (PBS p.o. group), 20 mg of fresh biomass

from a WT clone (WT p.o. group), 20 mg of fresh biomass

from the CT10 clone containing 1.2 lg of CTB:p210

(CT10 p.o. group) or 10 lg of p210 synthetic peptide (p210
p.o. group). Another group used as positive control was

subcutaneously immunized with 10 lg of p210 synthetic

peptide along with 1 lg of pure CTB as adjuvant (p210 s.c.

group). Immunization scheme comprised three weekly

doses orally administrated at days 1, 8 and 15. Mice were

bled at day 0, 5, 12, 19, 47, and 100; serum samples were

collected and stored at -70 �C until antibody content

analysis. ELISA assays were performed to determine the

presence of anti-p210 antibodies in mice sera. Assay plates

were coated overnight at 4 �C with the p210 synthetic

peptide (1 lg per well; GenScript, sequence:

KTTKQSFDLSVKAQYKKNKH) and subsequently

blocked with 5 % fat-free dry milk for 2 h at 25 �C. Plates
were further incubated overnight at 4 �C with serial

dilutions of mice sera (1:20–1:80 dilutions). The secondary

antibody, a goat horseradish peroxidase-conjugated anti-

mouse IgG, was added (Sigma, 1:2000 dilution) and plates

were incubated for 2 h at 25 �C. Signals were developed

and measured as described above.

Statistical analysis

ELISA data was analyzed by one-way ANOVA using

Minitab 15 software. A P value of less than 0.05 was

considered statistically significant.

Results

Rescue of C. reinhardtii clones carrying

the CTB:p210 gene

Correct construction of the expression vector p464-

CTB:p210 was confirmed by restriction profiles and

sequencing (data not shown). The chimeric protein

CTB:p210 coded by this vector consists of the sequence of

the mature B subunit of the cholera toxin, a linker of six

amino acids (DPRVPS) and the p210 epitope from

ApoB100 (KTTKQSFDLSVKAQYKKNKH) (Fig. 1).

Expression is driven by the constitutive promoter of the

atpA gene cluster from C. reinhardtii. The aadA gene

serves as a spectinomycin resistance marker. C. reinhardtii

was subsequently subjected to transformation by particle

bombardment. Two weeks post-bombardment, 40 specti-

nomycin resistant clones were rescued on selective media

(a)
MGTPQNITDL CAEYHNTQIH TLNDKIFSYT ESLAGKREMA IITFKNGATF 

QVEVPGSQHI DSQKKAIERM KDTLRIAYLT EAKVEKLCVW NNKTPHAIAA 

ISMANDPRVP  SSRKTTKQSF  DLSVKAQYKK   NKH-

(b)

Fig. 1 a Amino acid sequence of the CTB:p210 chimeric protein.

The amino acid sequence is represented as follows: mature sequence

of the cholera toxin B subunit in italics; linker in gray highlighted

letters; and the p210 epitope in underlined letters. b Map of the p464-

CTB:p210 vector. This expression vector allows for a site-directed

insertion of heterologous DNA sequences downstream of the

chloroplast tscA gene from C. reinhardtii. A bicistronic arrangement

under control of the promoter from the atpA gen cluster from C.

reinhardtii drives the expression of the CTB:p210 gene and the aadA

marker gene coding for the aminoglycoside-30-adenyltransferase that

confers spectinomycin resistance. Vector integrity was verified by

restriction analysis and conventional sequencing
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and called CT1–40. Candidate clones were subjected to at

least four selection rounds, and seven clones showing a

stable spectinomycin resistance phenotype were selected

for further analyses (clones CT3, CT9, CT10, CT12, CT16,

CT17, and CT19). To investigate the transplastomic state

of the putative transformed clones, total DNA preparations

from the selected clones were assessed by PCR in order to

detect the atpA promoter/CTB:p210 transgene sequences.

All of these clones showed the expected 600 bp amplicon,

which was also present in the positive control, whereas no

amplicon was evident in the negative control (Fig. 2).

The CTB:p210 immunogen is expressed

into the Chlamydomonas chloroplast

To investigate the expression of the pentameric form of

CTB:p210 in algae chloroplasts, a GM1-ELISA assay was

performed observing significant higher OD readings for

protein samples from transplastomic lines than those from

the WT strain, indicating a positive pentamer assembly as

only this form binds to the GM1 (Fig. 3). Further protein

analysis by means of Western blot confirmed the presence

of a signal at 14 kDa, whereas no bands were observed for

the WT strain protein extract (Fig. 4). This finding confirms

the integrity of the chimeric protein since the theoretical

molecular weight for CTB:p210 is 15 kDa. According to

the standards made with distinct amounts of pure CTB,

expression levels were estimated up to 60 lg CTB:p210 per
g of fresh algae biomass (Fig. 5; clone CT10). To further

detect the p210 moiety in the chimeric protein, an anti-p210

Western blot was conducted. The presence of a signal at

14 kDa and the absence of bands for the WT strain protein

extract confirms the antigenic activity of p210 in the context

of the CTB:p210 chimera (Fig. 6). These assays confirmed

the potential of these algae clones to conduct further

research on the immunogenic activity of the algae-made

CTB:p210 antigen in test animals.

