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Abstract

According to manufacturers, inactivated poliovirus vaccines (IPVs) are freeze sensitive and 

require storage between 2°C and 8°C, whereas oral poliovirus vaccine requires storage at −20 

°C. Introducing IPV into ongoing immunization services might result in accidental exposure 

to freezing temperatures and potential loss of vaccine potency. To better understand the effect 

of freezing IPVs, samples of single-dose vaccine vials from Statens Serum Institut (VeroPol) 

and multi-dose vaccine vials from Sanofi Pasteur (IPOL) were exposed to freezing temperatures 

mimicking what a vaccine vial might encounter in the field. D-antigen content was measured to 

determine the in vitro potency by ELISA. Immunogenicity testing was conducted for a subset of 

exposed IPVs using the rat model. Freezing VeroPol had no detectable effect on in vitro potency 

(D-antigen content) in all exposures tested. Freezing of the IPOL vaccine for 7 days at −20 °C 

showed statistically significant decreases in D-antigen content by ELISA in poliovirus type 1 

(p < 0.0001) and type 3 (p = 0.048). Reduction of poliovirus type 2 potency also approached 

significance (p = 0.062). The observed loss in D-antigen content did not affect immunogenicity in 

the rat model. Further work is required to determine the significance of the loss observed and the 

implications for vaccine handling policies and practices.
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1. Introduction

As part of the polio endgame strategy, the World Health Organization (WHO) Strategic 

Advisory Group of Experts on Immunization recommended phased cessation of oral 

poliovirus vaccine (OPV) use, starting with a switch from trivalent OPV (tOPV) to bivalent 

OPV (bOPV) types 1 and 3 only. The switch from tOPV to bOPV occurred in April 2016 

and all 155 OPV-using countries ceased use of tOPV by May 2016 [1,2]. Additionally, at 

least one dose of trivalent inactivated poliovirus vaccine (IPV) was recommended to prevent 

a rapid rise in type 2 susceptibility in birth cohorts born after the switch. As of August 31, 

2016, 89% of WHO Member States included at least one dose of IPV in their immunization 

schedules [1]. The annual global demand for IPV could increase to 190–245 million doses 

for a 2 full dose-routine immunization schedule in a post-eradication era; however, existing 

IPV production capacity cannot cover the global need and some OPV-using countries have 

had to delay IPV introduction to late 2017 [3]. In the post-eradication era, each country will 

determine its own immunization strategy against the eradicated poliomyelitis disease, which 

will affect the global demand for IPV.

Increase of vaccine availability could be achieved by reducing wastage during storage 

and transportation, for instance by improving cold chain management. Vaccines are often 

inadvertently exposed to freezing temperatures during storage or transport to peripheral 

vaccination sites, resulting in vaccine spoilage or delivery of sub-potent vaccine [3–5]. 

This is concerning because there are several circumstances that could lead to accidental 

freezing of IPV: (1) Expanded Programme on Immunization staff familiar with OPV storage 

requirements might mistakenly place IPV in freezers; (2) for IPV transport in vaccine 

carriers, cold packs might be frozen instead of properly conditioned, leading to freezing 

temperatures within the carrier; and (3) the revised WHO-recommended policy for retaining 

opened multi-dose IPV vials (up to 28 days) could lead to inadvertent freeze-thaw cycles as 

the vials that are repeatedly taken to vaccination sessions until all doses in a vial have been 

administered might increase the risk of circumstance 1 or 2 occurring [6].

Freezing appears to alter the potency of IPV in combined diphtheria-tetanus-pertussis (DTP) 

vaccine/IPV products, mainly due to the adjuvanted formulation of DTP/IPV, but data 

on potency and immunogenicity of standalone IPVs exposed to freezing conditions are 

limited [7]. Data on DTP vaccine, which is also freeze sensitive, indicate varying loss in 

potency among various components after freezing and freeze-thaw cycles [8,9]. There is 

also evidence of diminished immunogenicity to pertussis components in DTP after storage 

at −3 °C [10]. Manufacturers recommend discarding any vial of IPV that has been or 

is suspected to have been frozen, but detecting vials exposed to freezing conditions is 

difficult in low-resource settings where electronic temperature data loggers or functioning 

thermometers are frequently unavailable. The “shake test” cannot be used with IPV [1,11]. 
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In contrast, reference IPV preparations used for determining the D-antigen content, which 

present a higher D-antigen titer than commercialized vaccine, are labeled for storage at −70 

