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Abstract

Live anthrax vaccine containing spores from attenuated strains STI-1 of Bacillus anthracis is

used in Russia and former CIS (Commonwealth of Independent States) to prevent anthrax.

In this paper we studied the duration of circulation of antibodies specific to spore antigens,

the protective antigen (PA), the lethal factor (LF) and their domains (D) in donors’ blood at

different times after their immunization with live anthrax vaccine. The relationship between

the toxin neutralization activity level and the level of antibodies to PA, LF and their domains

was tested. The effect of age, gender and number of vaccinations on the level of adaptive

post-vaccination immune response has been studied. It was shown that antibodies against

PA-D1 circulate in the blood of donors for 1 year or more after immunization with live anthrax

vaccine. Antibodies against all domains of LF and PA-D4 were detected in 11 months after

vaccination. Antibodies against the spores were detected in 8 months after vaccination. A

moderate positive correlation was found between the titers of antibodies to PA, LF, or their

domains, and the TNA of the samples of blood serum from the donors.

Introduction

Vaccination against Bacillus anthracis is considered one of the most effective preventive mea-

sures against anthrax. Only two types of anthrax vaccines are used in the world—live attenu-

ated vaccines and subunit vaccines. Live anthrax vaccine contains live spores of the vaccine

strain Bacillus anthracis STI that produces the anthrax toxin. Subunit cell-free vaccines Bio-

Thrax™ (i.e., Anthrax Vaccine Adsorbed (AVA)) and NuThrax™ manufactured by Emergent

BioSolutions Inc., USA (that is at the 3rd stage of clinical trials) as well as Anthrax Vaccine Pre-

cipitated (AVP) manufactured by Porton Biopharma Ltd, UK, are all in the form of a sterile fil-

trate adsorbed on a carrier of the anthrax toxin obtained from a culture of vaccine anthrax

strains. The above-mentioned vaccines do not contain live microorganisms.
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In Russia, live anthrax vaccine (LAV) is used to prevent anthrax. Numerous experiments

with animals have shown that the presence of toxin-neutralizing antibodies to the components

of the lethal toxin (LT) of the anthrax pathogen—the protective antigen (PA) and the lethal

factor (LF),—is an important factor in providing protection against anthrax infection. Passive

administration of toxin-neutralizing antibodies to animals or to in vitro cultures (macro-

phage-like cell lines J774.1A and RAW264.7) has demonstrated a significant efficacy in neu-

tralizing anthrax toxins by antibodies [1–5].

Both LT proteins—PA and LF—are characterized by a domain structure. PA (83 kDa) con-

tains four domains, and each of them plays a unique role in the function of the toxin. Domain

1 (PA-D1, aa 1–258) contains the furin recognition site RKKR that is cleaved to release the N-

terminal fragment with a mass of 20 kDa PA20 (PA-D1a, aa 1–167) that form the remaining

PA63 (63 kDa). Upon release from PA20 it acquires the ability for oligomerization. After the

removal of PA20, the remaining part of the PA-D1 domain (PA-D1b domain) forms a binding

site to the effector subunits of LF and/or EF (edema factor). Domains PA-D2 (aa 259–487) and

PA-D3 (aa 488–595) participate in oligomerization of PA63 with the formation of hepta- or

octamers. PA-D3 also seems to play a role in an effector binding. PA-D2 is responsible for the

formation of a pore through which the effector molecules move from the endosome into the

cytosol. PA D3 and PA-D4 (aa 596–735) are involved in the binding of PA63 with a mass of 63

kDa with cell receptors [6].

LF is a protein with a molecular weight of 90 kDa containing 776 amino acid residues that

span four different domains. N-terminal domain (LF-D1) facilitates the protein binding with

PA prior to membrane translocation. This region has a homology of the sequence with N-ter-

minal domain EF. That is not surprising given the fact that EF also binds to the same region of

PA. The other EF and LF regions mediate the catalytic activity of these enzymes. In the case of

LF domains 2, 3 and 4 (LF-D2, LF-D3 and LF-D4) form a 40 Å long groove that holds the N-

terminal tail (16 amino acid residues) of mitogen-activated protein kinase kinases (MEKs),

that are specific substrates for LF-D4. All MEKs, except MEK-5 (1–4, 6–7), are subject to cleav-

age; this cleavage and a subsequent deactivation of MAPK signaling pathways lead to a critical

disruption of different cellular functions [7].

Thus, each of PA and LF domains performs a certain function. Blocking any of PA or LF

domains can lead to inhibition of LT toxicity. TNA test is useful in predicting vaccine efficacy,

since it measures the neutralizing activity of sera against the cytotoxic effect of LT. Various sci-

entific studies show conflicting results in regard to the presence of a correlation between the

level of antibodies to PA in the serum of vaccinated donors and capacity of this serum to neu-

tralize the toxin [8–11].

Antibodies to anthrax spores also play a role in providing protective anti-anthrax immu-

nity; as the antibodies opsonise the spores, this process contributes to the rapid elimination of

the spores from the organism [12, 13].

LAV, AVA and AVP are effective but can cause side effects and require annual booster vac-

cinations to maintain a high level of specific immunity. In this regard, a range of new vaccines

directed towards creation of a less reactogenic anthrax vaccine with the formation of a longer

specific immunity continues. PA, LF, and spore antigen are promising components for the

vaccines under development. To reduce reactogenicity and increase the stability of the vaccine,

not full-length proteins are considered as its components, but individual domains. Under-

standing how to generate a long lasting protective immunity is a long-sought goal.

This study was designed to determine: 1) the domain specificity of the longest circulating

antibodies to PA and LF in the blood of donors immunized with live anthrax vaccine; 2) rela-

tionships between the level of antibodies to PA or different PA domains and toxin neutralizing

capacity of the serum of vaccinated donors; 3) the duration of vaccine acquired antibody
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responses to spore antigens of B. anthracis; 4) the impact of repeated vaccination over 10–20

previous years on the current level of specific immune response.

