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Abstract

Introduction: Whether existing serological assays are sufficiently robust to measure the lower
antibody levels expected following single-dose HPV vaccination is unknown.

Methods: We evaluated seven assays measuring HPV-16/18 immunological responses overall
and by number of doses in 530 serum samples from participants receiving varying doses of
Cervarix or Gardasil up to 36-months post-vaccination. Serum was evaluated by simplex (HPV-16
ELISA, HPV-18 ELISA), multiplex (LIA-4, VLP-MIA, MOELISA, GST-L1), and high-throughput
pseudovirion-based neutralization assays (HT-PBNA), and results were compared to the gold
standard HPV-16/18 secreted alkaline phosphatase neutralization assay (SEAP-NA).
Reproducibility was assessed by the coefficient of variation (CV) and intraclass correlation
coefficient (ICC). Percent agreement, Pearson correlation and weighted-kappa were used to assess
validity. Determinants of seronegativity were evaluated by chi-squared test.

Results: HPV-16: Seropositivity range was 97.1-99.5% for single dose and 98.8-99.8% overall.
CV range was 4.0-18.0% for single dose and 2.9-19.5% overall. ICC range was 0.77-0.99 for
single dose and 0.74-0.99 overall. Correlation with SEAP-NA range was 0.43-0.85 for single dose
and 0.51-0.90 overall. Weighted-kappa range was 0.34-0.82 for single dose and 0.45-0.84 overall.

HPV-18: Seropositivity range was 63.9-94.7% for single dose and 86.2-97.9% overall. CV range
was 8.1-18.2% for single dose and 4.6-18.6% overall. ICC range was 0.75-0.99 for single dose
and 0.83-0.99 overall. Correlation with SEAP-NA range was 0.31-0.99 for single dose and 0.27-
0.96 overall. Weighted-kappa range was 0.35-0.83 for single dose and 0.45-0.84 overall.

HPV-16 seronegativity was <5% for all assays. HPV-18 seronegativity range was 5.5%-17.3%.
For LIA-4 and GST-L1 where the proportion of seronegativity was >10%, the strongest correlates
of seronegativity were receiving a single vaccine dose and receiving Gardasil.

Conclusions: These results support the utility of existing serological assays to monitor antibody

responses following single-dose HPV vaccination.

Keywords
human papillomavirus; vaccine; antibody response; immunogenicity

INTRODUCTION

Multi-dose regimens of human papillomavirus (HPV) virus-like particle (\VLP)-based
vaccines have been shown to be highly efficacious at preventing infection with targeted
oncogenic HPVs and their associated lesions, leading to worldwide vaccination efforts in
order to reduce cervical cancer burden in future generations [1]. Several vaccines are
currently recommended for use by the World Health Organization (WHO), including the 4-
valent Gardasil (HPV-6/11/16/18), the 9-valent Gardasil-9
(HPV-6/11/16/18/31/33/45/52/58), and the bivalent Cervarix (HPV-16/18) [2]. These
vaccines provide near complete protection against targeted HPV types, and, in the case of
the bivalent vaccine, additional partial protection against non-targeted HPV types [3-5].
While highly effective, multi-dose vaccination programs are costly and difficult to

Vaccine. Author manuscript; available in PMC 2021 August 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tsang et al.

Page 3

implement, particularly in poorer regions of the world where the bulk of disease burden lies

[6].

There is accumulating evidence that a single dose of the bivalent or 4-valent HPV vaccine
provides high level of protection over at least 4 years despite lower levels of antibodies
generated with a single dose [7-9]. This has led to formal randomized trials to demonstrate
efficacy and durability of protection with single-dose virus-like particle (VLP)-based
vaccines [10, 11]. As recommended by the WHO, virological outcomes are the primary
outcomes being evaluated in these formal trials [12]. In addition, serological immune
response measures are important secondary outcomes in these trials to enable a better
understanding of minimum antibody levels required for protection. It is likely that these
serological measures of vaccine response will become increasingly important for studies
aimed at bridging results from formal efficacy trials to other populations and other VLP-
based vaccines [13].

The primary assays used to monitor antibody responses to vaccination in the initial multi-
dose HPV vaccine trials for licensure were the antigen-binding enzyme-linked
immunosorbent assay (ELISA) and the competitive Luminex immunoassay (cLIA) targeting
individual vaccine HPV types [14]. Both of these assays have been shown to be highly
reproducible and to correlate closely with neutralization potential (as measured by the gold
standard SEAP/PBNA assays) in multi-dose recipients [15, 16].

While stable, antibody levels generated following a single HPV vaccine dose are
considerably lower than those generated following multi-dose vaccination [8, 9, 17]. It is
therefore important to evaluate the performance of immunoassays to measure lower level
responses expected following single-dose vaccination, to ensure that they are reproducible
and correlate well with more direct measures of neutralization potential. A few studies have
explored the ability of current assays to measure responses following a single vaccine dose,
but these studies have generally included small numbers of single-dose recipients [15].

Ideal assays to monitor immune responses in ongoing or future single-dose HPV vaccine
trials would measure antibody response to all HPV types included in the vaccines being
evaluated (up to 9 HPV types in the case of Gardasil-9). At a minimum, the assays should be
able to reproducibly and validly measure responses to the two HPV types (HPV-16/18) that
cause upwards of 70% of all cervical cancers worldwide. In this study, we aim to evaluate
the reproducibility of the simplex ELISA and newer multiplex/high-throughput assays by
number of doses received, and to determine whether they are valid proxies for neutralization
(as measured by SEAP-NA, the gold standard) even at low antibody levels. We focus on
HPV-16/18 for this initial evaluation, since they are the primary HPV types included in all
HPV vaccines on the market.