°C [12,13], indicating IPV preparations at higher concentrations are stable when stored at 

−70 °C. With the global introduction and use of IPV, inadvertent freezing and freeze-thaw 

cycles are likely to occur. This might lead to high wastage of effective vaccines or a 

reduction in IPV effectiveness, depending on the effect of freezing. Therefore, more data on 

the effects of freezing on IPV potency and immunogenicity are needed.

No systematic study has been previously performed to investigate IPV inactivation by 

freezing, prompting us to initiate this work. This report describes a laboratory-based proof-

of-concept study in which field scenarios were replicated to assess the effects of freezing 

temperatures on IPV potency and immunogenicity. In an in vitro study, IPV vials were 

exposed to simulated field conditions, then alterations in IPV potency were assessed by 

D-antigen ELISA [14]. In an in vivo study, a subset of exposed IPVs were used to immunize 

rats, and antibodies to poliovirus types 1, 2, and 3 were measured by the gold-standard polio 

microneutralization assay [15,16].

2. Materials and methods

Preliminary freezing experiments were conducted with IPOL IPV (lot #K1329–1; expiration 

June 18, 2016). Vaccine vials were untreated (storage at 2 °C–8 °C) or frozen at −20 °C 

overnight or for two weeks. In addition, the effect of freeze-thaw was tested after freezing at 

−20 °C and thawing one, three, or five times. D-antigen content was measured by an ELISA 

specific for each serotype performed by the US Food and Drug Administration (FDA) [14]. 

Samples were tested in duplicate with repeats on different days (total of 4–16 measurements 

per point).

2.1. Vaccine procurement

Two IPVs were selected to represent vaccines that supply the global market. Single-dose 

vaccine vials, VeroPol (lot #199; no listed expiration date because the vaccine was not 

intended for release to the market but met potency as required for markets), were provided 

by Statens Serum Institut (100 vaccine vials). Additionally, multi-dose vaccine vials 

manufactured by Sanofi Pasteur, IPOL (lot #M14531 M; expiration September 8, 2018), 

were purchased (48 vaccine vials). Attempts were made to secure additional IPV supplies, 

but this was not possible because of the intense global demand for IPV associated with the 

switch from tOPV to bOPV.

2.2. Freezing point determination

Before conducting in vitro and in vivo studies, the freezing point was measured for each 

vaccine by using differential scanning calorimetry (DSC). Briefly, 10 μl of vaccine was 

added to a cleaned DSC sample cell, and the cell was placed in the μDSC7 evo (SETARAM 

Instrumentation, Caluire, France) for analysis, with an empty DSC sample cell as a control. 

The sample cell was held at 10 °C for 10 min, ramped at 1 °C/min to −30 °C, held for 10 

min, and then ramped at 1 °C/min to 10 °C. The freezing point onset was recorded from the 
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ramp to −30 °C, and the onset melting temperature was recorded from the ramp to 10 °C. 

Three replicates were tested from three vials of each vaccine.

2.3. In vitro study

Four different treatments were designed to mimic freezing conditions that an IPV vial may 

encounter in the field. The treatments represented two different distribution steps in which 

freezing may occur: vaccine storage (scenarios 1 and 2) and vaccine transport to a field 

site (scenarios 3 and 4). A total of 15 vials of each vaccine were used for each treatment 

evaluated. An additional 15 vaccine vials from each manufacturer were held at 2 °C–8 °C as 

untreated controls.