Results

Analysis of a donor group

We examined the samples of blood serum from 67 donors who had previously been vaccinated

with LAV and the samples of blood serum from 21 healthy donors who had never been vacci-

nated with LAV. The number of vaccinations received, the average time since the last vaccina-

tion and the gender are presented in Table 1.

Vaccinated donors were divided into 4 groups depending on the time since the last vaccina-

tion. In all the groups there was approximately the same distribution in the number of men

and women, and the number of vaccinations they received.

Levels of specific antibodies to PA, LF and to surface spore antigens in the

samples of blood serum from vaccinated donors

The detected levels of PA-specific IgGs in the samples of blood serum from each group of the

donors varied widely (Fig 1). In the control group, the blood serum from some donors showed

LAV vaccine-unrelated preexisting antibodies to PA, LF and spore antigens of B. anthracis.
Therefore, the median titers of the control group and of the groups of vaccinated donors were

compared (Fig 1). A statistically significant presence of the antibody response to PA and LF

(Fig 1A and 1B) was detected only in the group of donors whose blood serum was collected in

1–3 months after vaccination (P<0.0001). The number of samples of the blood serum sero-

positive to PA and LF decreased in 4–8 months or more after immunization with LAV.

LAV contains live spores of B. anthracis STI strain. The administration of these spores as

part of the vaccine stimulates the synthesis of antibodies also to surface antigens of B. anthracis
spores (Fig 1C). Our studies showed that antibodies to antigens of B. anthracis spores were

also detected in the blood of the donors in 4–8 months after vaccination.

Antibody levels to PA and LF domains of B. anthracis in the samples of

blood serum from the donors at different times after their vaccination

As the results of the studies showed, antibodies to PA-D1 were detected in the samples of

blood serum from vaccinated donors at all periods of the studies (P<0.0001, Fig 2A). Anti-

bodies to PA-D4 circulated in the blood of the majority of the donors during 9–11 months

after vaccination (P<0.0001, Fig 2D). Antibodies to PA-D2 and PA-D3 domains were

detected no later than in 1–3 months after immunization with LAV (P <0.0001, Fig 2C).

Table 1. Groups of donors with reference to gender, number of vaccinations and the time since the last LAV

immunization.

Time since last vaccination Gender Number of

vaccinations

Total number of donors in groups

male female 1–2 over 10

1–3 months 9 7 6 10 16

4–8 months 9 10 7 12 19

9–11 months 8 7 7 8 15

More than 1 year 8 9 8 9 17

Non-vaccinated 10 11 - - 21

https://doi.org/10.1371/journal.pone.0260202.t001
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It should be noted that despite the absence of statistically significant differences between

the samples of blood from vaccinated donors and the samples of the control group donors in

the level of IgG titers to PA-D2 and PA-D3 during 9–11 months after vaccination, some indi-

viduals from the groups of vaccinated donors had sufficiently high titers of IgG to PA-D2 and

PA-D3 (1:800–1:1600).

Specific antibodies to all LF domains were detected in the studied samples of blood serum

from most donors during 9–11 months after vaccination (Fig 3).

Fig 1. Levels of specific IgG to full-length PA antigens of B. anthracis (A), LF of B anthracis (B), spores of B. anthracis (C) in the samples of blood serum from the

donors. The data are presented by a median titer with an interquartile range as a characteristic of the distribution of values in the groups. The distribution was analysed

using the Shapiro-Wilk test. The data were analysed using the Kruskal-Wallis test with multiple Dunn’s comparisons in a One-Way ANOVA. See data in S1–S3

Datasets.

https://doi.org/10.1371/journal.pone.0260202.g001
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Toxin-neutralizing activity of the samples of blood serum obtained from

the donors at different times after their immunization against anthrax

Fig 4 presents the data on the toxin-neutralizing activity (TNA) of the samples of blood serum

from the donors at different times after their immunization with LAV. Fig 4 shows the results

for 1:25 serum dilutions. Serum dilutions of 1:50 and 1:100 did not show TNA.

The samples of blood serum from most donors were characterized by the ability to neutral-

ize LT of B. anthracis at all periods of the study. The median of TNA level in the samples of

blood serum in 1–3 months after immunization with LAV corresponded to 45.35%, in 4–8

months–to 35.49%, in 9–11 months–to 36.83%, in 12–18 months–to 30.74%.

A comparative analysis of TNA of the samples of blood serum from the donors at different

times after vaccination showed the absence of significant differences between the groups of

immune serum (Table 2).

Fig 2. Levels of specific IgG to I (A), II (B), III (C), IV (D) PA domains of B. anthracis in the samples of blood serum from the donors. The data are presented

by a median titer with an interquartile range as a characteristic of the distribution of values in the groups. The distribution was analysed using the Shapiro-Wilk

test. The data were analysed using the Kruskal-Wallis test with multiple Dunn’s comparisons in a One-Way ANOVA. See data in S4–S7 Datasets.

https://doi.org/10.1371/journal.pone.0260202.g002

PLOS ONE Adaptive immune response to Live Anthrax Vaccine

PLOS ONE | https://doi.org/10.1371/journal.pone.0260202 December 20, 2021 5 / 25

https://doi.org/10.1371/journal.pone.0260202.g002
https://doi.org/10.1371/journal.pone.0260202


Correlation analysis between the titers of specific antibodies in the samples

of blood serum and its toxin-neutralizing activity

As it can be seen from the data presented in Fig 5 and Table 3, a moderate positive correlation

was found between the titers of antibodies to PA, LF or their domains, and the TNA of the

samples of blood serum from the donors.

The effect of the number of vaccinations on TNA of the blood serum of the donors.

Though the groups were represented by not a big number of samples of donors’ blood, we

have compiled a table (Table 4) that shows the level of TNA of the samples of blood serum

from the donors who were immunized against B. anthracis 1–2 or many times at different

times after vaccination.

