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ABSTRACT

Xianyang city is one of the main hemorrhagic fever with renal syndrome (HFRS) epidemic areas in
northwest China. Although the HFRS immunity program has been provided in this city, HFRS is still
occurred every year. In order to implement the vaccination program effectively and to control HFRS, the
analysis of antibody responses specific to Hantaan virus (HTNV) in individuals after vaccination is essential.
In this study, a total of 100 subjects were divided into 5 groups: unvaccinated, 1, 3, 29 and 33 months after
boost vaccination. The levels and the positive rates of HTNV-NP-specific IgM and IgG antibodies as well as
HTNV neutralizing antibodies were significantly increased in the serum of the vaccinated individuals. The
positive rates and levels of HTNV-NP-specific IgG and HTNV neutralizing antibody reached their highest
values at 3 months respectively and could be sustained up to 33 months after vaccination. Moreover, the
titres of HTNV-NP-specific IgM or IgG antibody and the titres of HTNV neutralizing antibody at 1 month
after vaccination have a positive correlation. The level of HTNV-NP-specific IgG antibody was much higher
than that of HTNV-NP-specific IgM antibody or HTNV neutralizing antibody. In addition, the strongest
responses of antibody-secreting cells were observed at 3 months after vaccination, which was consistent
with the serum results. Therefore, the HFRS immunization program is effective to induce humoral
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immunity in the population of northwest China.

Hemorrhagic fever with renal syndrome (HFRS) has become
an important threat to human health worldwide. The HFRS
cases in China primarily infected with Hantaan virus
(HTNV) strain account for 90% of the total global cases.' The
morbidity of HFRS has gradually declined in China in recent
years since the HFRS vaccination program was implemented.’
For example, the vaccination compliance ranged from 4.55%
in 1994 to 83.67% in 2010 in Hu County of China. Mean-
while, the HFRS incidence ranged from 300.57/100,000 in
1984 to 9.53/100,000 in 2005.> However, because of both nat-
ural and human factors, novel variations of hantaviruses have
appeared.” Hantaviruses carrying rates and infection rates in
rodents increased rapidly in 2012.* For the epidemiological
profiles of HTNV and the immune state of the population
were inconsistent in different regions, the effect of HFRS vac-
cination may be limited.

Shaanxi province is one of the main HFRS epidemic areas in
China.” From the year 2010 to 2012, the mortality of HFRS in
Shaanxi has surpassed Heilongjiang and became the province
with the highest HFRS incidence in China.® Xianyang City in
Shaanxi province always has a high incidence of HFRS during
recent years. Therefore, an inactive bivalent vaccine was pro-
vided from 1994 and expanded from 2008 in Xianyang City.”

However, the effect of vaccination on the population remained
unclear in this region.

Hantaviruses have a tripartite genome encoding a
nucleocapsid protein (NP), 2 envelope glycoproteins (GP) and
a viral RNA polymerase.” HTNV-NP has been demonstrated to
be highly immunogenic and conservative, which could induce
vigorous cellular and humoral immune responses in humans.’
HTNV glycoprotein is considered to be the main source of
neutralizing antibody (NAb)."” To evaluate the effect of vac-
cines, the calculation of protective rate and antibody serocon-
version rate needs to be performed on vaccinated persons.'' In
our study, we assessed the HTNV-specific antibody responses
of 80 subjects from Xianyang city who had received HTNV
vaccination. We also explored the effect of the HFRS vaccine
program by analyzing the influence of vaccination on the posi-
tivity rates and levels of HTNV-NP-specific IgM, IgG antibody
and HTNV neutralizing antibody at different time points after
vaccination. The results may provide a scientific basis for the
evaluation and improvement of HFRS vaccination planning.

The HEFRS inactivated vaccine used in this study was
commercially obtained from Zhejiang Weixin Bio-Pharmaceu-
tical Co., Ltd., China. The purified vaccine was provided as a
bivalent and derived from a mixture of HTNV (type I) and
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Seoul virus (SEOV) (type II). People aged from 16 to 60 y were
vaccinated free of charge according to the Pharmacopeia of the
People’s Republic of China (2005)'*'* in Xianyang city. The
vaccination program is consisted of 3 doses administration at
0 d, 15 d and one year respectively. One vaccine dose was
1.0 ml with aluminum hydroxide adjuvant. The regimen was
carried out according to the commercial vaccine instruction.