2.3.1. Freezing during storage—In scenario 1, IPV vials were placed in a freezer 

at −20 °C for 24 h. Vaccine vials were briefly removed from the freezer at 8 h, visually 

inspected for freezing, tapped on the bench to induce freezing if not frozen due to 

supercooling, and then returned to the freezer. Supercooling describes the process in which 

a liquid can remain in a fluid state at less than the freezing temperature without becoming a 

solid. Introducing energy by tapping the vaccine vial will induce freezing and solid crystal 

formation. The vaccine was inspected again after the 24-h period and held in a refrigerator 

at 2 °C–8 °C prior to testing by D-antigen ELISA (approximately 2 weeks). In scenario 2, 

IPV vials were placed in the freezer at −20 °C for 7 days. Vaccine was briefly removed 

from the freezer at 3 days, visually inspected for freezing, tapped on the bench to induce 

freezing if not frozen, then returned to the freezer. The vaccine was inspected again after 

the 7-day period and held in a refrigerator at 2 °C to 8°Cprior to D-antigen ELISA testing 

(approximately 2 weeks) and in vivo immunogenicity testing.

2.3.2. Freezing during transport—To properly condition frozen ice packs prior to use, 

health workers must remove them from the freezer and allow them to thaw until a mixture 

of water and ice is present. In scenario 3, we studied improperly conditioned ice packs 

that were frozen at −20 °C for 24 h and then placed in a vaccine carrier (WHO-approved 

AVC-46, AOV International LLP, Noida, Uttar Pradesh, India) without any thawing or 

conditioning. Vials were placed in direct contact with the frozen ice pack, the carrier was 

closed, and held in an environmental chamber (EPX-3H, Espec North America, Hudsonville, 

Michigan) at 10 °C for 8 h. Holding vaccine carriers at 10 °C was selected to test a worst 

case scenario and to model the use of vaccine in cold climates. WHO Performance, Quality 

and Safety performance specifications for vaccine carriers were referenced as well [17]. 

After 8 h, the vaccines were removed, visually inspected for evidence of freezing, and 

stored in a refrigerator at 2 °C–8 °C prior to D-antigen ELISA testing (approximately 2 

weeks). In scenario 4, vials were placed in a vaccine carrier with improperly conditioned ice 

packs multiple times (multiple freeze-thaw cycles), simulating real-world scenarios in which 

vials are transported by carrier and returned to refrigerators multiple times [18]. Ice packs 

were frozen at −20 °C for 24 h and then placed in a vaccine carrier. Vials were placed in 

direct contact with a frozen ice pack, the carrier was closed, and the carrier was kept in an 

environmental chamber at 10 °C for 8 h. After 8 h, the frozen ice packs were removed, the 

vials were visually inspected for evidence of freezing, and refrigerated ice packs were added 

to the carrier and then stored at 2 °C–8 °C for 16 h. This cycle was repeated three times on 
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three consecutive days. Vaccines were held at 2 °C–8 °C prior to D-antigen ELISA testing 

(approximately 2 weeks) and in vivo immunogenicity testing.

Due to limitations in vaccine availability, IPOL was subjected to only the two treatments 

selected for the in vivo portion of the study (scenario 2 and scenario 4). Vaccine 

freezing was monitored using both temperature loggers (TempTale, Sensitech United 

Technologies, Beverly, Massachusetts) and thermocouples attached to each vaccine vial. 

Type T thermocouples (OMEGA Engineering, Stamford, Connecticut) were attached using 

cryolabels (Diversified Biotech, Dedham, Massachusetts) on the outside of the vials to 

accurately measure the temperature. Thermocouples were connected to a NI-DAQ controller 

(National Instruments, Austin, Texas), and data were collected with National Instruments' 

LabVIEW software. The impact of freezing on IPV potency was measured by D-antigen 

ELISA, and immunogenicity was evaluated in an animal model.

The D-antigen ELISA was developed, with assistance from Dr. Konstantin Chumakov (FDA 

Center for Biologics Evaluation and Research, Silver Spring, MD), to detect the D-antigen 

content of IPV types 1, 2, and 3. Polyclonal rabbit serotype-specific immunoglobulin (IgG) 

(produced by Spring Valley Laboratories for PATH) was evaluated for use in a D-antigen 

ELISA using three approaches: block ELISA, IPV neutralization, and monovalent IPV 

binding ELISA by PATH, USFDA, and USCDC. In addition to the D-antigen specificity 

testing of polyclonal rabbit IgG with trivalent vaccine shown in Fig. 1, additional testing 

was conducted by heat-treating monovalent IPV1, IPV2 and IPV3 for 1 h at 56 °C. 