CTB:p210 is orally immunogenic in BALB/c mice

Test mice groups were immunized with either a WT clone or

the CT10 clone expressing CTB:p210 following an immu-

nization scheme that consisted of three weekly doses. Sera

were screened for the presence of anti-p210 antibodies by

means of ELISA assays. As shows Fig. 7 significantly higher

OD readings were observed for the CTB:p210 group immu-

nizedwith theCT10clone in comparison to those observed for

the WT group (P\ 0.05). Antibody levels in the group

immunized s.c. with p210 were higher than those present in

the CTB:p210 group at the time points 3, 4, and 5 (P\ 0.05).

These findings indicate that oral immunization with the algae-

derived CTB:p210 successfully elicited systemic immune

responses against the target p210. Interestingly, the humoral

responses lasts up to 80 days from the last boost.

(b)

1      2   3     4    5     6      7  8      9 10    

1000 bp

(a)

500 bp

600 bp

120 bp

Fig. 2 Detection of the CTB:p210 transgene by PCR analysis. DNA

from spectinomycin resistant C. reinhardtii clones were analyzed by

PCR with oligonucleotides targeting the CTB:p210 transgene (a) or
the b-tubuline as endogenous gene (b). Lane 1, molecular weight

marker (1 kb); Lanes 2–8, putative transformed clones (CT3, CT9,

CT10, CT12, CT16, CT17, and CT19, respectively); Lane 9,

Chlamydomonas reinhardtii WT as a negative control; Lane 10,

p464-vector (10 ng) as a positive control. The single 600 bp band

showed the presence of the the atpA promoter/CTB:p210 transgene

sequences

Fig. 3 GM1 binding activity of

the algae-made CTB:p210

protein. Total soluble protein

extracts were analyzed in an

ELISA assay using an anti-CTB

serum. The results indicate a

positive GM1 binding activity

(P\ 0.05) for the

transplastomic clones

suggesting proper

oligomerization of the algae-

made CTB:p210. WT, extract

from a wild-type clone;

CTB(?), 2.5 ng of pure CTB as

positive control; CT3, CT9,

CT10, CT12, CT16, and CT19,

transplastomic clones
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Discussion

Several target antigens have been studied in the

atherosclerosis vaccination topic with promising findings,

representing new potential atherosclerosis therapies

(Yamashita et al. 2015). This type of therapies is intended

to achieve atheroprotection through modulating the

immune responses involved in atherosclerosis pathogenesis

(Pierides et al. 2013). In the present study, an oral

immunogen targeting the epitope p210 from ApoB100

apolipoprotein was expressed in C. reinhardtii as a tool in

the development of inexpensive atherosclerosis vaccines.

The use of p210 in immunotherapies against atheroscle-

rosis is well documented (Salazar-González and Rosales-

Mendoza 2013). The B subunit of the cholera toxin (CTB)

was used as carrier of the target epitope p210 from

ApoB100 since CTB is a strong mucosal adjuvant intended

to serve as an effective carrier for the elicitation of anti-

p210 humoral responses through mucosal immunization

(Gloudemans et al. 2013; Holmgren et al. 1993). This

concept has been proven by Klingenberg et al. (2010), who

developed an E. coli-made immunogen consisting of CTB

and p210. Remarkably, intranasal immunization with the

CTB:p210 immunogen induced both mucosal and systemic

antibody responses as well as cellular immune responses.

Interestingly, this vaccine decreased atherosclerotic lesions

at a 35 % rate in mice (Klingenberg et al. 2010).

Fig. 4 Detection of the algae-

made CTB:p210 protein by

western blot analysis. Total

soluble protein extracts were

resolved by SDS-PAGE and

subjected to blotting and

immunodetection by an anti-

CTB serum. Lanes 1–4, CTB

standards (500, 300, 200, and

100 ng of pure CTB, Sigma);

5–8, transplastomic clones

(CT3, CT16, CT19, and CT10,

respectively); 9, negative

control (Chlamydomonas

reinhardtii WT)

0

10

20

30

40

50

60

70

CT3 CT16 CT19 CT10

CT
B:

p2
10

 le
ve

ls
 (µ

g/
g 

FW
)

Test clone

Fig. 5 CTB:p210 yields in C. reinhardtii clones. Quantification of

the CTB:p210 antigen was conducted by a densitometry of Western

blots labelled with an anti-CTB-serum. Standards consisted of

different amounts of pure CTB (500, 300, 200, and 100 ng). The

clone with a higher yield was CT10 with 60 lg CTB:p210 g-1 FW

Fig. 6 Detection of the p210 moiety in the algae-made CTB:p210

protein. Total soluble protein extracts were resolved by SDS-PAGE

and subjected to blotting and immunodetection by an anti-

p210 serum. Lanes 1–6, CT9, CT10, CT13, CT16, CT17, and CT19

transplastomic clones, respectively; 7, negative control (extracts from

WT C. reinhardtii strain)
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Despite these outstanding advances, a challenge for

vaccinology is the implementation of platforms for the

production of low cost and easy to administer vaccines.