MATERIALS AND METHODS

Study participants and sample selection

Samples for this study were selected from amongst participants in two large-scale HPV
vaccine trials described in detail previously, the NCI-sponsored HPV-16/18 Costa Rica
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Vaccine Trial (CVT,; (Clinicaltrials.gov ID: NCT00128661) and the IARC-sponsored
HPV-6/11/16/18 Vaccine Trial in India (INDIA; NCT00923702). These studies were
selected because they 1) included participants vaccinated with varying number of doses of
the HPV vaccine, 2) followed vaccinated individuals prospectively through the antibody
plateau phase, and 3) represent the AS04-adjuvanted bivalent and the alum-adjuvanted
quadrivalent vaccines.

We selected samples from individuals who received varying number of vaccine doses and
from timepoints representing both peak and plateau antibody titers (Table 1). Sample size
was driven by specimen availability and an attempt to balance the number of samples from
Cervarix and Gardasil recipients from varying timepoints. The intent of this sampling
strategy was to obtain samples from a broad representation of vaccine-induced antibody
levels. Samples from individuals who received 2 doses six months apart were grouped with
those who received 3 doses over six months given published evidence of comparable
antibody levels among these two groups [18]. Henceforth, we refer to samples from
individuals who received 1 dose as the “single dose group,” those from individuals who
received 2 doses over one or two months as the “reduced dose group,” and those from
individuals who received either 2 or 3 doses over six months as the “full dose group.”

For CVT, samples were selected from amongst participants who were seronegative (by
HPV-16/18 ELISA) at enrollment, HPV-16/18 DNA-negative during the 6-month
vaccination phase, and for whom specimens were available at relevant timepoints described
in Table 1. For INDIA, samples were selected from amongst participants for whom
specimens were available at relevant timepoints described in Table 1. While virological/
serological testing was not performed pre-vaccination for INDIA trial participants,
participants are assumed to be HPV-naive given their age (10-18) and pre-marital status. In
addition, we selected a total of 20 pre-vaccination samples among DNA- and seronegative
women in CVT and in INDIA to confirm assay specificity. Samples selected for study at
different timepoints were not necessarily from the same participants (i.e. this study was not
designed to evaluate paired samples across time from the same participants).

In total, 530 samples were selected for testing (Table 1). From these samples, multiple
blinded aliquots were generated to enable testing in duplicate by the gold standard HPV-16
and HPV-18 SEAP-NA assays and the 7 simplex and multiplex antibody binding and high-
throughput neutralization assays described below. Some samples were insufficient to
generate the needed aliquots for duplicate testing by all of the assays. For these samples, an
algorithm was designed to balance the use of duplicates across assays. Ultimately, duplicate
samples were prepared for testing for the following percentage of study specimens: 61.7%
for SEAP-NA, 62.5% for ELISA, 86.0% for LIA-4, 59.8% for HT-PBNA/GST-L1/VLP-
MIA, and 68.5% for M9E (see Supplementary Table S1 for detailed breakdown of sample
use).

Laboratory testing

The following assays were performed for this study: secreted alkaline phosphatase
pseudovirion-based neutralization assay (SEAP-NA) for HPV-16 and HPV-18, enzyme-
linked immunosorbent assay (ELISA) for HPV-16 and HPV-18, 4-plex Luminex
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immunoassay (L1A-4) for HPV-16/18/6/11 combined, M9-ELISA assay (M9E) for
HPV-16/18/6/11/31/33/45/52/58 combined, glutathione S-transferase L1 assay (GST-L1) for
HPV-16/18/6/11/31/33/45/52/58 combined, VLP multiplex immune assay (VLP-MIA) for
HPV-16/18 combined, and high-throughput pseudovirion-based neutralization assay (HT-
PBNA) for HPV-16/18/6/31/33/45/52/58. Three laboratories, each specialized in its own
tests, contributed to our study: The SEAP-NA, ELISA, and LIA-4 assays were performed at
the Frederick National Laboratory for Cancer Research (Maryland, U.S.A.); the VLP-MIA,
GST-L1, and HT-PBNA assays were performed at the German Cancer Research Center
(DKFZ; Heidelberg, Germany); the MOE assay was performed at the Centers for Disease
Control and Prevention (Georgia, U.S.A)).

The ELISA, LIA-4, M9E, GST-L1, and VLP-MIA assays are polyclonal binding assays. The
SEAP-NA and HT-PBNA assays are neutralization assays. The SEAP-NA was considered
the gold standard to which other assays were compared. Details of the testing methods used
for each of the assays listed above are provided in the Supplementary Materials.

In addition to HPV-16 and HPV-18, some of the assays utilized in this study were designed
to measure antibodies against other HPV types. However, for purposes of this analysis
(given that serum was collected from individuals vaccinated against HPV-16/18 in CVT and
HPV-6/11/16/18 in INDIA), we evaluated results for HPV-16 and HPV-18 testing only.