A comparative analysis of the samples of blood serum showed that in 1–3 months after the

last vaccination 5 out of 10 samples of blood serum from the donors who were vaccinated

many times neutralized the lethal toxin of B. anthracis by more than 51%. In the group of the

Fig 3. Levels of specific IgG to I (A), II—III (B), IV (C) LF domains of B. anthracis in the samples of blood serum from the donors. The data are presented by a

median titer with an interquartile range as a characteristic of the distribution of values in the groups. The distribution was analysed using the Shapiro-Wilk test.

The data were analysed using the Kruskal-Wallis test with multiple Dunn’s comparisons in a One-Way ANOVA. See data in S8–S10 Datasets.

https://doi.org/10.1371/journal.pone.0260202.g003
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Fig 4. Toxin-neutralizing activity of the samples of blood serum (dilution 1:25) from the donors vaccinated against anthrax. The data were analysed using the

Kruskal-Wallis test with multiple Dunn comparisons in a One-Way ANOVA. See data in S11 Dataset.

https://doi.org/10.1371/journal.pone.0260202.g004

Table 2. Multiple comparison of the average ranks of all groups of the donors.

Dunn’s multiple comparisons test Mean rank diff,� Significant Adjusted P Value

1–3 vs. 4–8 13,29 No > 0,9999

1–3 vs. 9–11 11,61 No > 0,9999

1–3 vs. over 1 year 21,52 No 0,1563

1–3 vs. the control 51,57 Yes < 0,0001

4–8 vs. 9–11 -1,674 No > 0,9999

4–8 vs. over 1 year 8,232 No > 0,9999

4–8 vs. the control 38,29 Yes < 0,0001

9–11 vs. over 1 year 9,906 No > 0,9999

9–11 vs. the control 39,96 Yes < 0,0001

over 1 year vs. the control 30,06 Yes 0,0031

� The data were calculated using GraphPad Prism 6.0 software.

https://doi.org/10.1371/journal.pone.0260202.t002
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donors who were vaccinated one or two times only one of the 6 analyzed samples of serum

showed TNA of more than 51%. In the samples of blood serum taken at later periods after vac-

cination TNA decreased regardless of the numbers of administration of the vaccine. However,

Fig 5. Correlation analysis between the toxin-neutralizing activity of the samples of blood serum from the donors and antibody titers against PA (A), LF (B),

PA domains (C) and LF domains (D). See data in S12–S15 Datasets.

https://doi.org/10.1371/journal.pone.0260202.g005

Table 3. A summary table of the values of parameters r and P according to the result of the Spearman test.

Correlation r P value (two-tailed)

IgG titres to PA full-length vs. TNA 0,4455� 0,0002��

IgG titres to LF full-length vs. TNA 0,4902� <0,0001���

IgG titres to PA-D1 vs. TNA 0.5673� <0,0001���

IgG titres to PA-D2 vs. TNA 0,5156� <0,0001���

IgG titres to PA-D3 vs. TNA 0,3654� 0,0024��

IgG titres to PA-D4 vs. TNA 0,3494� 0,0038��

IgG titres to LF-D1 vs. TNA 0,3846� 0,0013��

IgG titres to LF-D2.3 vs. TNA 0,4796� <0,0001���

IgG titres to LF-D4 vs. TNA 0,5813� <0,0001���

� moderate positive correlation (r = 0,3�0,69).

�� medium strength statistical significance.

��� strong statistical significance.

https://doi.org/10.1371/journal.pone.0260202.t003
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the effectiveness of TNA of serum was more expressive in the group of the donors who were

vaccinated many times. In the samples of blood serum from 15 donors vaccinated no more

than 2 times TNA was not detected in any of the analyzed samples of serum in the amount of

more than 51% in 9–11 months after the administration of LAV. Five samples of blood serum

of the 17 ones taken from the donors who were vaccinated many times, showed TNA of more

than 51% in an in vitro test in 9–11 months after the last administration of LAV.

The effect of age and gender on the development and duration of anti-anthrax post-vac-

cination immunity. The donors were divided into 2 groups according to their age: 20-

40-year-olds and 40-60-year-olds; and according to gender: men and women. As a result of

statistical analysis, no significant differences between the groups at any time after vaccination

were detected (Figs 6 and 7).

Discussion

Antibodies against PA, LF and spore antigens were detected in the samples of blood serum

from the donors in early periods (1–3 months) after immunization with LAV. The levels of

antibodies in the serum from the donors decreased with an increase in the time period after

vaccination. Antibodies against spore antigens were detected in the serum of the majority of

the donors during the period of up to 8 months after vaccination. Analysis of the domain spec-

ificity of antibodies against PA and LF showed that in 1–3 months after vaccination antibodies

against all PA and LF domains circulated in the blood serum of the majority of the donors.

Antibodies against all LF domains circulated in the blood of the donors during 11 months

after vaccination. The longest circulating antibodies against PA were characterized by domain

specificity of PA-D4 (9–11 months after vaccination) and PA-D1 (detected in 12–18 months

after vaccination).

Long-term circulating antibodies against PA were characterized by the domain specificity

of PA-D4 (9–11 months after vaccination) and PA-D1 (detected 12–18 months after vaccina-

tion). Antibodies against PA-D1 and PA-D4 play an important role in the anthrax toxin neu-

tralization. The importance of the contribution to the neutralization of LT by antibodies

directed against PA-D1b was shown in the experiments of Abbound N (2009) [14].

Most of PA-D1 is PA20 (PA-D1a) that is cleaved from full-length PA83 by furin-like prote-

ases. It is believed that the PA20 region does not play a functionally important role in the path-

ogenesis of anthrax toxin. Nevertheless, the binding of antibodies to individual PA20 epitopes

leads to the neutralization of LT by the inhibition of the proteolysis of PA83 [15]. The residual

part of the domain I (PA-D1b) plays an important role in the binding of PA and LF [16].

The longest circulating antibodies against PA-D4 in the blood of those vaccinated can also

play a significant role in the neutralization of the anthrax toxin. Our studies have shown that

Table 4. The effect of the number of vaccinations on the TNA of the samples of blood serum from the donors.