Once identified serotype-specific polyclonal rabbit IgG was used to capture D-antigen to 

the ELISA plate by coating overnight at 4 °C in 0.05 M carbonate-bicarbonate buffer 

(Sigma-Aldrich, St. Louis, MO; cat #C3041–110CAP). Plates were washed three times 

with Dulbecco's phosphate-buffered saline (DPBS) with 0.05% Tween 20 (Fisher Scientific, 

Waltham, MA; cat #SH30028.03 and cat #BP337–500) and blocked with DPBS and 1% 

bovine serum albumin fraction V (Sigma-Aldrich; cat #3117332001) for 1 h at room 

temperature (RT). Test samples and the European Directorate for the Quality of Medicines & 

HealthCare (EDQM) polio vaccine standard1 were diluted in DPBS with 1% bovine serum 

albumin and 0.05% Tween 20 (assay buffer) to the approximate starting concentration of 

15–17 DU/ml (values listed are for the type 1 component; vaccines were mixed at a ratio 

of 40/8/32 D-antigen units for types 1, 2, and 3, respectively). Test samples and standards 

were diluted from this initial dilution six times for a total of seven dilutions tested per 

sample. Plates were incubated at RT for 2 h. They were washed five times, and bound 

antigen was detected using poliovirus specific biotin-conjugated rabbit IgG diluted in assay 

buffer incubated for 2 h at RT. ExtrAvidin-Peroxidase (Sigma-Aldrich; cat #E2886) was 

used to detect biotinylated antibodies by diluting 1:10,000 in assay buffer and incubating 

for 1 h at RT. Tetramethylbenzidine substrate (KPL, Milford, MA; cat #50-76-00) was 

added, and plates were incubated in the dark for 30 min before being read at 450 nm 

using a SpectraMax M2 plate reader (Molecular Devices, Sunnyvale, CA). The final results 

1Poliomyelitis Vaccine (Inactivated), Types 1, 2, 3 [Biological Reference Preparation] batch 2. Catalogue code: P2160000 (batch 2: 
validity until 28 February 2017). European Directorate for the Quality of Medicines & HealthCare European Pharmacopoeia (Ph. Eur.) 
7, Allée Kastner CS 30026, F-67081 Strasbourg (France).
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and test validity were determined by statistical analysis of dose response curves using a 

four-parameter logistic fit in Molecular Devices' SoftMax Pro and parallel line analysis.

The assay reagents and procedures were specific to each IPV serotype (minimum sensitivity 

of 8 D-antigen units/ml for type 1, 1.6 D-antigen units/ml for type 2, and 6.4 D-antigen 

units/ml for type 3) and were not cross-reactive with other serotypes (data not shown). 

High reactivity was observed with the D-antigen relative to the H-antigen. The assay was 

reproducible between users and in agreement with an existing manufacturer's IPV potency 

assays.

The D-antigen ELISA was adapted to measure the change in potency for each vaccine by 

completing testing for parallelism to the EDQM standard, titration range determination, 

assay variability, and sensitivity to D-antigen damage. Both vaccines produced parallel 

titration curves with the EDQM standard over the range of 0.25–16 DU/ml (values listed 

are for poliovirus type 1). Four vials of VeroPol and three vials of IPOL were tested on 

three consecutive days by the same operator to determine the variability of the D-antigen 

ELISA. The assay coefficient of variation was less than 10% for each vaccine. To ensure the 

D-antigen ELISA was sensitive enough to detect damage to IPV from each manufacturer, an 

aliquot of each vaccine was treated to convert D-antigen to H-antigen by heating at 56 °C for 

1 h. Mixing studies were done with untreated (full D-antigen) and treated (full H-antigen) 

vaccines. Untreated vaccine (D) and heat-treated vaccine (H) were mixed at different ratios

—i.e., 100:0, 90:10, 80:20, 60:40, 40:60, 20:80, 10:90, 0:100 (D:H)—and then tested by 

ELISA.