Statistical analysis

RESULTS

We evaluated the accuracy and reproducibility for each of the seven assays and for each of
the two HPV types (HPV-16 and HPV-18); therefore, we considered 14 = 7 x 2 distinct
measurements. Furthermore, for each measurement, we performed analyses using all
samples and separately using only the single-dose, reduced-dose, or full-dose samples. We
first measured the percent of samples that were positive and, using only the positive samples,
estimated the geometric mean titer (GMT), the coefficient of variation (CV), and the
intraclass correlation coefficients (ICC), with the estimates and confidence intervals for the
latter two calculated using statistics from the SAS procedure PROC MIXED. We then
categorized both the measurement and SEAP-NA levels into quartiles and quantified their
concordance by the proportion of samples classified into the same category for each assay
and by the weighted kappa statistic. The p-value for asymmetry was calculated by the
McNemar-Bowker Test of Symmetry. Moreover, we estimated the Pearson correlation
coefficient between the measurement and SEAP-NA assay. Exact agreement with SEAP-NA
was evaluated at the continuous and categorial levels since both approaches to reporting
antibody responses are used in the field. Finally, for measurements with >10%
seronegativity, we compared seronegativity and sample characteristics using a chi-squared
test.

Assay reproducibility and specificity

We first evaluated assay reproducibility for HPV-16 and HPV-18 by comparing results from
blinded duplicate testing performed for each of the assays evaluated (ELISA-16, ELISA-18,
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LIA-4, VLP-MIA, M9YE, GST-L1, and HT-PBNA) (Supplementary Figure S1). We
examined reproducibility overall and separately by dose group (single-, reduced-, and full-
dose groups) (Table 2). Results from sensitivity analyses that evaluated reproducibility
further stratified by study and age at entry (Supplementary Table S2) are consistent with our
findings in the main analysis. We also evaluated the specificity of the assays under
evaluation among samples from 20 individuals seronegative for HPV-16 and HPV-18 by
ELISA pre-vaccination (Supplementary Table S3).

For HPV-16, seropositivity ranged from 97.1 to 99.5% for single dose, 100.0% for reduced
dose, 99.0 to 100% for full dose, and 98.8 to 99.8% overall (Table 2). Among seropositives,
GMTs (expressed in IU/mL except for GST-L1) ranged from 7.4 to 25.9 for single dose,
15.8 to 161.2 for reduced dose, 29.1 to 498.7 for full dose, and 9.8 to 125.5 overall. GMTs
for GST-L1 (expressed in MFI) was 760.2 for single dose, 2135.6 for reduced dose, 3134.0
for full dose, and 1702.2 overall. The range for assay reproducibility (CV) was 4.0-18.0%
for single dose, 2.4-20.6% for reduced dose, 2.4—-20.8% for full dose, and 2.9-19.5%
overall. CV was below 15% for all assays except for the VLP-MIA (CV = 18.0% for single
dose, 20.6% for reduced dose, 20.8% for full dose, and 19.5% overall). ICCs were above
0.80 for all assays except for the VLP-MIA (ICC = 0.77 for single dose, 0.44 for reduced
dose, 0.37 for full dose, and 0.74 overall) and GST-L1 (ICC = 0.77 for full dose). CV for the
SEAP-NA, considered the gold standard in this analysis, was 7.6% (95% CI = 6.6-8.8) for
single dose, 5.2% (95% CI = 4.5-5.9) for reduced dose, 4.7% (95% CI = 4.1-5.4) for full
dose, and 5.5% (95% CI = 5.1-6.0) overall. Seropositivity among pre-vaccination controls
was under 10% for all assays except for the GST-L1 assay (seropositivity = 16.1%; GMT
among positives = 150 MFI), providing evidence of the specificity of these assays
(Supplementary Table S3).

For HPV-18, seropositivity ranged from 63.9 to 94.7% for single dose, 95.3 to 100.0% for
reduced dose, 96.4 to 99.2% for full dose, and from 86.2 to 97.9% overall (Table 2). Among
seropositives, GMTSs (expressed in IU/mL except for GST-L1) ranged from 5.9 to 10.3 for
single dose, 15.8 to 43.2 for reduced dose, 29.9 to 115.9 for full dose, and 13.3 to 35.2
overall. GMTs for GST-L1 (expressed in MFI) was 308.2 for single dose, 446.7 for reduced
dose, 721.8 for full dose, and 477.9 overall. The range for assay reproducibility (CV) was
8.1-18.2% for single dose, 4.3-17.2% for reduced dose, 3.6-19.6% for full dose, and 4.6—
18.6% overall. CV was below 15% for all assays except for the LIA-4 (CV = 18.2% for
single dose) and VLP-MIA (CV = 16.5% for single dose, 17.2% for reduced dose, 19.6% for
full dose, and 18.6% overall). ICCs were above 0.80 for all assays regardless of dose group
with a few exceptions: GST-L1 (ICC = 0.75 for single dose), VLP-MIA (ICC = 0.74 for
reduced dose and 0.62 for full dose). CV for the SEAP-NA was 8.0% (95% CI = 6.9-9.4)
for single dose, 6.3% (95% CI = 5.4-7.2) for reduced dose, 5.3% (95% CI = 4.6-6.2) for full
dose, and 6.3% (95% CI = 5.8-6.9) overall. Seropositivity among pre-vaccination controls
was under 10% for all assays except for the ELISA (seropositivity = 19.4%; GMT among
positives = 5.8 IU/mL) and the GST-L1 assay (seropositivity = 16.1%; GMT among
positives = 244 MFI), providing evidence of the specificity of these assays (Supplementary
Table S3).
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Validity of assays as markers of neutralization potential

