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ABSTRACT

With more demand for Sabin inactivated poliovirus vaccines (sIPVs) to support the global polio
eradication effort worldwide, data regarding the potency characteristics of sIPV after exposure to
freezing temperatures are urgently required. In the present study, the sIPVs were stored at —20°C for
24 h, 1 week, and 2 weeks in the freezer or in a vaccine carrier for 1 or 3 freeze-thaw cycle to evaluate
the effect mediated by freezing temperatures that may be encountered during routine storage and
transfer. The in vitro potency was then determined by a D-antigen enzyme-linked immunosorbent assay,
and the in vivo potency was evaluated in Wistar rats. In the in vitro study for freezer storage groups, the
D-antigen contents for all three types decreased and were lower than the release specifications after
storing at —20°C for 2 weeks. After storing at —20°C for 1 week, the D-antigen contents for types | and IlI
in combined group of a total of 45 vials, and for type Il in the specific lot groups containing 15 vials
decreased, but were within the release specifications. Moreover, no significant change in in vivo potency
was observed. For vaccine carrier transfer groups, the D-antigen contents did not decrease after 1
freeze-thaw cycle; in contrast, it decreased, but no significant in vivo potency loss was observed after 3
freeze-thaw cycles. These results suggest that it may be possible to retain sufficient sIPV potency after
short periods of freezing or freeze-thawing during transport.
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Introduction distributed under cold chain conditions of refrigeration without
freezing to maintain its potency.* However, during cold chain
storage or transport, the vaccine may be exposed to nonoptimal
or even extreme conditions, especially on the way to some
remote peripheral vaccination sites in developing countries.
Previous study analyzed 41 articles including up to 440 storage
units and up to 103 shipments for vaccines have suggested that
the percentage of vaccine exposing to freezing temperatures
were 33.0% and 37.1% during storage, and were 38.0% to
19.3% during transportation in higher and lower income coun-
ties, respectively.” In some cases, 100% of the vaccine is exposed
at least once to freezing temperatures,”™® multiple freeze-thaw
cycles in cold chains, or subzero temperatures for hundreds of
hours during the distribution process.” Thus, manufacturers
must clearly state on the package insert that vaccines incidentally
exposed to freezing temperatures should be discarded.
Unfortunately, only a few studies have evaluated the effects of
freezing temperatures on the vaccines, especially for IPV.'>!!
Recently, White et al. evaluated the system potency of wIPV after
exposure to freezing temperatures, mimicking what a vaccine
vial might encounter during transfer and storage.'” As a new
IPV with an important role in polio eradication worldwide,
determining the potency of the sIPV after exposure to freezing
temperatures is urgently required.

The use of the inactivated poliovirus vaccine (IPV) is recom-
mended by the World Health Organization (WHO) Strategic
Advisory Group of Experts in the polio end game strategy to
eradicate all forms of polio.”” In May 2015, the 66th World
Health Assembly endorsed the “Global Polio Eradication &
Endgame Strategic Plan”, requiring the introduction of at least
1 dose of the IPV along with bOPV into routine immunization by
October 2015 with a switch to the full use of the IPV by 2018 to
complete the eradication of all wild, vaccine-related and Sabin
polioviruses; the goal of this strategy is that no child will ever
again suffer paralytic poliomyelitis.” However, ensuring
a sufficient supply of the IPV is challenging for national health
authorities and manufacturers. To produce IPV more safely, the
WHO recommend that manufacturers develop IPV made from
Sabin strains (sIPV) rather than the usual wild-type strains
(WIPV). In 2015, the first sIPV made by the Institute of Medical
Biology, Chinese Academy of Medical Sciences (IMBCAMS) was
successfully licensed in China. Currently, IMBCAMS is prepar-
ing to achieve WHO prequalification of the sIPV, after which the
vaccine will be supplied to developing countries via the United
Nations International Children’s Emergency Fund (UNICEEF).
The IPV is freeze-sensitive and should be stored at 2-8°C.
According to WHO recommendations, the IPV should be