TNA of the serum, % Time after the last vaccination, months

1–3 4–8 9–11 > 12

Number of vaccinations, numbers

1–2 > 10 1–2 > 10 1–2 > 10 1–2 > 10

51–100 1 5 1 2 0 3 0 2

26–50 4 5 5 6 4 5 3 5

12–25 1 0 1 4 3 0 3 2

Less than 12 0 0 0 0 0 0 2 0

Total 6 10 7 12 7 8 8 9

https://doi.org/10.1371/journal.pone.0260202.t004
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IgG specific to PA-D4 are detected in the blood serum of vaccinated people during the period

of up to 11 months after the last immunization. In particular, it was shown in an in vitro

model that antibodies that bind between amino acids D671 and I721 are able to block the

binding of PA to cell receptors. In the experiments with laboratory rats, it was found that the

presence of antibodies only against the PA-D4 domain may be sufficient to neutralize LT and

to protect against anthrax infection [17–19].

We expected to see a strong correlation between the level of antibodies to PA, LF and/or

their domains and TNA, as it was shown in a number of studies on the samples of blood

serum obtained from the people vaccinated against B. anthrax with chemical vaccines [8, 20].

Correlation analysis showed a moderate positive correlation between these parameters.

Fig 6. Analysis of the effect of age on the development and duration of anti-anthrax post-vaccination immunity. Statistical analysis was performed using a

Two-way ANOVA with Tukey’s multiple comparison (determination of significance and confidence intervals). The histograms show the mean and the

confidence interval (CI) as an interval estimate of the general frame. See data in S16–S19 Datasets.

https://doi.org/10.1371/journal.pone.0260202.g006
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It was previously shown that only 24% of antibodies from the total number of PA-specific

antibodies are capable of showing a neutralizing effect on PA-mediated cytotoxicity in vitro

[9]. Apparently, the amount of TNA of the total number of antibodies to PA is individual for

Fig 7. The effect of gender on the development of anti-anthrax post-vaccination immunity and the duration of circulation of IgG to PA (A), LF (B) and B. anthracis
spores (C), as well as the level of TNA of the samples of blood serum from the donors (D). Statistical analysis was performed using a Two-way ANOVA with Tukey’s

multiple comparison (determination of significance and confidence intervals). The histograms show the mean and the confidence interval as an interval estimate of the

general frame. See data in S20–S23 Datasets.

https://doi.org/10.1371/journal.pone.0260202.g007
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each donor. This is what causes the absence of a strong correlation between the level of anti-

bodies to PA and protection against the infection: this was shown in many previous experi-

ments with animals [21]. The blood must contain not just PA or LF-specific antibodies, but

antibodies capable of neutralizing LT, the presence of which correlates with the protection

against anthrax [22]. Our studies have shown that TNA in the samples of blood serum from

vaccinated donors was detected in more than 1 year after vaccination. In 12–18 months after

vaccination TNA of the blood serum from the majority of the donors was in the range 25–

47%, and in two donors out of 17 analyzed ones, the blood serum was able to neutralize the

cytotoxic effect of LT in vitro and protect more than 50% of J774.1-A cells from death.

Stepanov et al. showed that immunoglobulins synthesized as a result of vaccination with

LAV strain STI-1 have not only the anti-toxic effect, but also inhibit the germination of B.

anthracis spores [23]. It was later shown that after immunization with an AVA vaccine, synthe-

sis of antibodies to PA is induced; these antibodies by opsonizing the spores of Ames virulent

strain or Sterne vaccine strain contribute to the enhancement of their phagocytosis by murine

peritoneal macrophages [12, 24].

The results of our studies have shown that after immunization of people with LAV antibodies

against anthrax spores are synthesized and circulate in the blood of most donors during the

period of 8 months after vaccination. Given the short incubation period and the rapid progression

of anthrax in an aerosol or gastrointestinal forms, antibodies against surface antigens of the spores

will be the most effective barrier even at the early stages of infection. This was confirmed in a

mouse model with the use of monoclonal antibodies against B. anthracis spores. Monoclonal anti-

bodies prevented spore germination into the vegetative cells in vitro, enhanced the spore phagocy-

tosis and the death of the vegetative cells in macrophages, that resulted in 90% survival of mice

that were infected with B. anthracis Ames strain [25]. These observations suggested that the

immune response resulting from such vaccination can prevent the lethal intoxication, as well as

fight against anthrax infection even at the initial stage of infecting with the pathogen [12].

In connection with the well-known fact that vaccination of elderly people induces a lower

level of antibody synthesis compared to the vaccination of young people [26–28] we analyzed

the effect of age on the level of post-vaccination immune responses. The analysis of the

obtained data did not show any correlation between the age of the donors and the develop-

ment and duration of immune response to immunization with LAV, as well as the duration of

the circulation of IgG specific to antibodies of the causative agent of anthrax toxin, and their

TNA levels of the blood serum. This can be explained by the fact that in our studies the age of

the elder group of donors ranged from 40 to 60 years. Most studies have shown that a signifi-

cant decrease in the effectiveness of the development of immune responses is observed in

groups of people over 65 [29, 30, 31]. Gender did not affect the level of specific post-vaccina-

tion immune responses in the donors either. It seems that we were not able to see the differ-

ences in the immune response in different age or gender groups due to the small number of

donors in the groups. This number resulted from the limited number of people vaccinated

against LAV that live in anthrax-endemic regions.

A comparative analysis of indicators between the groups of donors with different numbers

of vaccinations showed that the donors vaccinated many times (more than 10 annual immuni-

zations with LAV) have a longer presence of TNA of the serum after the administration of the

next vaccination.