2.4. In vivo studies

Vaccine from two of the freezing treatments (scenarios 2 and 4) as well as untreated controls 

for both vaccines were used in the in vivo immunogenicity study. Pooled vaccine samples 

from 15 vials (0.25 ml from each vial) from the same manufacturer were aliquoted and 

used for the prime and booster immunization of animals. Briefly, each group consisted of 15 

naïve 8- to 10-week-old female Wistar rats that each received two intramuscular doses of 0.1 

ml of vaccine (one-fifth of a human dose), on days 1 and 29. Serum samples were collected 

14 days after vaccination, on days 15 and 43.

Serum samples from day 43 were tested in the microneutralization antibody assay using 

a previously published method [19]. Because IPV contains different strains of poliovirus 

type 1 (Mahoney for IPOL and Brünhilde for VeroPol), assays for poliovirus type 1 

were conducted with both the Mahoney and Brünhilde strains. Data shown are from the 

homologous poliovirus type 1 strain for each vaccine. To ensure the endpoint titer was 

achieved, neutralization assays were performed over an extended dilution range of 1:8 to 

1:262,144.

2.5. Statistical analysis

For the D-antigen ELISA and the microneutralization results, an overall analysis of variance 

(ANOVA) of the treatment groups was performed to determine whether any of the groups 

differed from the others. The significant ANOVAs were followed with pairwise comparisons 

of all the groups. For these comparisons, adjusted p-values using Tukey's procedure were 
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used. These are adjusted for doing multiple comparisons, which increases the likelihood 

of getting a spurious significant difference. Analyses were performed using R statistical 

software version 3.2.4. The pairwise comparisons were done using the R package multcomp.

3. Results

Before initiating the large-scale study, we conducted a pilot experiment in which vials 

of IPOL (Sanofi Pasteur) were subjected to five cycles of freeze-thawing, followed by 

determining vaccine potency using D-antigen ELISA. The results shown in Table 1 

demonstrate that there was a small decline in potency after the first freeze-thaw cycle, 

specifically for poliovirus type 1, and potency remained relatively stable after two freeze 

thaw cycles. This encouraging result led to a more detailed study that started by determining 

some physical characteristics of IPV from two sources, Sanofi Pasteur and Statens Serum 

Institut. Table 2 shows the average freezing point and melting temperature for each vaccine. 

Freezing point is a more variable measurement due to the effects of supercooling but might 

be closer to what is encountered in the field. The melting point determines the temperature at 

which a vaccine is susceptible to freezing.

Prior to using the ELISA in this study, the assay variability and sensitivity to damage 

were determined for each of the vaccines tested. The coefficient of variation was less than 

10% for each of the vaccines, for all three types tested (Table 2). In addition, the ability 

of the ELISA to detect damage to the D-antigen in both vaccines was measured (Fig. 

1). In general, the ELISAs were able to detect damage to the D-antigen and quantify the 

D-antigens at all the ratios tested, with similar results for both vaccines. However, the 

selectivity for type 1 was lower than that for types 2 and 3, suggesting either cross-reactivity 

with the H-antigen or that type 1 D-antigen was not completely converted to H-antigen 

during treatment. Thus, loss detected for type 1 may be underestimated by this ELISA for 

each of the vaccines studied.

3.1. Freeze treatment scenarios

In scenario 1 (1 day at −20 °C), 14 of 15 vials of VeroPol were frozen after 8 h, but one 

required tapping to complete the freezing process because of supercooling (data not shown). 

In scenario 2 (7 days at −20 °C), all 15 vials of IPOL and 7 of 15 vials of VeroPol were 

frozen after 24 h (Fig. 2). After 72 h, 5 of the remaining 8 vials of VeroPol required tapping 

to induce freezing. The lowest temperature reached by the vials in scenario 2 was −21 °C. 

In scenarios 3 and 4, none of the vaccine vials froze. The lowest temperature reached by 

vaccine vials in scenario 4 was −11 °C (Fig. 2). There was no observable difference in the 

assays between samples that froze and those that underwent supercooling.