CONTACT Mingbo Sun @ smb@imbcams.com.cn @ Institute of Medical Biology, Chinese Academy of Medical Sciences & Peking Union Medical College; Yunnan
Key Laboratory of Vaccine Research and Development on Severe Infectious Diseases Kunming 650118, China; Yanchun Che @ cyc212@foxmail.com @ Institute of
Medical Biology, Chinese Academy of Medical Sciences & Peking Union Medical College, Kunming, Yunnan, 650118, China

© 2020 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.


http://orcid.org/0000-0001-9508-7863
https://crossmark.crossref.org/dialog/?doi=10.1080/21645515.2019.1709352&domain=pdf&date_stamp=2020-08-29

In the present study, for the first time, the sIPV was exposed to
freezing temperatures to mimic the possible freezing conditions
that occur during transportation and storage worldwide. Vaccine
potency was tested to obtain primary data on freezing sensitivity
based on a risk assessment, which will provide reference directions
for future vaccine usage under the conditions of inadvertent
accidents.

Materials and methods
Test groups

Three lots of the sIPV (lot#20151019, 20151018, and
20151222) were randomly selected and subjected to differ-
ent temperature conditions that mimic the cold chain dis-
tribution of the sIPV. The lots were divided into 6 groups
(15 vials per lot were assigned to each group; 45 total vials
were allocated per combined group): 5 test groups subjected
to different treatments, and there was 1 control group. Of
these groups, 3 were designed to mimic freezing during
storage: group 1 was placed in the freezer at —20°C for
1 day, group 2 was placed at —20°C for 1 week, and
group 3 was placed at —20°C for 2 weeks. For the remaining
2 groups, freezing during transportation was mimicked."
Vials in group 4 were placed in direct contact with uncon-
ditioned ice packs (ice packs frozen at —20°C for 24 h and
then immediately placed in a vaccine carrier) in a vaccine
carrier for 8 h at room temperature. The vaccines were
removed after 8 h, visually inspected for evidence of freez-
ing, and then stored at 2-8°C for 16 h (1 freeze-thaw cycle).
Group 5 was treated with the same conditions as group 4
for a total of three times performed on three consecutive
days (3 freezing-thaw cycles). Group 6 was stored at 2-8°C
and served as the untreated control (Table 1).

Based on the above in vitro results, 2 additional lots of
the sIPV (1ot#20160709 and 20160711) were used to deter-
mine the freezing points for evaluating in vivo potency by
randomly dividing the samples into 4 groups. Group 7 was
placed in a freezer at —20°C for 1 day, group 8 was placed
at —20°C for 1 week, group 9 was treated the same as
group 5 (3 freeze-thaw cycles), and group 10 was stored at
2-8°C, serving as the untreated control (Table 2). Each
group contained 30 vials from the two lots. The samples in
each group were completely mixed together (liquid

Table 1. The treatments mimicking freezing conditions during storage and
transport for lot 20151019, lot 20151018, and lot 20151222 in vitro study.

Freezing
Group condition for
No. mimic Treatments

1 Freezing during  —20°C freezer, 1 day

2 storage —20°C freezer, 1 week

3 —20°C freezer, 2 week

4 Freezing during  Vaccine carrier with ice packs for 8 h, then

transport storage in a 2-8°C refrigerator for 16 h (1 freeze-

thaw cycle)

5 Vaccine carrier with ice packs for 8 h, then
storage in a 2-8°C refrigerator for 16 h; repeat 3
times (3 freeze-thaw cycles)

6 Control Control group, storage in a 2-8°C refrigerator
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Table 2. Treatments mimicking freezing conditions during storage and transport
for lot 20160709 and lot 20160711 in the in vivo study.

Freezing
Group condition for
No. mimic Treatments
7 Freezing during —20°C freezer, 1 day;
8 storage —20°C freezer, 1 week;
9 Freezing during Vaccine carrier with ice packs for 8 h, then
transport storage in a 2-8°C refrigerator for 16 h; repeat 3
times (3 freeze-thaw cycles)
10 Control Control group, storage in a 2-8°C refrigerator.

mixing) after treatment, and the D-antigen content
in vitro was evaluated, and in vivo potency tests were
performed.