One of the major directions in developing subunit anthrax vaccines is obtaining a highly

purified rPA that remains stable during its storage. In our study, we showed that after immuni-

zation with LAV, antibodies against 1 and 4 domains of PA circulate in the blood of the major-

ity of donors for the longest time possible. This suggests that the inclusion of PA domains 1

and 4 into the new subunit vaccine is effective as they are most immunogenic.
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Other studies (e.g. [32]) have shown that low titers of antibodies to toxin components are

observed in the blood samples of healthy unvaccinated donors who have not previously had

anthrax. Moreover, background ELISA titers can be observed in the blood samples of people

that live in both non-endemic and endemic areas for anthrax and who have never been vacci-

nated against anthrax and did not get sick with it. Typically, people who live in endemic areas

have a higher immune response to the components of the B. anthracis toxin than healthy peo-

ple living in non-endemic areas. However, in any case these indicators are significantly lower

than the titers of specific antibodies in the blood samples of vaccinated or recovered donors.

The control group of unvaccinated donors described in our study are healthy people living

in an anthrax-endemic region (in the south of Moscow region) who do not work with bacterial

pathogens, do not have access to buildings where microbiological laboratory studies are car-

ried out, and who were not vaccinated against anthrax. We cannot assert whether the titers to

anthrax pathogen spores in the samples of their blood are specific or not. But we accept the

data from the control group of donors as a background for comparison with the data from the

group of vaccinated donors who live in the same anthrax-endemic area.

Antibody titers to PA, LF, and spores in the blood samples in the group of vaccinated

donors were not very high. It may be partially connected with the high background data

obtained from control donors.

On the other hand, vaccines differ in how they stimulate the immune system. Live anthrax

vaccine provides a broader humoral immune response to B. anthracis antigens than AVP or

AVA vaccines. But the antibody titer against PA after LAAV vaccination is lower compared to

the blood samples in the group of donors vaccinated with AVP or AVA [33].

The majority of unvaccinated donors have statistically insignificant IgG titers to PA, LF and

spores. IgG titers to PA and spores were determined in 71% of the blood samples in the control

group of donors, IgG titers to LF were determined in 62% of the blood samples. At the same

time the presence of IgG antibodies to one of the listed antigens does not necessarily mean the

presence of antibodies to the rest of them. Thus, antibodies to all three components (PA, LF,

and spores) were detected only in 7 blood samples out of 21, and antibodies to two compo-

nents were detected in 9 out of 21 blood samples (data in S24 Dataset).

Materials and methods

Ethic statement

Each human volunteer provided a written informed consent for blood donation. Date of birth,

gender, number of previous vaccination against anthrax were recorded. This study was

approved by the Local Bioethics Committee of the Federal State Budget Institution of Science

"Kirov Research Institute of Hematology and Blood Transfusion of the Federal Biomedical

Agency" (Ethics committee approval number 11 of December 11th, 2018).

Information about the groups of donors

The recruitment date range was from January 2017 to March 2018. The inclusion criteria was:

healthy men or women aged 20 to 60 years old at the time of screening who had previously

been vaccinated with LAV (Table 5). All the donors provided a written informed consent for

participation in the study. The exclusion criteria were: donors multiple vaccinated with live

anthrax vaccine, but who missed the next vaccine administration at least once; any confirmed

or suspected immunosuppressive or immunodeficient state; pregnancy or lactation during the

study.

The group of unvaccinated control donors included in our study are healthy people living

in an anthrax-endemic region (south of Moscow region), who do not work with bacterial
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pathogens, who do not have access to buildings where microbiological laboratory studies are

carried out, and who have not been vaccinated against anthrax.

LAV is a vaccine licensed to prevent anthrax, but it is not typically available for the general

public. LAV consists of lyophilized suspension of Bacillus anthracis
STI-1 live vaccine strain spores and 10% solution of sucrose as stabilizer. These components

are dissolved in 30% solution of glycerol.

LAV vaccine is currently provided only to people who are at an increased risk of coming in

contact with anthrax spores, such as certain laboratory workers, and some people who handle

animals or animal products. This means that a small number of people are vaccinated against

anthrax, and even fewer people are vaccinated annually for more than 10 years. In this regard,

our sample is representative of the people who were vaccinated with LAV. All the participants

are employees of the FBIS SRCAMB (State Research Center for Applied Microbiology & Bio-

technology) that are regularly vaccinated because of occupational risk.

Investigated samples of blood serum from the donors

People who were vaccinated with LAV many times were chosen as donors. Their last vaccination

was between 1–18 months from the date of the blood sampling for the study. The serum was

obtained from venous blood collected in centrifuge vacuum tubes (Vacuette, Greiner Bio-One,

Austria) containing the coagulation activator. Then this venous blood in the tubes was incubated

at room temperature for 30 minutes until the clot formed completely. It was centrifuged at

2000×g for 10 min, and the resulting serum was transferred into another tube. For the analysis of

toxin neutralizing activity (TNA) freshly collected serum was used, if necessary, it was stored at

4˚C for six days. For ELISA studies of specific antibody titers, we used freshly collected serum or

aliquots of the serum that were preserved by adding of sodium aside to a final concentration of

0.01% and frozen one time to minus 80˚C. The second freezing and thawing was not allowed.

Obtaining recombinant proteins PA and LF of B. anthracis and their

domains

The expression of recombinant proteins was performed from plasmid vectors pET-PA (that

contain an expression cassette with the sequence of the full-length protein PA—UniProtKB

Table 5. Table of the donors’ age and gender.

