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Original article

Safety assessments of
recombinant DTaP vaccines
developed in South Korea

Purpose: Pertussis bacteria have many pathogenic and virulent antigens and severe adverse
reactions have occurred when using inactivated whole-cell pertussis vaccines. Therefore,
inactivated acellular pertussis (aP) vaccines and genetically detoxified recombinant pertus-
sis (rP) vaccines are being developed. The aim of this study was to assess the safety profile
of a novel rP vaccine under development in comparison to commercial diphtheria-tetanus-
acellular pertussis (DTaP) vaccines.

Materials and Methods: The two positive control DTaP vaccines (two- and tri-components
aP vaccines) and two experimental recombinant DTaP (rDTaP) vaccine (two- and tri-compo-
nents aP vaccines adsorbed to either aluminum hydroxide or purified oat beta-glucan) were
used. Temperature histamine sensitization test (HIST), indirect Chinese hamster ovary (CHO)
cell cluster assay, mouse-weight-gain (MWG) test, leukocytosis promoting (LP) test, and intra-
muscular inflammatory cytokine assay of the injection site performed for safety assessments.
Results: HIST results showed absence of residual pertussis toxin (PTx) in both control and ex-
perimental DTaP vaccine groups, whereas in groups immunized with tri-components vaccines,
the experimental tri-components rDTaP absorbed to alum showed an ultra-small amount of
0.0066 1U/mL. CHO cell clustering was observed from 4 |U/mL in all groups. LP tests showed
that neutrophils and lymphocytes were in the normal range in all groups immunized with the
two components vaccine. However, in the tri-components control DTaP vaccine group, as well
as two- and tri-components rDTaP with beta-glucan group, a higher monocyte count was ob-
served 3 days after vaccination, although less than 2 times the normal range. In the MWG test,
both groups showed changes less than 20% in body temperature and body weight before the
after the final inmunizations. Inflammatory cytokines within the muscle at the injection site on
day 3 after intramuscular injection revealed no significant response in all groups.

Conclusion: There were no findings associated with residual PTx, and no significant differ-
ences in both local and systemic adverse reactions in the novel rDTaP vaccine compared to
existing available DTaP vaccines. The results suggest that the novel rDTaP vaccine is safe.

Keywords: Safety, Diphtheria-tetanus-acellular pertussis vaccines, Recombinant DTaP vac-
cine, Murine model study, Bordetella pertussis

Whooping cough is mainly caused by the gram-negative bacteria Bordetella pertussis
and Bordetella parapertussis [1]. B. pertussis, the main causative agent of pertussis, has
more than 20 pathogenic virulence antigens, including pertussis toxin (PTx), fimbriae,
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pertactin (PRN), filamentous hemagglutinin (FHA), lipooligo-
saccharide, and adenylate cyclase toxin. In particular, PTx is a
major epitope associated with pertussis and can induce im-
munogenic cells by attaching to macrophages and epithelial
cells, like FHA and PRN, and thus plays a role as a major im-
munogenic antigen of pertussis vaccines [2-4]. As such, per-
tussis bacteria have many pathogenic and virulent antigens
and severe adverse reactions have occurred when using inac-
tivated whole-cell pertussis (wP) vaccines. Therefore, since
the 1990s, the inactivated acellular pertussis (aP) vaccine,
which primarily contains purified and separated major viru-
lence antigens, has been predominantly used [5]. In addition,
genetically detoxified recombinant pertussis (rP) vaccines,
detoxified via genetic modifications, are being developed as
future vaccines that consider pertussis polymorphism.

The PTx, the major immunogenic antigen of the pertussis
vaccine, is a typical bacterial AB type toxin consisting of an A
promotor (S1) and B oligomer complex (S2, S3, two copies of
$4, and S5) [6,7]. The A promoter’s subunit peptide (S1) is sepa-
rated from the B oligomer in the endoplasmic reticulum and
secreted into the cytoplasm, exhibiting toxicity. The A promot-
er increases the adenosine diphosphate (ADP)-ribosylation of
the o subunit of inhibitory/other/transducin G protein [8,9].
The o subunit blocks the inhibition of adenylate cyclase, lead-
ing to an increase in messenger cyclic adenosine monophos-
phate (cCAMP), which in turn triggers a series of biological
downstream effects such as leukocytosis, histamine sensitiza-
tion, hypoglycemia due to insulinemia, exocrine secretion, in-
hibition of lymphocyte and neutrophil migration [10,11], and
ERK/MAP kinase pathways alteration, resulting in various bio-
logical side effects. However, the B oligomer induces PTx to en-
ter the cell by binding with the cell membrane protein, and the
B oligomer itself exhibits reactions such as proliferation of T
cells, glucose oxidation in adipocytes, and activation of TLR4
[12,13]. Due to the toxic side effects of PTx, the residue or rever-
sion of PTx in aP or rP vaccines must be checked during the
pertussis vaccine development stage and before shipment of
each production after development.