We examined agreement of each of the assays against SEAP-NA to determine whether these
assays correlated well with HPV-16 and HPV-18 neutralization potential (Figure 1). We
examined agreement with SEAP-NA overall and separately by dose group. Quartile cuts (as
defined in Materials and Methods) were used to calculate exact agreement and kappa levels.
Results from the analysis by dose groups and overall are summarized in Table 3. Results
from sensitivity analyses that evaluated validity further stratified by study and age at entry
(Supplementary Table S4) are consistent with our findings in the main analysis. Results from
analyses that evaluated exact agreement using dichotomous cuts (Supplementary Table S5)
are also consistent with our main findings.

For HPV-16, exact agreement with SEAP-NA was above 75% for all assays except for VLP-
MIA (53.6% single dose; 29.4% reduced dose; 50.0% full dose; 45.0% overall), ELISA
(68.2% reduced dose), LIA-4 (66.5% reduced dose), MOE (70.7% reduced dose), GST-L1
(49.4% reduced dose; 58.0% full dose; 61.7% overall), and HT-PBNA (74.1% reduced dose)
(Table 3). Correlation with SEAP-NA ranged from 0.43 to 0.85 for single dose, 0.17 to 0.89
for reduced dose, 0.45 to 0.92 for full dose, and 0.51 to 0.90 overall. Correlation was above
0.75 for all assays except for VLP-MIA (0.43 single dose; 0.17 reduced dose; 0.55 full dose;
0.51 overall), ELISA (0.63 reduced dose), LIA-4 (0.71 reduced dose), and GST-L1 (0.41
reduced dose; 0.45 full dose; 0.55 overall). Weighted kappa estimates are also summarized
in Table 3 and suggest similar patterns as those observed for exact agreement and
correlations described above. There was no evidence for asymmetry among discordants,
except for VLP-MIA (p-value < 0.001 for single dose, reduced dose, and overall; < 0.01 for
full dose).

For HPV-18, exact agreement with SEAP-NA was above 75% for all assays except for
ELISA (69.4% single dose; 70.6% reduced dose; 74.3% overall), VLP-MIA (71.1% single
dose; 59.4% reduced dose; 74.5% full dose; 68.2% overall), GST-L1 (50.6% single dose;
36.5% reduced dose; 52.1% full dose; 46.4% overall), and M9E (74.3% reduced dose)
(Table 3). Correlation with SEAP-NA ranged from 0.31 to 0.99 for single dose, 0.36 to 0.93
for reduced dose, 0.23 to 0.97 for full dose, and 0.27 to 0.96 overall. Correlation was above
0.75 for all assays except for VLP-MIA (0.42 single dose; 0.36 reduced dose; 0.23 full dose;
0.27 overall) and GST-L1 (0.31 single dose; 0.41 reduced dose; 0.43 full dose; 0.46 overall).
Weighted kappa estimates are also summarized in Table 3 and suggest similar patterns as
those observed for exact agreement and correlations described above. There was no evidence
for asymmetry among discordants, except for VLP-MIA (p-value = 0.026 for reduced dose;
0.0072 overall) and GST-L1 (p-value = 0.016 for full dose).

Proportion and determinants of seronegativity

We examined what proportion of post-vaccination samples were seronegative by each of the
assays of interest. Seronegativity for HPV-16 antibodies was lower than 5% for all assays
(range: 0.33-2.2%). Seronegativity for HPV-18 antibodies ranged from 5.5% (VLP-MIA) to
17.3% (LIA-4). For the two assays with greater than 10% seronegativity for HPV-18, LIA-4
and GST-L1, we evaluated determinants of seronegativity (Table 4). The strongest
determinant of seronegativity for both assays was the number of doses received, with 44.1%
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and 28.8% of single-dose recipients testing HPV-18 negative by LIA-4 and GST-L1,
respectively, compared to 1.8% and 6.5% of full-dose recipients (p-values <0.001). In
addition, for the L1A-4 assay, we noted that seronegativity was significantly associated with
participation in the INDIA trial (30.4% in INDIA vs. 5.6% in CVT,; p-value < 0.001) and
with younger age at vaccination (p-value < 0.001). The association with age at vaccination
was likely explained by the fact that participants from the INDIA trial were younger (9-18
years) than those from CVT (18-25 years). For the GST-L1 assay, seronegativity was
significantly associated with time since first vaccine dose (p-value = 0.034).

DISCUSSION

As evidence for efficacy of single-dose HPV vaccination mounts and clinical trials formally
quantifying such efficacy advance, defining assays that can be used to monitor lower level
antibody responses induced by a single dose of the HPV vaccine is important. Such assays
will become increasingly valuable to understand the protective antibody levels observed
among recipients of reduced number of vaccine doses and to bridge findings from the large,
ongoing efficacy trials across populations and new VLP-based vaccines as they become
available.