No. of participants

Total 88

Vaccinated 67 Male—34 20–40 years—40

Female—33 40–60 years—27

Non-vaccinated (Control) 21 Male—10 20–40 years—10

Female—11 40–60 years—11

Gender (total)

Male 44

Female 44

Age

Median age (in years) 37

20–40 51

20–40 (median age, in years) 33

40–60 37

40–60 (median age, in years) 50

https://doi.org/10.1371/journal.pone.0260202.t005
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#P13423 (PAG_BACAN)), pET-PA-D1 (data in S1 Fig) (I PA domain– 30–287 aa, data in S2

Fig), pET-PA-D2 (data in S3 Fig) (II PA domain– 288–516 aa, data in S4 Fig), pET-PA-D3

(data in S5 Fig) (III PA domain– 517–623 aa, data in S6 Fig), pET-PA-D4 (data in S7 Fig) (IV

PA domain– 625–764 aa, data in S8 Fig), pETHIS-LF (full-size LF—UniProtKB #P15917

(LEF_BACAN)) [34], pET-LF-D1 (data in S9 Fig) (I LF domain– 34–295 aa, data in S10 Fig),

pET-LF-D2.3 (data in S11 Fig) (II and III LF domains– 296–583 aa, data in S12 Fig),

pET-LF-D4 (data in S13 Fig) (IV domain of LF– 584–810 aa, data in S14 Fig). All of the men-

tioned expression plasmids are constructed on the basis of the commercial vector pET22b (+)

(Novagen) in which BglII restriction site was destroyed [34], and as a result, we obtained the

plasmid pET22b (+) Bgl-.

To obtain the plasmids from which full-length recombinant PA and LF proteins were

expressed, we introduced PCR fragment containing a polyhistidine tag and c-myc peptide that

were added for chromatographic purification and identification of the resulting proteins into

the plasmid pET22b (+) Bgl- across NdeI and BamHI restriction sites. Then, the obtained plas-

mid was cleaved across the BamHI and XhoI sites into which we introduced the sequences

encoding the full-length PA or LF proteins cleaved at the BamHI and SalI sites. These sites

were introduced into the sequences during their amplification with B. anthracis STI-1 (State

Collection of Pathogenic Microorganisms and Cell Cultures, FBIS SRCAMB, Obolensk) geno-

mic DNA.

The plasmids, from which the full-length recombinant domains of the PA and LF proteins

were expressed, were obtained in a similar way. The poly-His tag in these plasmids was

replaced by a fragment of glutathione S-transferase (GST) that allowed for chromatographic

purification of the proteins on a sorbent with glutathione, as well as for increase of the mass of

synthesized protein domains in order to facilitate the work with them.

All the enzymes that were used are from Fermentas, USA.

Competent cells of the strain E. coli BL21(DE3) (NEB) were transformed by the obtained

plasmid constructs using the electroporation method and so the producer- strains of E. coli
BL-PA, E. coli BL-LF, E. coli BL-PA-D1, E. coli BL-PA -D2, E. coli BL-PA-D3, E. coli
BL-PA-D4, E. coli BL-LF-D1, E. coli BL-LF-D2.3 and E. coli BL-LF-D4 were obtained.

Bacterial expression was carried out in the fermentation mode in a volume of 2xYT 10 L

nutrient medium containing a selective antibiotic at a concentration of 100 μg/ml of the

medium and 0.5% glucose. The culture was incubated at 37˚C until glucose production was

complete (after 5–6 hours of incubation the culture density is achieved up to OD600 = 7–9

units; the medium stops acidifying, the pH value reaches a plateau), then the entire volume of

the culture was cooled up to 30˚C, after that the expression was induced by adding IPTG to a

final concentration of 1 mM. After 3 hours of cultivation with an expression inducer the bio-

mass was separated from the culture medium by centrifugation at 7000×g for 10 minutes. The

cell pellet was placed in a low-temperature refrigerator, stored at a temperature of minus 70˚C

until the recombinant proteins were isolated from the biomass.

All stages of the isolation of recombinant proteins were carried out while cooling on ice.

The biomass collected after the expression was resuspended to homogeneity in an adequate

volume of 20 mM Tris-HCl (pH 8.0), 100 mM NaCl. For lysis of bacterial cells, the cell suspen-

sion was treated with lysozyme (20 μg/ ml) for 10 minutes at 4˚C. Triton X-100 was added to

this suspension up to a concentration of 4%, after that this suspension was kept in the cold for

at least 10 minutes. Then in order to get rid of DNA and RNA in the resulting mixture, DNase

and RNase were added to a concentration of 10 μg/ml of each enzyme in the presence of 1 mm

MgCl2 to this suspension. Then it was kept at room temperature for 15 minutes. The resulting

cell lysate was cleared by centrifugation for 20 minutes at 18,000×g.
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The first stage of isolation of the full-length recombinant PA and LF proteins was per-

formed on a column clogged with His-binding sorbent cOmplete ™ His-Tag Purification Resin

(Cat. No. 05 893 801 001, Roche, Switzerland). The column was balanced with 20 mM Tris-

HCl buffer (pH 8.0), 100 mM NaCl, the cleared lysate was applied to the column in the same

buffer, the column was washed with the application buffer until the balance was reached, and

eluted with the same buffer containing 150 mM of imidazole.

To isolate the recombinant GST-containing proteins (PA and LF domains) from the cleared

lysate we used a column packed by Glutathione Sepharose1 4B sorbent (Cat. No. 17-5132-02,

GE Healthcare, GB) and then equilibrated with 20 mM Tris-HCl buffer (pH 8.0), 100 mM

NaCl. The cleared lysate was applied to the column, the column was washed with the same

buffer until the balance was reached. The elution was performed by 20 mM Tris-HCl buffer

(pH 8.0), 100 mM NaCl, of 10 mM reduced glutathione.

Final purification of all recombinant proteins and their transfer to the storage buffer (20

mM Tris-HCl (pH 8.0), 100 mM NaCl) was carried out by size exclusion chromatography on

Superdex 200 10/300 GL columns (full-length PA and LF proteins) (Cat. No. 17517501, GE

Healthcare, GB) or Superdex 75 10/300 GL (PA and LF domains) (Cat. No. 17517401, GE

Healthcare, GB). Glycerol was added to the eluted protein fraction to a volume of 30%, then

we divided the obtained solution into aliquots and put for storage at a temperature of minus

70˚C. The concentration of all proteins was measured using a DirectDetect infrared spectrom-

eter (Merck Millipore, USA).