The histamine sensitization test (HIST), the most important
test for safety evaluation, checks the residue or reversion of PTx.
This method includes in vivo model studies such as lethal dose
tests, temperature tests, leukocytosis promoting (LP) tests,
mouse-weight-gain (MWG), or mouse-weight-decrease tests.
Ex vivo tests include agglutination assays, while in vitro assays
include enzymatic high-performance liquid chromatography-
coupled assays, fetuin enzyme-linked immunosorbent assay,
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carbohydrate-binding assays, Chinese hamster ovary (CHO)
cell clustering assays, cAMP-PTx reporter assays, ADP ribosyl-
ation assays, and islet-activating protein tests [13]. Among
them, the CHO cell clustering assay, an alternative method that
improves the problems of HIST, is a test that must be performed
in the pertussis vaccine development stage along with HIST, af-
ter development, and before shipment after each production to
check the residue or reversion of PTx. In addition, safety assess-
ments such as gross inspection of the inoculation site, histolog-
ic evaluation, and intramuscular inflammatory cytokine analy-
ses must be performed to evaluate local adverse reactions after
immunization by vaccine recipients in the pertussis vaccine
development stage.

The researchers in this study recently published results of
an in vivo model immunogenic study of a tri-components rP
vaccine (produced by a WHEP vector developed at Yonsei
University), including recombinant PTx, FHA, and PRN anti-
gens, which is being developed for the first time in Korea [14].
The primary aim of this study was to assess the safety profile
of a novel rP vaccine under development in comparison to
commercial diphtheria-tetanus-acellular pertussis (DTaP)
vaccines by performing temperature HIST, indirect CHO cell
cluster assay, MWG test, lymphocytosis-promoting factor
(LPF) test, and intramuscular inflammatory cytokine assay of
the injection site.

Vaccines

The two positive control DTaP vaccines and two experimen-
tal recombinant DTaP vaccines used were as follows: bivalent
DTaP-inactivated poliovirus vaccine (IPV) (Sanofi, Paris,
France) as control two-components aP vaccine (PTx, FHA)
and trivalent DTaP-IPV/Haemophilus influenzae type b (Hib)
vaccine (GSK, Rixensart, Belgium) as control tri-components
aP vaccine (PTx, FHA, PRN). The bivalent DTaP-IPV vaccine
comprised 25 flocculation units (Lf) diphtheria toxoid, 10 Lf
tetanus toxoid (TT), 25 pg PTx, and 25 pg FHA adsorbed to
aluminum hydroxide. The trivalent DTaP-IPV/Hib vaccine
comprised 25 Lf diphtheria toxoid, 10 Lf TT, 25 pg PTx, 25 pug
FHA, and 8 pg PRN adsorbed to aluminum hydroxide. The
experimental recombinant DTaP vaccine was composed of
25 Lf diphtheria toxoid, 10 Lf TT, pertussis toxin subunit 1,
and FHA as the two components experimental vaccine, and
additional PRN domains as the experimental tri-components
experimental vaccine (genetically fused with the WHEP do-
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main and expressed as a soluble form, purified by Ni-affinity
chromatography) adsorbed to either aluminum hydroxide or
purified oat beta-glucan (donated by CLIPS BnC, Seoul, Ko-
rea). The mock-vaccinated group (negative control) was in-
oculated with 0.85% physiological saline.