The Xianyang Qian County and Qindu District were
selected randomly to be the study area. A total of 80 vaccinated
healthy persons were enrolled in this study. Considering the
effect and duration of the HFRS vaccine, the serum samples
were collected at 4 time points: 1 month, 3 months, 29 months
and 33 months after vaccination. A vaccination and sampling
scheme is shown in Fig. S1. Another 20 unvaccinated healthy
persons aged 16 to 60 y old were enrolled as the control group.
Demographic characteristics of the enrolled subjects are given
in Table S1. The study was approved by the Ethics Committee
at the Fourth Military Medical University. The informed con-
sent was obtained from each trial participant.

HTNV-NP-specific IgG and IgM antibodies were detected
in the serum of study subjects, negative and positive controls
with Hantavirus Hantaan IgM/IgG kits (Westang Bio-Tech
Co., Ltd, China) according to the manufacturer’s instructions.
The OD450nm of each well was detected with a microplate
reader (Bio-Rad) and duplicates of each sample were analyzed.
The titer >40 is considered to be positive. The geometric mean
titer (GMT) was calculated.

The cell microculture neutralization test was performed as
described previously."* The sera were diluted serially 2-fold and
combined with an equal volume of 100 TCIDs, HTNV (76-118
strain). The mixture was then transferred to monolayer of Vero
E6 cells and incubated for 9 to 11 d. Thereafter, HTNV antigen
in the cell lysate was detected by sandwich ELISA. The neutral-
izing antibody titer was defined as the maximum dilution of
serum that inhibited HTNV infection in 50% of the cells. The
titer that can inhibit HTNV infection in 50% of the cells is
considered a positive take for neutralization. HTNV strain 76-
118 stock, Vero E6 cells and the mouse anti-HTNV-NP mono-
clonal antibodies (mAb) were provided by the Department of
Microbiology in the Fourth Military Medical University.

All data were analyzed using GraphPad prism 5.0 software
(GraphPad Software, Inc.; La Jolla, CA). Student’s t-test was
used to determine significant differences between the
experimental and control groups. One-way ANOVA was used
to determine statistically significant differences among the
experimental groups. The Chi-square test was used to analyze
the enumeration data. Pearson correlation statistic was used to
identify correlations between the 2 groups. P < 0.05 was con-
sidered statistically significant.

The positive rates and levels of serum HTNV-NP-specific
IgM, IgG and HTNV neutralizing antibodies after vaccination
were evaluated. The positive rates of HTNV-NP-specific IgM
antibody in the vaccinated population at 1 month, 3 months,
29 months and 33 months after vaccination were 90.0%, 80.0%,
80.0% and 80.0%, respectively (Fig. 1a), and were higher than
that of the unvaccinated group in which the positive rate is
only 10%. The positive rate reached the highest at 1 month
after vaccination. No statistically significant differences were
observed among the vaccinated groups (x° = 0.5195, P >
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0.05). Indirect ELISA was carried out to test the levels of serum
HTNV-NP-specific IgM antibodies. The GMT in the unvacci-
nated group was 1.45, whereas the GMT in the groups 1, 3, 29
and 33 months after vaccination could reach 27.66, 28.59,
27.97 and 19.13, respectively. The level of serum HTNV-NP-
specific IgM antibodies reached a peak 3 months after vaccina-
tion and then gradually declined (Fig. 1a). Compared with the
levels of IgG antibodies, the levels of IgM antibodies was not
high. There was significant difference of the IgM antibody lev-
els between the unvaccinated and vaccinated groups (P<0.01).
To evaluate IgM levels accurately, it may require further inves-
tigation with more serum samples. The positive rate of HTNV-
NP-specific IgG antibody in the unvaccinated was 10.0%. How-
ever, the positive rates at 1 month, 3 months, 29 months and
33 months after vaccination were 60%, 100%, 80% and 90%,
respectively. The positive rates in the vaccinated groups were
significantly higher than that of the unvaccinated group (x° =
30.09, P < 0.01) (Fig. 1b). The positive rate reached a peak at
3 months after vaccination. Importantly, the high positive rate
was maintained until 33 months after vaccination. The GMT of
HTNV-NP-specific IgG antibody was 21.0, 1689.0, 497.2 and
2724 at 1, 3, 29 and 33 months after vaccination, respectively.
The GMT at 3 months was the highest among all of the groups
and was approximately 80-fold higher than that at 1 month, 3-
fold higher than that at 29 months and 6-fold higher than that
at 33 months after vaccination. After 3 months, the GMT of
HTNV-NP-specific IgG antibody declined gradually (Fig. 1b).
The IgG antibody levels showed obviously difference between
the unvaccinated and vaccinated groups (P < 0.0001). The pos-
itive rate of HTNV neutralizing antibody in the unvaccinated
group was 10.0%, whereas the positive rates at 1, 3, 29 and
33 months after vaccination were 80.0%, 90.0%, 50.0% and
90.0%, respectively. The positive rate of neutralizing antibody
increased obviously at 1 month after vaccination. In the vacci-
nated groups, the positive rates of neutralizing antibody were
significantly higher than that in the unvaccinated group (x° =
33.97, P < 0.01) (Fig. 1c). The positive rate of neutralizing anti-
body reached a peak at 3 months after vaccination, which was
maintained until 33 months after vaccination. The GMTs of
HTNV neutralizing antibody were 1.1, 5.0, 9.2, 5.3 and 5.3 in
the unvaccinated group and vaccinated groups at 1, 3, 29 and
33 months after vaccination, respectively (Fig. 1c). The GMT of
HTNV neutralizing antibody was elevated at 1 month after vac-
cination and reached a peak at 3 months after vaccination.