Vaccines

Five commercial lots (lot# 20151019, 20151018, 20151222,
20160709, and 20160711) of the sIPV produced by
IMBCAMS were randomly selected. Briefly, Vero cells were
cultured on a microcarrier in a 550-L bioreactor, and three
types of poliovirus working seeds (type I: Sabin SO+3; type II:
Sabin SO+3; type III: Pfizer.RSO3) were inoculated into the
microcarrier and incubated at 33°C for 48-96 h in the bior-
eactors. The virus suspension was harvested, ultrafiltered,
purified by chromatography, and inactivated by formalin.
The product was formulated to contain 30, 32, and 45
D-antigen units (DU)/dose (0.5 mL) for types I, II, and III,
respectively.'*

Freezing point determination

The cooling curve method was applied to measure the freez-
ing point of the sIPV by using a LyoStar II freezer dryer
(manufactured by SP Scientific, Warminster, PA, USA)
according to the manufacturer’s protocol. Two lots of the
sIPV were used to measure the freezing point before treat-
ment by inserting the 4 temperature probes of the freezer
dryer into 4 vials of each lot, which was followed by placing
the samples in the lyophilizer with the shelf temperature
preset to —30°C. The first inflection point of temperature
observed during the increase in the cooling curve was defined
as the freezing point based on the temperature recorded
during the freezing process.

Visual inspection and temperature monitoring

Throughout the different treatments, the actual temperatures
were monitored by electronic temperature recorders (Figure 1).
Each sample vial in the different groups was stored at 2-8°C
after visual inspection to identify the freezing status.

D-antigen assay in vitro studies

The D-antigen assay was performed for each sample by
enzyme-linked immunosorbent assay, followed by calculation
of the D-antigen units with a four-parameter logistic equation
relative to the in-house standard."* The release specifications
for D-antigen content in the final product were >48/54/82
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Figure 1. Placement of vials, temperature recorders and unconditioned ice packs
for mimicking transportation.

1,2,3 and 4: unconditioned ice packs.

DU/mL for types I, II, and III, respectively, according to the
quality control standards of IMBCAMS.

Potency assay in vivo studies

Immunogenicity was evaluated as described below. Adult Wistar
rats of both sexes weighing 180-200 g were purchased from the
Institute of Laboratory Animal Sciences, Chinese Academy of
Medical Sciences (CAMS). Animals were housed at the CAMS in
a Biohazard level one animal facility under specific pathogen-
free conditions. All animal experiments were performed in com-
pliance with relevant laws and institutional guidelines and in
accordance with the ethical standards of the Declaration of
Helsinki. The rats were randomly divided into 4 groups (10
rats in each group) and administered 3 doses of 0.5 mL of
vaccine at days 0, 22, and 43 via injection into the bilateral
hind limb muscles (0.25 mL in each limb). Blood samples were
collected at days 0 (before injection), 21, 42, and 64 (post inocu-
lation) for evaluation in a neutralization assay (Figure 2).

1st immunization 2nd immunization

Day 0 Day 22

( |

The neutralizing antibody titers against all 3 types of polio-
virus were measured by a standard microneutralization assay in
96-well plates according to WHO recommendations.'>'® An
antibody titer of >1:4 was considered as seroconversion for
serum-negative rats before immunization, whereas a 4-fold
increase in the antibody level was considered as seroconversion
for serum-positive rats before immunization.

Statistical analysis

Statistical analyzes were performed using the SPSS 22.0 statis-
tical package (SPSS, Inc., Chicago, IL, USA). The D-antigen
contents and antibody titers of the samples in different groups
were compared by the analysis of variance test, which was
followed by further multiple comparisons between the differ-
ent test and control groups with the Dunnett method.
A p-value <0.05 was considered to indicate statistical signifi-
cance. Furthermore, analysis of covariance was performed.
Different lots were treated as covariant factors, followed by
further statistical analysis with multiple comparisons between
the treatment and control groups via the Bonferroni correc-
tion method.