Temperature histamine sensitization test

The temperature HIST was performed according to the World
Health Organization’s (WHO's) Expert Committee on Biologi-
cal Standardization guidelines [15]. A reference linear line (in-
cluding 95% confidence interval [CI]) for temperature relative
to the concentration of the new standard pertussis toxin Na-
tional Institute for Biological Standards and Control (NIBSC)
15/126 (1,881 IU/ampoule) was set (Fig. 1A). After dividing in-
to the two components DTaP vaccination group and tri-com-
ponents DTaP vaccination group, each group was classified
into the negative control (saline group), positive control (biva-
lent or trivalent DTaP vaccination group), and experimental
(DTaP two- or tri-components vaccine with alum adjuvant or
beta-glucan adjuvant) groups. In each group, 10 female BALB/
¢ mice aged 4-5 weeks were inoculated with the vaccine intra-
peritoneally, and 0.8% histamine solution (320 mg histamine
dihydrochloride diluted in 40 mL normal saline) was injected
intraperitoneally on day 4 of vaccination for histamine sensiti-
zation. After 30 minutes, the rectal temperature was measured
at a depth of 15-20 mm of the mouse’s anus. The measured
rectal temperature was then inserted into the equation of the
established reference linear line relative to the concentration
of NIBSC 15/126 (1,881 IU/ampoule) to measure residual PTx.
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Indirect Chinese hamster ovary cell cluster assay

In the direct CHO cell clustering assay, the aluminum hydrox-
ide component used as an adjuvant induces cytotoxic effects
on CHO cells. To address the problems in evaluating test re-
sults, we conducted the indirect CHO clustering assay, recom-
mended by the Biological Standardization Program of the Eu-
ropean Directorate for the Quality of Medicines & HealthCare
(EDQM) [16,17]. In this study, the clustering of CHO cells in
the spiked vaccine was checked by gradual dilution of stan-
dard pertussis toxin NIBSC 15/126 (680 [U/ampoule) obtained
from NIBSC (Table 1). The NIBSC 15/126 PTx was aliquoted
after referring to stability data from the PTx data distributed by
WHO. Only NIBSC 15/126 PTx stored at -20°C for 1 and 2
weeks was used. Additionally, to prevent direct contact of the
vaccine with cells, 0.4 pm polycarbonate tissue culture inserts
were inserted during the procedure.

Leukocytosis promoting test
Female BALB/c mice 4-5 weeks of age were injected with the

Table 1. Concentration test of vaccine spiked with NIBSC 15/126

Group no. Saline Control rP Alum rP Beta
(IU/mL) (IU/mL) (1U/mL) (IU/mL)

1 4 4 4 4

2 2 2 2 2

3 1 1 1 1

4 0 0 0 0

Five spiked samples were tested with each dilution unit in each group.
NIBSC, National Institute for Biological Standards and Control; rP. recombinant
pertussis.
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38 r 38 - DTaP vaccine 38  DTaP vaccine
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Fig. 1. Temperature histamine sensitization test results showing (A) the linear line of reference pertussis toxin (PTx) (NIBSC 15/126) Standard,
(B) the results of bivalent control or experimental diphtheria-tetanus-acellular pertussis (DTaP) vaccines, and (C) the results of trivalent con-
trol or experimental DTaP vaccines. NIBSC, National Institute for Biological Standards and Control; rP, recombinant pertussis; Cl, confidence

interval; SEM, standard error of mean.
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commercialized vaccines (bivalent and trivalent DTaP vac-
cines) for the control group and the recombinant vaccine
(two- and tri-components DTaP vaccines) for the experimen-
tal group on the leg muscles twice at intervals of 7 days. After
the final inoculation, blood samples were collected on days 1
and 3, and leukocytes in the blood were analyzed using
MAXCOT Hematology (DREW Scientific Inc., Miami Lakes,
FL, USA) to evaluate whether they deviated from the normal
mouse range.

Mouse-weight-gain test and temperature changes

To assess endotoxin adverse reactions in the DTaP vaccine
and its systemic reactions, body weight and body tempera-
ture changes were tracked before and after vaccinations. Af-
ter dividing into the two components DTaP vaccine group
and tri-components DTaP vaccination group, each group was
classified into the negative control (saline group), positive
control (bivalent or trivalent DTaP vaccine group), and ex-
perimental (two- or tri-components recombinant DTaP vac-
cine with alum adjuvant or beta-glucan adjuvant) groups.
Ten female BALB/c mice aged 4-5 weeks in each group were
vaccinated with allocated vaccines intraperitoneally at inter-
vals of 2 weeks. Based on the temperature and weight before
the last DTaP vaccination, changes in body weight and tem-
perature, as well as local adverse reactions (redness and in-
duration) and activity at the injection site, were visually
checked daily for 1 week after vaccination. Body temperature
was comparatively corrected by measuring the dermal tem-
perature and rectal temperature using a non-contact infrared
thermometer (HANSUNG, Gimhae, Korea).