The purity of the obtained recombinant proteins was checked by electrophoresis in

SDS-PAGE under denaturing conditions using the Laemmli method [35]. The gel was stained

with Coomassie brilliant blue (R-250), the molecular weight of the obtained bands was com-

pared to a commercial molecular weight marker (Fig 8).

Obtaining of inactivated spores of B. anthracis STI-1

Spores of B. anthracis STI-1 strain were obtained by growing microorganisms in culture bot-

tles on Luria-Bertani agar, they were incubated at a temperature of 34±1˚C until the sporula-

tion. Sporulation was analysed on the 3d-10th day by viewing the spores and the smears stained

by Ziehl-Nielsen in the microscope. The spore concentration was detected by counting them

in the Goryaev chamber. Based on the results of the calculation in the Goryaev chamber and

the volume of the spore suspension, the amount of a physiological solution for diluting the

bacterial suspension was calculated so that the finished spore culture contained 1×109 spores/

ml. Spore inactivation was carried out by adding sodium thiolate to a concentration of 0.1%.

The inactivation time was 24 hours at room temperature. Inactivation control was carried out

by seeding on meat-peptone agar with incubation at 37˚C for 24 hours.

Determination of antibody titers specific to the full-length PA and LF

proteins of B. anthracis, their domains, and to surface spore antigens of B.

anthracis, in the samples of blood serum of vaccinated donors

For the study of humoral and cellular immunity specific antigens of B. anthracis (the compo-

nents of the lethal toxin and inactivated spores) were used as targets.

Determination of IgG titers in serum was performed using indirect enzyme-linked immu-

nosorbent assay (ELISA).

Plate preparation, antigen sorption. A solution of one of the recombinant proteins (PA

or LF B. anthracis or their domains) was added to each well of a 96-well plate in an amount of

1 μg in a volume of 100 μl in 10 mM phosphate-buffered saline (PBS), pH 7.4. The filled plate

was incubated in an orbital shaker incubator for 2 hours at a temperature of 37˚C with a
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platform rotation speed of 300 rpm. Then, all the wells of the plate were washed three times

with PBS solution containing 0.05% Tween-20 (PBS-Tw). Free binding sites in the wells of the

polycarbonate plate were blocked with inert proteins of skimmed milk, added in an amount of

200 μl/well. The plate was incubated for 40 min under the conditions described above. At the

end of the incubation, the wells of the PBS-Tw plate were washed three times.

To perform the sorption of the inactivated B. anthracis STI-1 spores on a plate, 50 μl of a

suspension containing 108 spores was added to the wells. The plate was kept in a dry heat oven

at a temperature of 60˚ until the liquid completely evaporated. To fix the spores on the plate

surface, 60 μl of 96% ethanol were added to all the wells, then the plate was dried under the

same conditions. The free valences of the plate wells were blocked with skimmed milk for 40

minutes as described above, then they were washed off the milk using PBS-Tw.

All the prepared sensibilized plates were stored in a dried state with the surface sealed by a

film at 4˚C for a month until they were used.

Conducting the research. The samples of blood serum from the donors was examined in

the dilutions with a double step from 1:25 to 1:3200. The dilutions in a volume of 100 μl were

added to the wells of the plate with one of the target antigens in duplicate on its surface. Wells

A1 and A2 with 100 μl of pure PBS were used as a negative control. The dilution of 1:500

murine polyclonal antibodies to PA, LF or B. anthracis spores previously obtained in the labo-

ratory were used as a positive control of the plate activation. The filled plate was incubated for

Fig 8. SDS-PAGE electroforesis results for recombinant proteins. 1. Commercial molecular weight marker SM0671 (Fermentas); 2. PA full-length; 3. PA-D2; 4.

PA-D1; 5. PA-D3; 6. PA-D4; 7. LF full-length; 8. LF-D1; 9. LF-D2.3; 10. LF-D4.

https://doi.org/10.1371/journal.pone.0260202.g008
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one hour in a shaker-incubator under the conditions described above. The wells of the plate

were washed three times with PBS-Tw at the end of the incubation. To detect the binding of

antibodies to the antigen, conjugates of anti-species anti-IgG antibodies with HPR: Anti-

Human IgG (Fc specific) −Alkaline Phosphatase antibody produced in goat (I2136, Sigma) in

dilution 1:10000 was used for the detection of the bound human immunoglobulins of the

donors’ serum; and Anti-Mouse IgG (whole molecule)–Peroxidase antibody produced in rab-

bit (A9044, Sigma) in dilution 1:20000 was used for the detection of the bound mouse antibod-

ies. One of two types of the conjugate was introduced into the wells of the negative control (A1

and A2) in order to control its non-specific binding to the surface of the well. Anti-mouse con-

jugate was added to the wells with the control of sensibilization of the plate, and the anti-

human conjugate was added to the wells with the samples of blood serum. The volume of the

introduced solutions was 100 μl/well, the dilution of the conjugates was 1:5000 in PBS. The

plates were incubated for 1 hour at a temperature of 37˚C in a shaker-incubator. After washing

eight times with PBS-Tw, 100 μl of the substrate mixture which is a 0.08% solution of ortho-

phenyl diamine in the phosphate-citrate buffer (pH 5.0) with the addition of hydrogen perox-

ide (37%) in a ratio of 1:1000 was added to the wells of the plate. An enzymatic reaction was

carried out until the color of the solution appeared, avoiding a significant staining of the solu-

tion in the wells with negative controls. 50 μl of 4N sulfuric acid acting as a “stop reagent” was

added to all the wells.

Registration of the results. The results were registered on Varioskan Flash spectropho-

tometer (Thermo Scientific, USA) at a wavelength of 492 nm. We considered the dilution with

the optical density indices that exceeded by at least two times those in the wells with negative

control as a limit titer. The results of the study were considered invalid if the optical density of

the solution in the wells with negative control exceeded 0.15 units of the optical density, and

when in the wells with positive control it was less than 1.0.