The seroprotection rate was defined as the percentage of
each group with titers >1:4. Viral neutralizing antibody titers
were transformed into log2 titers to calculate geometric mean
titers and 95% confidence intervals (CIs), with an individual
neutralizing antibody titer lower than the detection limit (i.e.,
1:4) given an arbitrary value of 1:1.

Results

Three lots of the sIPVwere randomly selected and subjected to
different temperature situations that mimic the cold chain dis-
tribution of the sIPV. The lots were divided into 6 groups (test
groups 1-5 and control group 6), and the D-antigen assay was
performed for each sample via enzyme-linked immunosorbent
assay to determine the in vitro potency of the sIPV (Table 1).
Evaluation of the in vitro potency demonstrated that the
D-antigen contents of the sIPVs placed in the freezer at —20°C
for 1 day and 1 week, mimicking freezing during storage, and for
3 freeze-thaw cycles, mimicking freezing during transport, were
decreased but remained in compliance with the specification;
subsequently, an additional 2 sIPV lots (lot# 20160709 and

3rd immunization
Day 43

Aw

1
I‘\
Blood collection
Before immunization

i I

1st blood collection
Day 21

| |

‘\ P

2nd blood collection 3rd blood collection
Day 42 Day 64

I [

Figure 2. Immunization and blood collection scheme for the in vivo test in Wistar rats.



20160711) were selected by randomly dividing them into 4
groups (test groups 7-9 and control group 10) to evaluate the
in vivo sIPV potency in Wistar rats (Table 2). For limited
samples in each group (15 vials/lot), a combined group, consist-
ing of lots 20151019, 20151018, and 20151222 and totaling 45
vials, was analyzed for in vitro D antigen content detection.
Similarly, a combined group, consisting of lots 20160709 and
20160711 and totaling 30 vials, was analyzed via an in vivo
immunogenicity test.

sIPV freezing point

As shown in the temperature curves in Figure 3, the average
freezing points were —15.9°C for lot 20160709 and —12.5°C for
lot 20160711.

Visual inspection and temperature monitoring in
different treatment groups

The temperature was monitored for both in vitro and in vivo
potency tests in all 10 groups. All samples were completely frozen
in the groups stored at —20°C. Some vials stored in the vaccine
carrier were partially frozen, whereas some were not frozen
(Table 3).

For group 4, the temperatures rapidly decreased to below
0°C and were maintained for 3.5-6 h (Figure 4(a)). The lowest
temperature reached —14.0°C, and the temperature was main-
tained at below 0°C for 8 h during each cycle in group 5
(Figure 4(b)).

D-antigen content

D-antigen contents of four groups under conditions
mimicking freezing during storage

The D-antigen contents differed for different types of polio-
virus following different treatments when mimicking freez-
ing storing at —20°C (Figure 5). For all of the samples
stored at —20°C for 2 weeks, the D-antigen contents for
types I, II and III decreased in both the combined group
and the groups consisting of each lot. Decreases of different
types in different groups of samples stored at —20°C for
1 day and 1 week were also investigated. For type I, the
D-antigen contents decreased after storing at —20°C for

30
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&

[
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|

" Time (mins)

Temperature (°C)

HUMAN VACCINES & IMMUNOTHERAPEUTICS . 1869

1 week in the combined group and in the lot 20151222
and lot 20151018 groups (Figure 5(a,b and d)) but did not
decrease in the lot 20151019 group (Figure 5(c)). After
1 day of freezing, the D-antigen contents decreased for
type I only in the lot 20151019 group (Figure 5(a)). For
type II, no significant differences were observed in the
combined groups after storing at —20°C for 1 day and
1 week (Figure 5(d)), but the decreases were observed for
different lots after either one day or one week of freezing
(Figure 5(a-c)). For type III, the D-antigen contents in all 3
lot groups were significantly reduced after storing at —20°C
for 1 week. However, after 1 day of freezing treatment, the
D-antigen contents decreased in the combined group and
in the lot 20151019 and lot 20151018 groups (Figure 5(a,
b and d)) but not in the lot 20151222 group (Figure 5(c)).