Inflammatory muscular cytokines in the injection site

The leg muscles of the mice subjected to the LP test were ex-
tracted on 3 days and 1 week after the second vaccination.
These samples were homogenized with a protease inhibitor
cocktail, and the distribution of inflammatory cytokines was
checked and compared by group using a mouse inflamma-
tion antibody array-membrane kit (40 targets; Abcam, Cam-
bridge, UK).

Ethics statement

The animal studies were performed after receiving approval
of the Institutional Animal Care and Use Committee in Cath-
olic University (IACUC approval no., 2022-0260-04).
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Confirming residual pertussis toxin using temperature histamine
sensitization tests

In a study conducted with histamine desensitization of less
than or equal to 0.4 HSU/mL, the residual PTx was checked
by comparing the temperature of mice to the reference linear
line and equation set which was obtained from NIBSC 15/126
PTx concentration by temperature, as shown in Fig. 1A. For
the groups immunized with control and experimental two
components’ vaccines, all groups showed values below the
reference line, indicating absence of residual PTx (Fig. 1B). In
the case of tri-components DTaP vaccines, a PTx of 0.07 ng/
mL was identified in the experimental recombinant DTaP
vaccine containing alum, which was confirmed as an ultra-
small amount of 0.0066 IU/mL when converted to an IU unit
of 1,881 IU/mL (per 20 pg), which is the dose of NIBSC 15/126,
the standard PTx (Fig. 1C).

CHO cell clustering
Both bivalent and trivalent DTaP vaccine groups showed
CHO cell clustering from 4 IU/mL in all groups (Table 2).

Leukocytosis after immunization

LP tests were performed to assess the expression of leukocy-
tosis. The results showed that neutrophils and lymphocytes
were in the normal range in both the control and experimen-
tal groups immunized with two components DTaP vaccines.
However, in the group immunized with the two components
experimental DTaP vaccine absorbed to beta-glucan adju-
vant, monocytes were higher compared to other groups that
were within the normal range (Fig. 2). In the case of tri-com-
ponents DTaP vaccines, leukocytes were in the normal range
after 1 day of vaccination in both the control and experimen-

Table 2. CHO cell clustering concentration of NIBSC 15/126 PTx in
control and study groups

Variable Saline  Control rP Alum rP Beta
(IU/mL) (IU/mL) (IU/mL) (IU/mL)
CHO cells clustering concentration 4 4 4 4

of NIBSC 15/126 PTx in two
components DTaP vaccine
CHO cells clustering concentration 4 4 4 4
of NIBSC 15/126 PTx in three
components DTaP vaccine

CHO, Chinese hamster ovary; NIBSC, National Institute for Biological Standards
and Control; PTx, pertussis toxin; rP. recombinant pertussis; DTaP, diphtheria-
tetanus-acellular pertussis.

https://doi.org/10.7774/cevr.2024.13.2.155
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3 Day after vaccination (bivalent DTaP vaccine)
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Fig. 2. Leukocytes distributions at 3 days after immunization with bivalent diphtheria-tetanus-acellular pertussis (DTaP) vaccines. (A) Neutro-
phil concentration. (B) Lymphocyte concentration. (C) Monocyte concentration. Horizontal bold blue line indicates upper limit of monocyte

normal ranges. WBC, white blood cell; rP. recombinant pertussis. #The normal range of mouse blood cell counts was provided by Charles River
Laboratories (Wilmington, MA, USA).
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Fig. 3. (A, B) Leukocytes distributions at 1 and 3 days after immunization with trivalent diphtheria-tetanus-acellular pertussis (DTaP) vaccines.
WBC, white blood cell; rP, recombinant pertussis. ®The normal range of mouse blood cell counts was provided by Charles River Laboratories