In this study, we evaluated the reproducibility of various assays designed to monitor
antibody response to HPV vaccination and examined to what extent they correlate with
direct measures of neutralization potential currently considered as gold standards to monitor
immune response to vaccination. Importantly, we expressed assay results in terms of lU/mL
for all assays (except the GST-L1 assay) because the use of international standards is
important in assay standardization and comparisons. In total, we evaluated two simplex
antibody-binding assays (ELISA-16 and ELISA-18), four multiplex binding assays (LIA,
VLP-MIA, M9E, and GST-L1), and one high-throughput multiplex neutralization assay
(HT-PBNA). Both the M9E and HT-PBNA assays performed exceedingly well with respect
to both reproducibility and agreement with simplex neutralization assays for HP\/-16/18.
Furthermore, our results demonstrated high reproducibility for most assays, even in the
context of modest antibody levels generated after single-dose vaccination. In addition, with a
few exceptions discussed below, we have demonstrated that most assays correlate well with
the simplex SEAP-NA assays that measure direct neutralization potential, the primary
effector mechanism of protection afforded by the HPV vaccines, even in the context of
modest antibody levels generated after single-dose vaccination.

While results overall were reassuring, we did note a few exceptions. Despite high
reproducibility, the GST-L1 assay tended to have reduced agreement with the SEAP-NA for
both HPV-16 and HPV-18 (Table 3). This is not unexpected, given that the antigen
constructs used in this assay are GST-L1 fusion proteins rather than HPV VLPs, and thus do
not reflect the HPV capsid in its true 3-dimentional conformation. As such, it is likely that
some conformation-dependent neutralizing epitopes are not or are poorly detected using this
assay.

The two bead-based multiplex binding assays evaluated also deserve some discussion. The
VLP-MIA assay had the lowest reproducibility of the assays evaluated, with CVs of 18.0%
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and 16.5% for HPV-16 and HPV-18, respectively, among single-dose recipients (Table 2).
This appears to be partly due to the inability of the assay, in its current configuration, to
quantify antibody levels on the higher end of the distribution, as indicated by the
considerable proportion of samples that had to be excluded from the analysis due to levels
that were above the assay’s upper limit of quantification and increasing variability observed
with increasing levels of antibody (i.e. among 2- and 3-dose recipients). Future efforts to
optimize the VLP-MIA could benefit from an increase of the dynamic range of the assay,
with emphasis on the upper limit of quantification of the assay.

The other bead-based multiplex assay evaluated, the LIA assay, performed well with respect
to both reproducibility and correlation to neutralization for HPV-16 but demonstrated
reduced reproducibility for HPV-18 among single-dose recipients (CV = 18.2%) (Table 2).
Furthermore, up to 44% of samples from 1-dose recipients tested seronegative for HPV-18
antibodies by this assay (Table 4), suggesting the need for further assay development to
define cutoff thresholds that maximize sensitivity while retaining specificity.

All assays examined had low negativity for HPV-16 detection (< 2.5% seronegativity). For
HPV-18, we noted two assays for which the proportion of seronegativity was above 10%
(L1A-4 and GST-L1). For these two assays, the main determinants of seronegativity were
having received a single dose and participation in the INDIA trial (i.e. Gardasil recipients).
These findings are consistent with our understanding that antibody levels are lower among
individuals who receive a single dose of vaccine compared to multiple doses and with our
knowledge that Gardasil is less immunogenic than Cervarix [8, 9, 19].

The main limitation of our study is the inability to evaluate assay performance to detect
antibodies generated in response to vaccination with HPV types other than HPV-16/18 since
no serum was available in this study from individuals vaccinated with the nonavalent
vaccine. Moreover, it would be more informative to have included a larger (we included only
20 samples among presumed seronegatives pre-vaccination) set of known seronegative
individuals (e.g. young children) to allow for more careful evaluation of assay specificity at
alternative assay cutoffs. Nonetheless, results from our study are useful to identify the subset
of assays for further optimization and to identify specific areas requiring improvement for
individual assays.

Strengths of our study include the large number of post-vaccination samples tested
(representing the broad range of antibody levels expected following vaccination with 1, 2, or
3 doses of either the bivalent or quadrivalent HPV vaccine currently on the market) and the
evaluation of assay performance not only at peak antibody levels observed shortly after
administering all requisite doses but also in the out years once plateau responses have been
reached.

In summary, our study has shown high reproducibility and correlation with neutralization
potential for several existent serological assays designed to measure immune response to
HPV vaccination, even in the context of lower antibody responses observed after single-dose
vaccination. Our findings also identified specific areas where further assay optimization
could be considered. In particular, future attention is needed to define ideal assay cutoffs that

Vaccine. Author manuscript; available in PMC 2021 August 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tsang et al. Page 10

optimize assay sensitivity while avoiding false positive results. Ultimately, these assays will
be important to monitor immunological responses and to determine the minimum antibody
levels required for protection from single-dose HPV vaccination.
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Figure 1. Comparison between SEAP-NA and HPV-16/18 a) ELISA, b) L1A-4, ¢) VLP-MIA, d)

MOE, e) GST-L1, and f) HT-PBNA.

Blue circles represent single dose group; red squares represent reduced dose group; green

crosses represent full dose group.
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Table 2.

Assay Reproducibility for HPV-16/18 by Dose Groups.