D-antigen contents for types I, II and III in the com-
bined group and the 3 lot-specific groups after 1 day and
1 week of freezing were higher than the release specifica-
tions. However, when the results after 2 weeks of freezing
were compared, the D-antigen content of type I was lower
than 48 DU/mL, with an average mean vale of 47.5 DU/mL
(95% CI: 44.8-50.3 DU/mL), in the lot 20151019 group,
and the D-antigen content for type II was lower than 54
DU/mL, with average mean vale of 47.3 DU/mL (95% CI:
44.1-50.5 DU/mL), in the lot 20151019 group. For type III,
the combined group and the lot 20151222, lot 20151018,
and lot 20151019 groups showed decreases to below 82
DU/mL after freezing for 2 weeks, with values of 67.8
DU/mL (95% CIL: 64.9-70.7 DU/mL), 63.9 DU/mL (95%
CL: 59.1-68.8 DU/mL), 66.5 DU/mL (95% CI: 60.6-72.5
DU/mL), and 72.9 DU/mL (95% CI: 68.7-77.0 DU/mL),
respectively.

Table 3. Temperature fluctuations and visual inspection of different treatments.

Range of temperature

Treatment during the process Freezing description

Stored in —20--22°C All vials were completely frozen
a—20°C
freezer

Vaccine carrier —14-7.5°C Some vials were frozen, whereas
with ice others were partially frozen
packs

Stored in a 2-8° 2-8°C No vials were frozen

C refrigerator

= Probe 1

= Probe 2

0 Probe 3

Probe 4

Time (mins)

Figure 3. sIPV cooling curves from liquid to solid, as determined by the LyoStar Il freezer dryer.

(a). Cooling curves of lot 20160709.(b). Cooling curves of lot 20160711.
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Figure 4. Temperature monitoring results in a vaccine carrier with ice packs.
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(a) Group 4: Placed in a vaccine carrier with ice packs for 8 h and then stored in a 2-8°C refrigerator for 16 h (1 cycle).(b) Group 5: Placed in a vaccine carrier with ice
packs for 8 h and then stored in a 2-8°C refrigerator for 16 h; repeat 3 times (3 cycles).

D-antigen contents of 2 groups under conditions mimicking
freezing during transportation

Significant losses in D-antigen contents for all 3 types were
observed after 3 freeze-thaw cycles in the combined group
and in each lot group except for type III in lot 20151019
(Figure 6), while values decreased to below the release speci-
fications only for type III in the lot 20151222 and lot
20151018 groups, with values of 76.5 DU/mL (95% CI:
73.6-76.9 DU/mL) and 79.3 DU/mL (95% CI: 76.0-82.5
DU/mL), respectively. For 1 freeze-thaw cycle, there were no
decreases in the combined group for any of the 3 types and no
decreases in any of the 3 lot groups for type II; however, the
decreases were significant for types I and III in lot 20151222
and lot 20151018 but not in lot 20151019. However, all mean
D-antigen contents were within the release specifications.

Immunogenicity assay

Based on the above in vitro potency test, two additional lots,
20160709 and 20160711, were randomly selected for immuno-
genicity assays and an in vivo potency test. The D-antigen contents
in each group determined after storing at —20°C for 1 day and

1 week and after mimicking a vaccine carrier for 3 freeze-thaw
cycles are shown in Table 4. The immunogenicity assay demon-
strated that the neutralizing antibody titers for the 3 serotypes
before immunization were all <1:4 and that the seroprotection rate
reached 100% after 3 doses of immunization. There was no sig-
nificant difference in the geometric mean titers among groups 8-9
compared to control group 10 (Figure 7).

Discussion

With the progress of global polio eradication, the sIPV is required
to meet the complete immunization programs needs for children
both in China and around the world, especially in developing
countries. During cold chain storage or transport, inadvertent
freezing and freeze-thaw cycles are likely to occur. To evaluate
the potential influence of these conditions on the sIPV potency,
the present study considers, for the first time, sIPV vial samples
that were treated with different freeze-exposure conditions that
may occur during vaccine storage and transportation worldwide.