(Wilmington, MA, USA).
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Fig. 4. Weight and temperature changes after immunization with bivalent diphtheria-tetanus-acellular pertussis (DTaP) vaccines. (A) Weight
changes in grams versus days after post-vaccination. (B) Weight changes in percentages versus days after post-vaccination. (C) Temperature
changes in Celsius versus days after post-vaccination. (D) Temperature changes in percentages versus days after post-vaccination. WBC,
white blood cell; rP. recombinant pertussis; SEM, standard error of mean; Cl, confidence interval.
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Fig. 5. Weight and temperature changes after immunization with trivalent diphtheria-tetanus-acellular pertussis (DTaP) vaccines. (A) Present-
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Temperature changes in Celsius versus days after post-vaccination. (D) Temperature changes in percentages versus days after post-vaccina-
tion. WBC, white blood cell; rP. recombinant pertussis; SEM, standard error of mean; Cl, confidence interval.

160 https://doi.org/10.7774/cevr.2024.13.2.155



tal groups. However, 3 days after vaccination, in the control
group as well as the group immunized with the tri-compo-
nents recombinant DTaP vaccine absorbed to beta-glucan
adjuvant, higher monocyte counts were observed compared
to other groups which were within the normal range (Fig. 3).
Nevertheless, all elevated monocyte counts described were
below 2 times the normal range.

Weight and temperature changes after immunizations

In the groups immunized with two components DTaP vaccine,
both the control and experimental groups showed a body
weight decreased by day 4 and then increased afterwards. Body
temperature also dropped by day 4, then rose again, and fell
again on day 6 (Fig. 4). However, in the groups immunized with
tri-components DTaP vaccines, both the control and experi-
mental groups did not show any clear changes in body weight
and body temperature before and after immunization (Fig. 5).
Nevertheless, both two- and tri-components DTaP vaccine

B [ ——— 20

Eotaxin

0.5

Fractalkine
I-12 p40/'970
MIP-1a

IL-12870
Ml -1Y I I ! 1

rP Beta

(@]
[} |w]
9] == __ o_822_ o =
N - IR reied ! LZm.
TR T T T 1T T T T Tl T 1T T 1T T T 1T Tl Tt T T 177 1T | TR T 7T T 1T 1T 1T 11
N
o

Saline Control rP alum

VACCINE

Gi-Sub Choi et al e Recombinant DTaP vaccine safety

control and experimental groups showed changes less than
20% in body temperature and body weight before the after the
final immunizations. Thus, showing no serious adverse reac-
tions. Furthermore, upon visual inspection, no abnormalities
in physical activity were detected in all mice, confirming a
healthy state overall.

Muscular cytokines in the injection site

Regarding the bivalent and trivalent control and experimen-
tal vaccines, the confirmation of inflammatory cytokines
within the muscle at the injection site on day 3 after intra-
muscular injection revealed a local inflammatory response
and a response promoting the activation of immune cells
through chemokines. However, no significant response was
observed for innate cytokines such as interleukin (IL)-1p, IL-
10, IL-17, and tumor necrosis factor-a (TNF-o). In the groups
immunized with bivalent DTaP vaccines, no significant dif-
ference was observed between the experimental and control

£Q: —— N 20

Eotaxin

105

Fractalkine
I-12 p40/'970
MIP-1¢

IL-12870
Mi -1Y L I ! 1
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Fig. 6. Inflammatory muscular cytokines at vaccine injection sites 3 days after immunizations with bivalent diphtheria-tetanus-acellular pertus-
sis (DTaP) vaccines (A) and trivalent DTaP vaccines (B). rP, recombinant pertussis; IL, interleukin; IFN-y, interferon-y; TNF-a, tumor necrosis
factor-o; SDF-1, stromal cell-derived factor-1; NEG, negative control; I-TAC, interferon-inducible T cell o chemoattractant; TCA-3, T-cell activa-
tion gene-3; KC, keratinocyte-derived cytokine; TECK, thymus-expressed chemokine; LIX, lipopolysaccharide-induced CXC chemokine; TIMP, tis-
sue inhibitors of metalloproteinase; BLC, B-lymphocyte chemoattractant; MCP-1, monocyte chemotactic protein-1; MCSF, macrophage-colony
stimulating factor; MIG, monokine induced by gamma interferon; MIP, macrophage inflammatory protein; GCSF, granulocyte-colony stimulating

factor.
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groups (Fig. 6A). However, in the groups immunized with tri-
valent DTaP vaccines, particularly in the control group, there
was a notably higher inflammatory cytokine response com-
pared to the experimental trivalent DTaP groups (Fig. 6B).