Page 20

Assay HPV Type | N Samples (N Results) | Seropositive (%) | cMT* | %CV | %CV 95% CI | ICC | ICC 95% CI
HPV-16 ASSAYS
SAMPLES FROM SINGLE DOSE RECIPIENTS
ELISA 16 105 (210) 97.1 19.2 7.1 (6.1-8.3) 0.95 | (0.93-0.97)
LIA-4 16 137 (274) 99.3 15.7 5.4 (4.7-6.2) 0.98 | (0.97-0.99)
VLP-MIA 16 83 (166) 99.4 7.4 18.0 (15.2-21.3) | 0.77 | (0.68-0.85)
M9E 16 118 (236) 98.3 121 47 (4.0-55) 0.99 | (0.99-0.99)
GST-L1 16 102 (204) 995 760.2 4.0 (3.5-4.6) 0.90 | (0.86-0.93)
HT-PBNA 16 104 (208) 98.6 25.9 11.1 (9.6-13.0) 0.87 | (0.82-0.91)
SAMPLES FROM REDUCED DOSE RECIPIENTS
ELISA 16 107 (214) 100.0 92.0 4.0 (3.5-4.6) 0.96 | (0.95-0.98)
LIA-4 16 148 (296) 100.0 72.4 3.6 (3.2-4.0) 0.98 | (0.97-0.98)
VLP-MIA 16 27 (54) 100.0 15.8 206 (155-27.2) | 044 | (0.18-0.73)
MOE 16 112 (224) 100.0 81.9 2.4 (2.1-2.8) 0.99 | (0.98-0.99)
GST-L1 16 97 (194) 100.0 21356 | 38 (3.3-4.4) 0.82 | (0.74-0.87)
HT-PBNA 16 101 (202) 100.0 161.2 48 (4.1-5.5) 0.95 | (0.93-0.97)
SAMPLES FROM FULL DOSE RECIPIENTS
ELISA 16 108 (216) 9.1 222.4 3.6 (3.1-4.1) 0.97 | (0.96-0.98)
LIA-4 16 144 (288) 99.0 184.1 75 (6.7-8.5) 0.84 | (0.79-0.88)
VLP-MIA 16 9 (18) 100.0 29.1 20.8 (12.8-33.7) | 0.37 | (0.05-0.87)
M9E 16 120 (240) 100.0 209.3 2.4 (2.1-2.7) 0.99 | (0.98-0.99)
GST-L1 16 98 (196) 100.0 31340 | 3.0 (2.6-3.5) 0.77 | (0.67-0.84)
HT-PBNA 16 99 (198) 100.0 498.7 37 (3.2-4.3) 0.96 | (0.94-0.97)
ALL SAMPLES REGARDLESS OF NUMBER OF DOSES
ELISA 16 320 (640) 98.8 748 45 (4.2-4.9) 0.98 | (0.98-0.98)
LIA-4 16 429 (858) 99.4 60.8 6.3 (5.8-6.8) 0.96 | (0.95-0.97)
VLP-MIA 16 119 (238) 99.6 9.8 195 (17.0-225) | 0.74 | (0.65-0.82)
MOE 16 350 (700) 99.4 59.9 2.9 (2.7-3.1) 0.99 | (0.99-1.00)
GST-L1 16 297 (594) 99.8 17022 | 36 (3.3-3.9) 0.92 [ (0.90-0.93)
HT-PBNA 16 304 (608) 99.5 1255 5.9 (5.4-6.5) 0.96 | (0.96-0.97)
HPV-18 ASSAYS
SAMPLES FROM SINGLE DOSE RECIPIENTS

ELISA 18 105 (210) 94.3 103 113 (9.7-13.2) 0.91 | (0.87-0.93)
LIA-4 18 137 (274) 63.9 6.7 18.2 (14.8-223) | 096 | (0.95-0.97)
VLP-MIA 18 96 (192) 92.7 5.9 165 (14.0-19.6) | 088 | (0.83-0.92)
MOE 18 118 (236) 87.3 6.0 8.1 (6.7-9.7) 0.99 | (0.98-0.99)
GST-L1 18 102 (204) 73.0 3082 | 116 (10.0-13.3) | 0.75 | (0.66-0.83)
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Assay HPV Type | N Samples (N Results) | Seropositive (%) | cMT* | %CV | %CV 95% CI | ICC | ICC 95% CI
HT-PBNA 18 104 (208) 94.7 8.6 10.8 (9.1-12.8) 0.95 (0.92-0.96)
SAMPLES FROM REDUCED DOSE RECIPIENT
ELISA 18 107 (214) 99.5 35.6 6.0 (5.2-6.9) 0.95 (0.93-0.97)
LIA-4 18 148 (296) 95.3 15.8 6.3 (5.5-7.2) 0.98 (0.98-0.99)
VLP-MIA 18 78 (156) 100.0 19.7 17.2 (14.5-20.5) 0.74 (0.63-0.83)
MOE 18 112 (224) 98.2 33.1 4.3 (3.7-5.0) 0.99 | (0.98-0.99)
GST-L1 18 97 (194) 96.4 446.7 5.9 (5.1-6.8) 0.82 (0.75-0.88)
HT-PBNA 18 101 (202) 100.0 43.2 5.1 (4.4-6.0) 0.98 (0.96-0.98)
SAMPLES FROM FULL DOSE RECIPIENTS
ELISA 18 108 (216) 99.1 85.6 5.2 (4.5-6.0) 0.96 (0.94-0.97)
LIA-4 18 144 (288) 98.3 37.1 7.6 (6.7-8.6) 0.95 (0.93-0.96)
VLP-MIA 18 52 (104) 99.0 29.9 19.6 (15.9-24.0) 0.62 (0.45-0.77)
M9E 18 120 (240) 99.2 74.8 3.6 (3.1-4.1) 0.99 (0.98-0.99)
GST-L1 18 98 (196) 96.4 721.8 6.3 (5.4-7.2) 0.82 (0.75-0.88)
HT-PBNA 18 100 (200) 99.0 1159 3.8 (3.3-4.5) 0.98 (0.98-0.99)
ALL SAMPLES REGARDLESS OF NUMBER OF DOSES
ELISA 18 320 (640) 97.7 325 6.8 (6.3-7.5) 0.97 (0.96-0.97)
LIA-4 18 429 (858) 86.2 17.9 9.0 (8.2-9.8) 0.98 (0.97-0.98)
VLP-MIA 18 226 (452) 96.7 133 18.6 (16.7-20.7) 0.85 (0.80-0.88)
MOE 18 350 (700) 94.9 26.1 4.6 (4.2-5.1) 0.99 (0.99-0.99)
GST-L1 18 297 (594) 88.4 477.9 8.0 (7.3-8.7) 0.83 (0.79-0.86)
HT-PBNA 18 305 (610) 97.9 35.2 5.8 (5.2-6.3) 0.98 (0.98-0.99)