The positive rates or the serum levels of HTNV-NP-specific
IgM or IgG antibodies and HTNV neutralizing antibodies after
vaccination were compared. The positive rates of HTNV-NP-
specific IgM and IgG antibodies reached peaks at 1 months and
3 months, after vaccination respectively. The higher positive
rates of HTNV-NP-specific IgG and HTNV neutralizing anti-
body were maintained 33 months after vaccination. Similar
changes in the positive rates of HTNV-NP-specific IgG and
HTNYV neutralizing antibody were observed (Fig. 2a). The lev-
els of HTNV-NP-specific IgM or IgG antibody and HTNV
neutralizing antibody all reached the peak at 3 months after
vaccination and then decreased slowly. The level of HTNV-
NP-specific IgG antibody was obviously higher than that of
HTNV-NP-specific IgM and HTNV neutralizing antibody at 3,
29, and 33 months after vaccination (Fig. 2b, c).
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Figure 1. The evaluation of serum HTNV-NP-specific IgM, IgG antibodies and HTNV neutralizing antibodies after vaccination. The positive rates and levels of serum HTNV-
NP-specific IgM (A), 1gG (B) antibodies and HTNV neutralizing antibodies (C) in the groups after vaccination. Groups 0, 1, 3, 29 and 33: no vaccine, and 1, 3, 29 and
33 months after vaccination, respectively; 20 people in each group. The titre > 40 is considered a positive take for HTNV-NP-specific IgM and IgG antibodies. The titer
that can inhibit HTNV infection in 50% of the cells is considered a positive take for neutralization. P values relative to month 0 are identified by asterisks ("P < 0.05,
**P < 0.01, "*P < 0.001).Vertical lines indicate 95% confidence interval (Cl) for positive rate and Standard Deviation (SD) for GMT.
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Figure 2. The comparison between HTNV-NP-specific IgM, IgG and HTNV neutralizing antibodies after vaccination. (A) The positive rates of HTNV-NP-specific IgM, IgG and
HTNV neutralizing antibodies in the groups at 1, 3, 29 and 33 months after vaccination. (B) The levels of HTNV-NP-specific IgM and IgG antibodies in the groups at 1, 3, 29
and 33 months after vaccination. (C) The levels of HTNV-NP-specific IgG and HTNV neutralizing antibody in the groups at 1, 3, 29 and 33 months after vaccination. Vertical
lines indicate Standard Deviation (SD). 1, 3, 29 and 33: 1, 3, 29 and 33 months after vaccination, respectively; 20 people in each group. P values are identified by asterisks
(*P < 0.05, " P < 0.01, "™ P < 0.001).