3.2. In vitro vaccine potency

The effects of the freezing treatments on vaccine in vitro potency were evaluated using the 

D-antigen ELISA. Although no statistically significant differences were found in vaccine 

D-antigen content after scenario 1 (−20 °C for 24 h), scenario 2 (7 days at −20 °C) led 

to significant decreases in D-antigen for types 1 (p < 0.0001) and 3 (p = 0.048) of the 

IPOL vaccine, with type 2 approaching significance (p = 0.062). No statistically significant 
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differences were observed for VeroPol D-antigen potency after 7 days at −20 °C (Fig. 3) and 

no statistically significant differences were found with treatment scenarios 3 or 4 for either 

vaccine (Fig. 4).

3.3. In vivo vaccine potency

The effects of scenarios 2 and 4 on immunogenicity were studied in the Wistar rat 

model and assessed by microneutralization assays. For all three serotypes, no statistically 

significant differences in immunogenicity were found for either scenario 2 (storage) (Fig. 5) 

or scenario 4 (transport) (Fig. 6) freeze treatments in comparison with the untreated vaccine 

vials.

4. Discussion

In this study, two IPVs prequalified by WHO were tested for their freeze sensitivity during 

field-simulated storage and transport conditions. Freezing VeroPol had no detectable effect 

on in vitro potency as measured by D-antigen ELISA in all the exposures tested, for all three 

types. However, freezing IPOL vaccine for 7 days at −20 °C led to statistically significant 

decreases in D-antigen content in IPV types 1 and 3 compared with untreated vaccine, and 

reduction of IPV type 2 D-antigen potency approached significance. Immunogenicity testing 

showed no significant difference in neutralization titer against freeze-treated vaccines for 

either vaccine. However as discussed in more detail below, the limited vaccine available 

prevented us from testing a dose response curve in animals which significantly limits the in 
vivo potency study sensitivity.

Differences were observed in the freeze sensitivity of the two vaccines after 7 days at 

−20 °C. The potential difference in freeze sensitivity could be due to several factors; e.g., 

the vaccine presentation size (single-dose versus multi-dose), the production process, the 

presence of 2-phenoxyethanol as a preservative in IPOL, or the difference in the serotype 

1 strain included in the vaccine formulation (Mahoney for IPOL versus Brünhilde for 

VeroPol). An additional factor that potentially contributed to this difference is the time 

required for a vaccine to freeze. Even though IPOL constituted a larger volume, all 15 vials 

were frozen after 24 h at −20 °C, whereas a portion of the VeroPol vials took up to 72 h to 

freeze. In addition, the freezing curves for the IPOL vaccines showed a broader temperature 

peak, indicating this vaccine maintained a partially frozen state for a longer period of time 

before freezing. This difference in freezing time could be due to excipients included in the 

vaccine formulation. Examples of the differences in freezing curves for both vaccines are 

shown in Fig. 2A. These differences highlight the fact that these findings are specific to 

the two types of vaccine tested and cannot be extrapolated to other IPV manufacturers or 

presentations.

Discrepant results between the in vitro D-antigen ELISA potency measurements and the 

in vivo rat immunogenicity study make it difficult to determine the implications of the 

measured loss of D-antigen content. This study was intended as an initial proof of concept 

to provide vaccine manufacturers with motivation to include freeze sensitivity testing in 

their product development work, which could eventually lead to changes in labeled product 

storage conditions. As proof-of-concept work, the animal study was smaller than the WHO-
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outlined method for IPV validation and did not include immunizations with seral dilutions 

of vaccine or reference material. Animal studies only included testing at one vaccine dose, 

which is not the recommended method for in vivo poliovirus potency and may limit our 

ability to see differences in immunogenicity. In addition, in vitro testing with IPOL was 

limited to two of the four testing scenarios. These limitations might have affected our 

ability to see differences in D-antigen content reflected in immunogenicity. In addition, to 

better characterize in vivo studies which are inherently more variable, including test samples 

with deliberately denatured D-antigen would demonstrate how a loss in neutralization titer 

(in vivo) correlated to a loss in D-antigen content (in vitro). Further work is required 

with individual standalone IPV to determine whether a change in the labeled vaccine 

storage condition is warranted. Studies are needed to understand if the IPOL D-antigen 

loss observed by ELISA occurs as a result of freezing and is apparent after 1 day at −20 

°C or is a factor of the amount of time the vaccine is frozen. In addition, as this work was 

completed with vaccine at the beginning of its shelf life different results may be obtained 

with IPV tested at the end of shelf its life. In conclusion, the results of this work suggests 

that if individual vaccine manufacturers conducted complete IPV in vivo potency validation 

studies, this might lead to validation that some IPV products are freeze stable resulting in 

revisions to the product labeling allowing storage and transportation under a broader range 

of conditions.