Determination of toxin-neutralizing activity of the samples of blood serum

from vaccinated donors by MTT method

Preparing the cell line for the experiment. The cells of the macrophage line J744A.1

(ATCC1 TIB-67™) sensitive to B. anthracis LT were removed from the nitrogen storage and

thawed using a water bath heated to 37˚ until it was almost completely thawed, leaving a small

amount of ice on the surface of the content of the vial. The cells were washed from cryopreser-

vation medium (90% fetal bovine serum (FBS), 10% DMSO). To reach this effect, the content

of the vial was placed in a centrifuge tube containing 10 ml of DMEM culture medium supple-

mented with 2 mM L-glutamine, a single concentration of antibiotic-antimycotic solution and

10% inactivated FBS (all Gibco, Thermo Fisher, USA) (DMEM-FBS), then it was resuspended.

The cells were pelleted by centrifugation for 5 minutes at 1200 rpmin. The resulting pellet was

resuspended in clean warm DMEM-FBS medium, 10 ml in volume, and placed in a T-75 cul-

ture bottle (Corning, USA) with a surface area of 75 cm2. The cells were incubated for three

days at a temperature of 37˚C, with the humidity not less than 80%, with CO2 content of 5%.

At the end of the incubation the attached cells monolayers were dissociated using a 0.05%

trypsin-EDTA solution (Gibco, Thermo Fisher, USA) and the suspension was prepared in sup-

plemented medium. The concentration of viable cells was counted on a TC20 Automated Cell

Counter (Cat. No. 1450102, Bio-Rad) stained with 0.4% trypan blue solution (Gibco, Thermo

Fisher, USA) according to the manufacturer’s method.

The J774A.1 cell suspension was added to the wells of a 96-well culture plate in an amount

of 1×104 viable cells/well in a total volume of 85 μl of the DMEM-FBS growth medium. The

plate was placed in a CO2 incubator for 24 hours to adhere the cells on the surface of the wells
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of the plate. Then, in all the wells of the plate, the culture medium was replaced with the fresh

one in a volume of 90 μl.

Detection of ED100 for B. anthracis LT. Various amounts of LT of B. anthracis from 150

ng/ml to 4800 ng/ml with a double titration step were added to the wells of the prepared plate

with J744A.1 line cells; the PA/LF ratio was 5/1. Intact wells were used as negative controls, we

used three types of wells: intact wells, wells with addition of only PA at a concentration of 4000

ng/ml, and wells with only LF at a concentration of 800 ng ml. Wells with the addition of

sodium merthiolate (Oskar Tropitzsch, Germany) to a final concentration of 0.025% were

used as a positive control. In the wells supplemented with sodium thiolate, 100% cell death is

achieved. All the tests, including the control ones, were tested in four replicates. The plate was

placed in a CO2 incubator for 4 hours. Then, a solution of 3- (4,5-dimethylthiazol-2-yl)

-2,5-diphenyl-tetrazolium bromide (yellow tetrazolium, MTT) was added to all the wells. MTT

stock solution was 2 mg/ml (in PBS). The final concentration of MTT reagent in the wells with

the cells was 0.5 mg/ml. The plate was kept in a CO2 incubator for 4 hours, after that the

medium in all the wells was replaced with 175 μl of DMSO (Sigma-Aldrich, USA). For full cell

lysis and even dissolution of formazan crystals, the plates were placed on a TS-100C shaker

platform (BioSan, Latvia) and incubated for 10 minutes at a platform rotation speed of 500

rpm at room temperature. The results were detected using an xMark Microplate Absorbance

Spectrophotometer (Cat. No. 1681150, Bio-Rad, USA) at λ = 530 nm and at λ = 700 nm. The

optical density was calculated by the formula: OD = A530-A700, where OD is the optical den-

sity, A530 is the value at a wavelength of 530 nm, A700 is the value at a wavelength of 700 nm.

The reference optical density values in the control wells were calculated, and then the opti-

cal density indicators in the test wells were compared with the control ones.

TNA study of the samples of blood serum from the donors. The samples of blood

serum from the vaccinated donors were investigated in various dilutions which were 1:25, 1:50

and 1:100. Previously, the serum in the indicated dilutions were incubated for 1 hour with LT

at a concentration corresponding to ED100 for recombinant LT, calculated before as 1000 ng/

ml of PA and 200 ng/ml of LF. The dilution of the serum and LT was performed in

DMEM-FBS.

All the liquid was taken away from the wells on the plate and it was replaced with a mixture

of LT and one of the dilutions of the test serum in a volume of 100 μl/well. Each test dilution

was added to 8 wells of a plate: 4—for testing TNA and 4—as a control for non-specific serum

toxicity (K1-). 10 μl of LT stock solution containing 10,000 ng/ml PA and 2,000 ng/ml LF were

added to the wells as a monitoring of the effectiveness of LT (K1 +; also 4 wells), it corresponds

to the previously obtained ED100 value in the final dilution. Intact wells with the cells (K2)

were obligatory for each plate, as well as a positive control of the cell death, into which sodium

merthiolate was added up to 0.025% in a well (K2+). Further manipulations in the MTT test

correspond to the process described above.

For each test well of the plate, the viability mean (in %) was calculated by the formula: OD

(test)—OD (K2 +) / OD (K2 -)—OD (K2 +) × 100%, where OD (test) is the optical density

value calculated as the average value for all replicates in the test wells, OD (K2 +) is the optical

density value calculated as the average value for all K2+ wells, OD (K2-) is the optical density

value calculated as the average value for all wells K2-.

Statistical analysis

The obtained data were analyzed and graphically presented using GraphPad Prism 6. The

ELISA and MTT test data were analyzed using the Kruskal-Wallis test with multiple Dunn’s

comparisons in a One-Way ANOVA. The distribution was analysed using the Shapiro-Wilk
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test, p values from 0.05 and lower were considered as significant. The effect of age and gender

on the development of post-vaccination immunity was analysed using a Two-way ANOVA

with Tukey’s multiple comparisons. Correlation analysis was carried out using Spearman’s

rank correlation test.
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