*
GMT is calculated among positive samples. Titers are presented in IU/mL for ELISA, LIA-4, VLP-MIA, M9E, and HT-PBNA. For GST-L1 Titers
are presented as Median Fluorescence Intensity.

Abbreviations: number (N); enzyme-linked immunosorbent assay (ELISA); 4-plex Luminex immunoassay (LIA-4); VLP multiplex immune assay
(VLP-MIA); M9-ELISA assay (MOE); glutathione S-transferase L1 assay (GST-L1); high-throughput pseudovirion-based neutralization assay (HT-
PBNA); coefficient of variation (CV); intraclass correlation coefficient (ICC); and confidence intervals (ClI).
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Table 3.

Page 22

Comparison of Results (in Quartiles) to the SEAP Pseudovirion Neutralization Assay for HPV-16/18 (Gold
Standard) by Dose Groups.

Assay HPV Type | Total N % Ex&cst Ozgg(le;ement Pears(%r; O%)lgf)lation Wei(gghstg/od CKIa;ppa Symvn;;el}gy p-
HPV-16 ASSAYS
SAMPLES FROM SINGLE DOSE RECIPIENTS
ELISA 16 170 78.8% (72.2%-84.5%) 0.85 (0.81-0.89) 0.69 (0.60-0.79) 0.78
LIA-4 16 170 80.6% (74.1%-86.0%) 0.81 (0.75-0.86) 0.71 (0.63-0.80) 0.87
VLP-MIA 16 153 53.6% (45.7%-61.4%) 0.43 (0.29-0.55) 0.34 (0.26-0.42) <0.001
MOE 16 167 81.4% (75.0%-86.8%) 0.75 (0.67-0.81) 0.72 (0.64-0.81) 0.82
GST-L1 16 170 77.6% (70.9%-83.4%) 0.75 (0.67-0.81) 0.68 (0.59-0.78) 0.64
HT-PBNA 16 170 87.1% (81.4%-91.5%) 0.84 (0.79-0.88) 0.82 (0.75-0.90) 1.00
SAMPLES FROM REDUCED DOSE RECIPIENTS
ELISA 16 170 68.2% (61.0%-74.9%) 0.63 (0.53-0.71) 0.65 (0.56-0.73) 0.55
LIA-4 16 170 66.5% (59.1%-73.3%) 0.71 (0.63-0.78) 0.63 (0.54-0.71) 0.15
VLP-MIA 16 102 29.4% (21.2%~38.8%) 0.17 (~0.03-0.35) 0.23 (0.13-0.33) <0.001
M9E 16 167 70.7% (63.4%-77.2%) 0.82 (0.77-0.87) 0.68 (0.60-0.76) 0.54
GST-L1 16 170 49.4% (41.9%-56.9%) 0.41 (0.28-0.53) 0.47 (0.38-0.56) 0.60
HT-PBNA 16 170 74.1% (67.1%-80.3%) 0.89 (0.85-0.91) 0.73 (0.66-0.80) 0.72
SAMPLES FROM FULL DOSE RECIPIENTS
ELISA 16 170 80.0% (73.5%-85.5%) 0.90 (0.87-0.93) 0.74 (0.66-0.82) 0.74
LIA-4 16 170 85.9% (80.0%-90.5%) 0.92 (0.89-0.94) 0.82 (0.75-0.89) 0.38
VLP-MIA 16 52 50.0% (36.6%-63.4%) 0.55 (0.33-0.72) 0.41 (0.24-0.58) 0.0010
MOE 16 168 86.3% (80.5%-90.9%) 0.91 (0.88-0.93) 0.83 (0.76-0.89) 0.56
GST-L1 16 169 58.0% (50.4%-65.3%) 0.45 (0.33-0.57) 0.48 (0.37-0.58) 0.50
HT-PBNA 16 170 82.9% (76.7%-88.0%) 0.92 (0.89-0.94) 0.77 (0.70-0.85) 0.46
ALL SAMPLES REGARDLESS OF NUMBER OF DOSES
ELISA 16 510 75.7% (71.8%-79.3%) 0.87 (0.84-0.89) 0.79 (0.76-0.83) 0.95
LIA-4 16 510 77.6% (73.9%-81.1%) 0.89 (0.87-0.90) 0.81 (0.78-0.84) 0.95
VLP-MIA 16 307 45.0% (39.4%~50.6%) 0.51 (0.42-0.59) 0.45 (0.40-0.51) <0.001
M9E 16 502 79.5% (75.8%-82.8%) 0.89 (0.87-0.91) 0.83 (0.80-0.86) 1.00
GST-L1 16 509 61.7% (57.4%-65.8%) 0.55 (0.48-0.60) 0.67 (0.63-0.71) 0.57