Adpverse effects of vaccines are generally caused by vaccine
antigens, excipients, adjuvants, containers, and other compo-
nents included in the vaccine. Serious adverse events have
been reported after immunization with pertussis vaccines at-
tributed to the toxicity of antigens contained in the wP vac-
cines. Therefore, there has been a transition to aP vaccines or
genetically detoxified recombinant aP vaccines, where immu-
nogenic pertussis antigens are purified and then inactivated.
Nonetheless, residue or reversion pertussis toxoid (PTxd) have
known to occur from the development stage, therefore basic
safety assessments must be carried out in parallel. In this re-
gard, we conducted a safety evaluation of a novel rP vaccine
being developed in Korea to confirm its safety and assess the
feasibility for subsequent human studies.

Murine HIST has been utilized to verify PTx, where hista-
mine-resistant mice exhibit over 100 times more sensitivity
symptoms when exposed to PTx [18-20]. This method con-
firms PTx toxin activity (binding, translocation, and enzymat-
ic activities) with high sensitivity and minimal interference
from other substances included in the vaccine. Moreover, the
bioavailability observed in test mice is similar to that in hu-
mans, making it advantageous for the safety verification of wP
vaccines primary and continued use even after the develop-
ment of aP vaccines [21,22]. However, due to differences in
sensitivity based on the strain, age, and gender of the experi-
mental mice, as well as variations related to the inoculation
site and the dosage of histamine used, there is a lack of stan-
dardized evaluation. Moreover, ethical concerns arise due to
the many animals sacrificed for this purpose. Therefore, there
is an increasing recognition of the need for modified HIST
evaluation methods and alternative tests [23,24]. In this re-
gard, the various modified HIST have been developed. PTx, a
substance formerly known as LPE causes leukocytosis in
mice [25]. Considering these characteristics of PTx, the LP test
was undergone for verification of residual PTx. No residual
PTx was defined when peripheral blood leukocyte count did
not increase by more than 10 times from pre-inoculation lev-
els to 3 days post-inoculation, which indicates no exposure to
PTx. This test was once considered a basic safety evaluation
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test for the wP vaccine.

However, due to variations between laboratories and differ-
ences in the number of experimental animals and the timing
of peripheral blood collection after inoculation, it is not rec-
ommended as a basic test for aP vaccines [26]. In this study,
residual PTx was validated by performing temperature HIST
[27-29] and LP tests [30,31] developed to evaluate the proper-
ties and mechanisms of binding, internalization, and ADP ri-
bosylation of PTx. In the temperature HIST results of this
study, no evidence of residual PTx was found in any of the
control groups or experimental vaccines, except for negligible
traces in the rP with alum adjuvant (Fig. 1). In addition, in the
LP test for the bivalent DTaP vaccine, neither the control
group nor the experimental group showed an increase in leu-
kocyte count by more than 10 times due to PTx on day 3 post-
inoculation. Most of the counts were within the normal range,
confirming the absence of PTx residue. Higher levels of mono-
cytes were observed in the two- and tri-components recombi-
nant DTaP vaccines with beta-glucan adjuvant and the triva-
lent DTaP vaccine of the control group, compared to other
groups. They exceeded the normal range (Figs. 2, 3), poten-
tially due to the innate immune response elicited by the adju-
vants of these vaccines following inoculation.