The correlations of the HTNV-NP-specific IgG, IgM and
HTNV neutralizing antibody were analyzed. The titres of
HTNV-NP-specific IgM and IgG antibodies were positive cor-
relation. Meanwhile, the titres of HTNV-NP-specific IgM or
IgG and the titres of the neutralizing antibody at 1 month after
vaccination were positive correlation too (Fig. 3a). Moreover,
there was a significant association between the HTNV-NP-spe-
cific IgM and IgG titres at 3 months after vaccination (Fig. 3b).
Positive correlations were also found between the titres of
HTNV-NP-specific IgG and HTNV neutralizing antibody at 29
and 33 months after vaccination respectively (Fig. 3¢, d).

After EBV-transformed B lymphoblastoid cell lines (BLCLSs)
for each vaccinated person were established successfully, the
HTNYV antibodies produced by BLCLs were detected at 3 months
and 29 months after vaccination. From Fig. S2, we can see the
cell volume increased dramatically and clumps of cells were scat-
tered in the culture solution. The highest positive rate of HTNV-
NP-specific IgG antibody in the culture supernatants was found
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at 3 months after vaccination, which was consistent with the
results from the serum samples. The HTNV neutralizing anti-
body in the BLCLs culture supernatants was detected in all
groups, whereas the IgG antibody was not detected at 1 month
and 33 months after vaccination, and the IgM antibody was not
detected at 1 month after vaccination (Fig. 4a). Importantly, the
total positive rate of the IgG was higher than that of the IgM in
all BLCLs culture supernatants (Fig. 4b).

In this study, we found that the positive rates and the levels
of HTNV-NP-specific IgM, IgG and HTNV neutralizing anti-
body were significantly increased and sustained for a long time
in the serum of individuals who received HTNV vaccination in
Xianyang City. This indicates that the vaccination scheme can
induce effective humoral immunity in northwest China.

Vaccination has become the most effective medical interven-
tion to reduce morbidity and mortality caused by infectious dis-
eases.'> To monitor the impact of the vaccine, the detection of
immunization coverage and effectiveness in protecting against
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Figure 3. The correlation analysis between the titres of the HTNV-NP-specific IgG, IgM and HTNV neutralizing antibody in the groups (A) 1 month, (B) 3 months, (C)
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Figure 4. The HTNV antibody responses of BLCLs. (A) The positive rates of HTNV-
NP-specific IgG, IgM and HTNV neutralizing antibody were determined at 1, 3, 29,
and 33 months after vaccination in the culture supernatants of BLCLs. (B) The total
positive rate of HTNV-NP-specific IgG or IgM antibodies in all BLCL culture superna-
tants. Vertical lines indicate 95% confidence interval (Cl). P values are identified by
asterisks ("P< 0.05, "*P < 0.01, ™*P < 0.001). BLCLs: EBV-transferred B lympho-
blastoid cell lines.

disease were necessary.'® The HFRS vaccination should cover
most of the population in China. It has significance to test and
verify the effect of vaccine at the population level.” Therefore in
this study we used a cross-sectional study and selected ran-
domly 4 groups of vaccinated persons with different vaccina-
tion time as study subjects to evaluate the vaccination effect of
HERS vaccine at the population level.

It exists the positive rates of HITNV-NP-specific IgM, IgG and
neutralizing antibodies in the unvaccinated group indicated that
there were high unapparent infection rates in the population. It
has been reported that the unapparent infection rate was approx-
imately 3.41%-21.29%."° Our results showed that HTNV-NP-
specific IgM and IgG were negative, while the neutralizing anti-
body was positive in some people. These results were consistent
with the finding that the neutralizing antibody response was sus-
tained for a longer period than that of the HTNV-NP-specific
IgM and IgG antibody."” The level of IgM or IgG antibody spe-
cific to HTNV-NP was correlated with the titres of neutralizing
antibody respectively, suggesting that these 2 kinds of anti-NP
antibodies all might inhibit HTNV infection.” It has been
reported that Hantavirus GP and NP all contributed to protec-
tive neutralizing activity.'® Furthermore, if the stable HTNV-GP
antigen available, the antibody response specific to HTNV-GP
needs to be further studied in our next step.