Several of the approaches being pursued to stretch the very limited IPV supply are changing 

the labeling of IPV, improving cold chain management, and increasing manufacturing. 

In addition, the use of fractional doses of IPV given via the intradermal route is being 

evaluated. Fractional doses are being employed in India and Sri Lanka for routine use [20]. 

In October 2016, the WHO Strategic Advisory Group of Experts on Immunization strongly 

recommended that outbreak response requiring IPV be conducted with fractional doses 

only [21]. These studies may need to be repeated for vaccines intended for intradermal 

administration compared to intramuscular administration because the mechanism for 

immune response via each of these routes differs. Combining the use of fractional doses 

of IPV, the open vial policy, and this potential increased product stability have the ability to 

greatly increase the IPV supply.
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OPV oral poliovirus vaccine

tOPV trivalent oral poliovirus vaccine

bOPV bivalent oral poliovirus vaccine

DTP diphtheria-tetanus-pertussis

DSC differential scanning calorimetry

RT room temperature

EDQM European Directorate for the Quality of Medicines & HealthCare
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Fig. 1. 
D-antigen ELISA selectivity. IPOL (panel A) and VeroPol (panel B) were treated by heating 

at 56 °C for 1 h to convert D-antigen to H-antigen, mixed with untreated vaccine at different 

ratios, and tested by ELISA. Plots depict the theoretical and the measured D-antigen content 

of IPV 1, IPV 2, and IPV 3 demonstrate D-antigen selectivity for each vaccine studied.

White et al. Page 12

Biologicals. Author manuscript; available in PMC 2023 October 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Representative freeze profiles from two vaccine vials from each manufacturer. Panel A: 

Representative graphs for vaccine vial temperatures during the first 24 h of storage freezing 

conditions (scenario 2). Panel B: Representative graphs for vaccine vial temperatures during 

transport conditions (scenario 4).
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Fig. 3. 
D-antigen ELISA results of storage freezing treatments. IPOL (panel A) and VeroPol (panel 

B) were subjected to freezing treatments mimicking vaccine storage (1 day at −20 °C 

[scenario 1] and 7 days at −20 °C [scenario 2]) and tested by ELISA, with untreated vaccine 

included as a control. Error bars indicate the standard deviation. Statistically significant 

differences found by ANOVA and calculated p-values based on multiple comparisons 

analysis are indicated for IPOL in panel A: **p < 0.0001 and * p = 0.048.
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Fig. 4. 
D-antigen ELISA results of transport freezing treatments. IPOL (panel A) and VeroPol 

(panel B) were subjected to freezing treatments mimicking vaccine transport (1 freeze-thaw 

cycle [scenario 3] or 3 freeze-thaw cycles [scenario 4] and tested by ELISA with untreated 

vaccine included as a control. Error bars indicate the standard deviation.
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Fig. 5. 
Neutralizing antibody titers against IPV. Microneutralization results for storage freeze 

treatments, scenario 2, from day 43 rat sera are shown for IPOL (A) and VeroPol (B).

White et al. Page 16

Biologicals. Author manuscript; available in PMC 2023 October 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Neutralizing antibody titers against IPV. Microneutralization results for transport freeze 

treatments, scenario 4, from day 43 rat sera are shown for IPOL (A) and VeroPol (B).
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Table 2

Freezing and melting point measurements by differential scanning calorimetry.

Freezing point Melting point

VeroPol IPOL VeroPol IPOL

Average −16.2 −17.7 −2.4 −3.0

% CVa 10.1 14.8 4.0 3.1

a
CV, coefficient of variation.
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