The results showed that the D-antigen contents were
decreased from 2.1% to 11.0% for the 3 types of sIPV after
storage at —20°C for 1 day and 1 week. In addition, there were
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Figure 5. Changes in the D-antigen contents of the sIPV after different —20°C treatments.

(a) 3 types of lot 20151019.(b) 3 types of lot 20151018.(c) 3 types of lot 20151222.(d) 3 types of all 3 lots totaling 45 samples. — — : release specification.
*0.01 < p < .05; **:p < .01.
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Figure 6. Changes in the D-antigen contents of 3 lots of the sIPV after different treatments in a vaccine carrier.

(a) 3 types of lot 20151019.(b) 3 types of lot 20151018.(c) 3 types of lot 20151222.(d) 3 types of 45 samples of all 3 lots. —: release specification.*:0.01 < p < .05; **:p < .01.

Table 4. D-antigen contents for types |, Il and Il in each group.
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Lot 20160709

Lot 20160711

Groups Treatment | Il 1] | 1] 1]
7 —20°C, 1 day 66 60 89 70 62 94
8 —-20°C, 1 week 63 57 87 69 63 89
9 Vaccine carrier for 3 freeze-thaw cycles 61 55 84 68 60 90
10 2-8°C control 69 65 93 78 68 99
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Figure 7. Neutralizing antibody titers against the 3 types of poliovirus after each dose of immunization.
(a) 3 types of neutralizing antibodies titers for lot 20160709.(b) 3 types of neutralizing antibodies titers for lot 20160711.

more obvious decreases (approximately 30%) in the D-antigen
contents in all samples stored at —20°C for 2 weeks, with some
decreasing to below the release specifications. Both the com-
bined group and lot-specific groups showed decreases for type
III, while some lot groups showed decreases for either type I or
II. In a recent collaborative study to establish the first interna-
tional standard for the sIPV, unstable D-antigen contents in vials
placed at —20°C were observed in two potential candidate sIPV
international standard samples.'> After being stored at —20°C
overnight, the D-antigen contents of 17/234 candidate samples
were decreased by 3.5% to 7.6% and were decreased by 29.9% to
60.2% after being stored at —20°C for 2 weeks.'”'®

These results indicate that the stability of the sIPV at freezing is
similar to that of the wIPV, featuring the same sensitivity of
inactivated polio characteristics with a significant decrease in
D-antigens.'* As observed with the potency of the wIPV, which

remained qualified after exposure at —20°C for <7 days,'” sIPVs
exposed to freezing conditions at —20°C for 1 day or 1 week
exhibited no significant reduction in immunogenicity in the
in vivo analysis in the present study.

For the test groups exposed to unconditioned ice packs in
the vaccine carrier to mimic the transportation conditions, the
significant decrease in the sIPV D-antigen content was
unstable after 3 freeze-thaw cycles. Similar to the freezing
storage results, the in vivo test showed no significant decrease
in antibody titers. These findings are similar to those obtained
in a study of the wIPV, which confirmed that both IPOL and
VeroPol exposed to freezing conditions in vaccine carriers
during transportation had no decrease in in vivo potency.'?
Thus, the evaluation of both freezing storage conditions and
conditions mimicking those of transport suggested that the
potency of sIPV manufactured by IMBCAMS would remain
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qualified after freezing at —20°C for no more than 1 week and
after maintenance in the vaccine carrier for 3 freeze-thaw
cycles.

In this study, limitations in the paragraph for clarity to the
reader, only 3 lots of the sIPV and 15 vial samples per each
test group were used for the D-antigen assay, which may have
led to variations in statistical analysis. For example, in the
samples stored at —20°C for one day, the D-antigen content
was significantly decreased in the type Ilot 20151019, whereas
there was no significant difference was found for either lot
20151018 or 20151222.

These results suggest that the sIPV may retain sufficient
potency after short periods of freezing or freeze-thawing
during transport. Clinical studies are needed to further
investigate the effects of these storage conditions.
Moreover, a larger number of sIPV lots and more vial
samples per lot should be evaluated to confirm the sIPV
freezing stability and to compare the consistency of freezing
stability among lots.
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