Moreover, in our study, the positive rate of HTNV-NP-spe-
cific IgM antibody rose initially after vaccination and reached

the highest at 1 month after vaccination, whereas the antibody
level and positive rate of HTNV-NP-specific IgG antibody
reached peaks at 3 months after vaccination. These results were
corresponded to the rule that IgM antibody always appears ear-
lier than IgG antibody."” The HTNV-NP-specific [gM antibodies
appeared earlier at lower levels, whereas the HTNV-NP-specific
IgG antibodies appeared later at higher levels and were main-
tained longer after vaccination. This indicated that the HTNV-
NP-specific IgG antibody may be the main anti-HTNV infection
component. The changes in the positive rates of HINV-NP-spe-
cific IgG antibody and HTNV neutralizing antibody were simi-
lar. However, the positive rates of HTNV-NP-specific IgG and
HTNV neutralizing antibody at 29 months were lower than that
at 33 months. This may be due to the samples collected in the
study is only 20 every group and more samples needs to be ana-
lyzed further. The effect of humoral immunity depends on the
end production of various antibodies induced by vaccine. The
positive correlations between the titres of HTNV-NP-specific
IgM or IgG antibody and HTNV neutralizing antibody at
1 month after vaccination were observed. These suggested that
the nearer the last vaccination, the better immune effect could be
produced. However, the correlation was not significant at 3, 29,
and 33 months after vaccination, which required further investi-
gation with much more serum samples.

The robust serological responses indicated the substantial
formation of antibody-secreting cells (ASCs) after vaccination.
EBV is a lymphotropic herpesvirus that converts normal
human B lymphocytes into established lines. This ‘immortalisa-
tion’ preserves the characteristics of the original B cell with sur-
face immunoglobulin and secretory immunoglobulin.*’
Therefore, the BLCLs of vaccinated persons can be used to
assess the response of antibody secreting cells. The positive
rates of HTNV-specific antibodies were lower or undetected in
the culture supernatants of BLCLs than that in the sera, which
was probably due to the insufficient concentration of specific
antibodies in the culture supernatants of BLCLs. The results
showed that the antibody responses in the supernatant of
BLCLs reached an effective level at 3 months after vaccination,
which was consistent with that in the sera. All of these results
demonstrated that the rapid and vigorous B cell response
occured after vaccination. In addition, according to some
reports,”>*' the type of antibody secreted by BLCL was mainly
IgM. However, in our study, the primary antibody after vacci-
nation was IgG. The positive rate of HTNV-NP IgG antibody
was higher than that of the HTNV-NP IgM antibody in the cul-
ture supernatant of all BLCL cells. This may be because that the
BLCLs in our study were obtained from persons who had been
vaccinated 3 times and the vaccinated persons may have more
memory B lymphocytes. The BLCLs secreting HTNV neutraliz-
ing antibody can be used to build a phage antibody library to
produce human neutralizing antibody. The HTNV neutralizing
mAb, HTNV-NP or GP-specific mAb will be isolated and be
used to diagnose and cure HTNV infection in the next step.

In conclusion, firstly, our study showed that HFRS vaccina-
tion might play an important role in the control and prevention
of HFRS in the northwest region of China and novel vaccines
capable of eliciting a potent neutralizing antibody still need to
be designed further. Secondly, more samples should be used to
evaluate the response of antibodies after vaccination and the



cellular immunity induced by the vaccine should also be stud-
ied in the next step. For an overall evaluation of the effect of a
vaccine, it is necessary to examine SEOV specific antibody
response. Thirdly, for the HFRS incidence in people younger
than 16 or older than 60 y has increased in Shaanxi province in
recent years,”> we recommend expanding the scope of HFRS
vaccination to people younger than 16 and older than 60 y.
Meanwhile, the relationship between the fluctuation of HFRS
epidemic and vaccination rates in northwest China needs to be
analyzed.

Abbreviations

HFRS  hemorrhagic fever with renal syndrome

HTNV  Hantaan virus

NP nucleocapsid protein

SEOV  Seoul virus

GP glycoprotein

NAb neutralizing antibody

OD optical density

GMT  geometric mean titer

BLCLs EBV-transformed B lymphoblastoid cell lines
ASCs  antibody-secreting cells

EBV Epstein-Barr virus

mAb monoclonal antibody

ELISA  enzyme-linked immunosorbent assay
PBMCs peripheral blood mononuclear cells
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