In 1983, it was reported by Hewlett et al. [32] that exposure
of CHO cells to PTx for 48 hours resulted in morphological
changes in cluster formations. These CHO cell changes are
highly sensitive and can be tested in vitro on microplates;
therefore, they have been applied to measuring residual PTx
and PTx-neutralizing antibodies [33]. However, CHO cell mor-
phological changes can be caused by alum salts and adjuvants
contained in the vaccine, and the test results differ depending
on the cells and reagents used for the test. There are significant
differences in protocols and subjective evaluations between
laboratories [34-36]; therefore, a modified method has been
developed to compensate for this. In 2013, through EDQM
and Biological Reference Preparation batch 1 collaborative
joint study [37,38], direct and indirect modified CHO cell clus-
tering assays were developed using the newly proposed stan-
dardized PTx (NIBS code 15/126) by WHO to avoid alum ad-
juvant interference effects and reduce inter-laboratory varia-
tions. In other words, both a direct method for diluting alum
adjuvant-contained aP vaccines and an indirect method using
a semi-permeable membrane to prevent contact between
CHO cells and alum adjuvant were developed. It is suggested
that verifying residual PTx through the detection of spiked PTx
in test aP vaccines using the indirect method can yield results
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similar to the HIST sensitivity [16]. In this experiment, vac-
cines spiked with 1-4 IU/mL PTx, which is a considered meth-
od for residue PTx testing of genetically detoxified PTx
[16,39,40]. In this study, experiments conducted using a simi-
lar method yielded comparable results. CHO cell clustering
was consistent at a PTx level of 4 IU/mL in both the control
and experimental vaccines, similar to previous studies [37-39]
(Table 2).

The MWG test was previously performed by WHO as a rou-
tine lot-releasing test prior to the release of DTwP (diphtheria,
tetanus, and whole cell pertussis) vaccines, based on the fact
that weight loss when wP was administered to mice was asso-
ciated with systemic adverse reactions in children vaccinated
with wP vaccines [41]. The MWG test, associated with general
toxicity caused by components like heat-labile toxin, lipo-
polysaccharide, and adenylate-cyclase toxin in wP vaccines,
involves monitoring weight loss following wP vaccine admin-
istration from day 3 to 7 after inoculation to assess changes in
body weight. Because such toxins are not present in aP or rP
vaccines, conducting the MWG test is not typically recom-
mended as a standard procedure. However, it can be per-
formed in conjunction with the LP test during the pertussis
vaccine development stage to assess the presence of endotox-
ins that may be included in the vaccine and to evaluate sys-
temic reactions following inoculation. The results of the post-
vaccination weight change in this study showed almost iden-
tical weight change patterns in both the control with the biva-
lent and trivalent DTaP vaccines and experimental groups.
Similarly, the concurrently measured temperature also exhib-
ited similar patterns, suggesting they were likely due to im-
mune responses following vaccination (Figs. 4, 5). However,
the evaluation of local reactions of the developed vaccine is
done through visual observation of the inoculation site, orga-
nizational changes, and changes in inflammatory cytokine
responses within the intramuscular inoculation site. In gener-
al, local reactions to vaccines vary depending on the antigens,
molecular weight, and adjuvants contained in the vaccine
[42]. In the evaluation of muscle tissue at the vaccination site
conducted 3 days after vaccination, the trivalent DTaP control
vaccine exhibited significantly higher TNF-a levels than other
control and experimental vaccines (Fig. 6). However, no pro-
nounced differences were observed among other cytokines.

In fact, for chemically detoxified aP vaccines, verification of
residual PTx should be conducted for each batch. Addition-
ally, to confirm the inactivation of PTxd, verification of PTx
reversion should be conducted for each batch after incubat-
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ing at 37°C for 4 weeks. However, in the case of genetically
modified PTx, the need for PTx reversion verification is theo-
retically unnecessary, and only residual PTxd verification is
required. In this regard, we report on the safety assessment
related to residual PTxd validation as described above.

The supply of DTaP monovalent vaccines poses a limitation
to this study as they are very limited in the domestic market in
South Korea (there is no single tri-components DTaP vaccine,
and only two components DTaP vaccine is limited available).
Therefore, a combination vaccine of bivalent and trivalent
DTaP was used in this study. The beta-glucan adjuvant used
has not yet been certified in South Korea; therefore, steps
must be taken before it can be applied in human studies. It
was used to assess the immunogenic suitability and matching
of the recombinant antigen and for comparison with the alum
adjuvant.

In conclusion, as a result of modified HIST, indirect CHO
cell clustering assays, and LP tests on the three components
recombinant DTaP vaccine under development for the first
time in Korea, there were no findings associated with residual
PTxd, and it was confirmed that there were no significant dif-
ferences compared to existing available DTaP vaccines. Fur-
thermore, safety has been demonstrated in both local and
systemic reactions, indicating the potential for future clinical
studies involving human subjects.
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