WHO estimates that the reuse of injection equipment may

cause 20 million infections with hepatitis B virus (HBV), 2

million infections with hepatitis C virus (HCV), and

250,000 infections with human immunodeficiency virus

(HIV) worldwide (Hauri et al. 2003; Hutin et al. 2003).

Other limitations of conventional vaccines are imposed by

the requirement of cold chain for distribution as well as

trained personnel for parenteral administration. Therefore,

new vaccine production platforms are required, especially

for developing countries where vaccination coverage is

limited (Pagliusi et al. 2015). Platforms based on recom-

binant E. coli strains can reach high expression yields, but

extensive downstream processing is required to eliminate

endotoxins present in the host and obtain a properly folded

protein.

Since oral administration is a friendly route that does not

require trained personnel or sterile devices for application,

one attractive alternative consists on the development of oral

vaccine formulations. Interestingly, several oral vaccine

formulations have showed to be promising for

immunomodulation of atherosclerosis progression (Maron

et al. 2002; Harats et al. 2002; George et al. 2004; van Pui-

jvelde et al. 2006; Mestecky et al. 2008). In addition, the use

of GRAS organisms, such as plant cells or algae, has been

documented as a convenient strategy to orally deliver bio-

pharmaceuticals using minimally processed biomass since no

inherent host toxic compounds exist (Dreesen et al. 2010;

www.protalix.com). Herein, an algae-based atherosclerosis

vaccine prototype targeting p210 is proposed as an advan-

tageous system in terms of production cost and mode of

delivery versus conventional parenteral vaccines that require

extensive purification steps. Downstream processing of

algae-based vaccines comprises only biomass separation,

freeze-drying process and dosage (Rosales-Mendoza 2013).

Chloroplast-based expression is an approach that has led to

high yields in Chlamydomonas and thus using this technol-

ogy ensures maximal yields as observed for the obtained

clones producing CTB:p210 (up to 60 lg per g of fresh

weight). Yields were estimated by Western blot analysis

since this technique allows for the detection of the total

(oligomeric and monomeric forms) of the recombinant pro-

tein. The observed yield is considered sufficient for oral

vaccine formulation as previous reports has consisted of

40–160 lg doses of a CTB-based immunogen contained in a

reasonable biomass amount (25–100 mg dry weight per

mouse), which were able to achieve immunoprotection in

mice (Dreesen et al. 2010; Cardi et al. 2010).

The CT10 transplastomic clone, generated in this study,

was evaluated as an oral delivery vehicle of the CTB:p210

immunogen. As evidenced in the test animal evaluation,

the algae biomass containing the CTB:p210 protein was

Fig. 7 Anti-p210 IgG serum responses induced in mice by the algae-

made CTB:p210. Test mice were immunized on days 1, 8, and 15

with one of the following treatments: algae containing CTB:p210

(orally), WT algae (orally), PBS (orally), pure p210 peptide (orally)

and pure p210 peptide plus CTB as adjuvant (subcutaneously). Blood

samples taken on days 0, 5, 12, 19, 47, and 100 (T0 to T5,

respectively). ELISA assays were performed to determine the

presence of anti-p210 antibodies in mice sera. Statistic differences

(P\ 0.05) within each point time are indicated by an asterisk (versus

WT group) or a cross (versus p210 s.c. group). Significantly higher

OD readings were observed for the CTB:p210 group orally immu-

nized with the CT10 clone in comparison to those observed for the

WT algae-treated group (P\ 0.05). The humoral responses last up to

80 days from the last boost (T5)
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capable to elicit specific humoral responses against p210.

The higher responses observed in the group immunized

subcutaneously with p210 is in accordance with the general

behavior that s.c. immunization leads to stronger systemic

responses than oral immunization (Herzog 2014). However

given the enormous advantages of oral immunization in

terms of cost and easy administration, the achieved

humoral response that lasts for up to 80 days after the last

boost is considered promising. All these findings accounts

for the potential of this immunization model on exerting a

therapeutic effect. This candidate vaccine will be further

assessed in the apoE –/– transgenic mice model and rabbits

subjected to a high cholesterol diet.

In conclusion, this study provides evidence on a new

immunogen produced in a convenient host that may sup-

port a vaccine produced in a simplified bioprocess and will

account for the development of new therapies of low cost,

easy compliance and better efficacy in the fight against

atherosclerosis.
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