HT-PBNA 16 510 81.4% (77.8%-84.6%) 0.90 (0.88-0.92) 0.84 (0.81-0.87) 0.54
HPV-18 ASSAYS
SAMPLES FROM SINGLE DOSE RECIPIENTS
ELISA 18 170 69.4% (62.2%—-76.0%) 0.95 (0.93-0.96) 0.63 (0.53-0.72) 0.92
LIA-4 18 170 78.2% (71.6%-84.0%) 0.99 (0.98-0.99) 0.74 (0.66-0.82) 0.71
VLP-MIA 18 166 71.1% (63.8%—-77.6%) 0.42 (0.29-0.54) 0.64 (0.55-0.74) 0.51
M9E 18 167 80.8% (74.3%-86.3%) 0.97 (0.96-0.98) 0.78 (0.70-0.85) 0.54
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Assay HPV Type | Total N % Ex&cst Ozgg(le;ement Pears(%r; O%)lgf)lation Wei(gghstg/od CKIa;ppa Symvn;;el}gy p-
GST-L1 18 170 50.6% (43.1%-58.1%) 0.31 (0.16-0.44) 0.35 (0.24-0.47) 0.18
HT-PBNA 18 170 84.7% (78.7%-89.5%) 0.95 (0.94-0.97) 0.83 (0.76-0.89) 0.88
SAMPLES FROM REDUCED DOSE RECIPIENTS
ELISA 18 170 70.6% (63.4%-77.1%) 0.85 (0.80-0.89) 0.72 (0.65-0.79) 0.76
LIA-4 18 170 76.5% (69.7%-82.4%) 0.89 (0.85-0.92) 0.78 (0.72-0.85) 0.80
VLP-MIA 18 160 59.4% (51.6%-66.8%) 0.36 (0.22-0.49) 0.62 (0.54-0.70) 0.026
M9E 18 167 74.3% (67.2%-80.5%) 0.89 (0.86-0.92) 0.76 (0.70-0.83) 0.84
GST-L1 18 170 36.5% (29.5%-43.9%) 0.41 (0.27-0.53) 0.26 (0.15-0.37) 0.85
HT-PBNA 18 170 76.5% (69.7%-82.4%) 0.93 (0.91-0.95) 0.78 (0.71-0.84) 0.68
SAMPLES FROM FULL DOSE RECIPIENTS
ELISA 18 170 82.9% (76.7%-88.0%) 0.97 (0.95-0.97) 0.81 (0.74-0.88) 0.80
LIA-4 18 170 82.4% (76.1%-87.5%) 0.93 (0.91-0.95) 0.80 (0.74-0.87) 0.64
VLP-MIA 18 145 74.5% (66.9%-81.1%) 0.23 (0.07-0.38) 0.72 (0.63-0.81) 0.30
MOE 18 168 82.7% (76.5%-87.9%) 0.95 (0.94-0.97) 0.81 (0.75-0.88) 0.73
GST-L1 18 169 52.1% (44.5%-59.5%) 0.43 (0.30-0.55) 0.41 (0.30-0.52) 0.016
HT-PBNA 18 170 81.8% (75.4%-87.0%) 0.97 (0.96-0.98) 0.80 (0.73-0.87) 0.48
ALL SAMPLES REGARDLESS OF NUMBER OF DOSES
ELISA 18 510 74.3% (70.4%-78.0%) 0.95 (0.94-0.96) 0.78 (0.75-0.82) 0.98
LIA-4 18 510 79.0% (75.3%-82.4%) 0.93 (0.92-0.94) 0.83 (0.80-0.86) 0.92
VLP-MIA 18 471 68.2% (63.8%-72.2%) 0.27 (0.19-0.35) 0.73 (0.69-0.77) 0.0072
M9E 18 502 79.3% (75.6%-82.7%) 0.95 (0.94-0.96) 0.83 (0.80-0.86) 0.97
GST-L1 18 509 46.4% (42.1%-50.7%) 0.46 (0.38-0.52) 0.45 (0.40-0.51) 0.33
HT-PBNA 18 510 81.0% (77.4%-84.2%) 0.96 (0.96-0.97) 0.84 (0.81-0.87) 0.70

Abbreviations: number (N); secreted alkaline phosphatase pseudovirion-based neutralization assay (SEAP-NA); enzyme-linked immunosorbent
assay (ELISA); 4-plex Luminex immunoassay (LIA-4); VLP multiplex immune assay (VLP-MIA); M9-ELISA assay (M9E); glutathione S-
transferase L1 assay (GST-L1); high-throughput pseudovirion-based neutralization assay (HT-PBNA); and confidence intervals (Cl).
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Correlates of Seronegativity for Assays with >10% Seronegativity Overall.

Table 4.

HPV-18 LIA-4 (N=510)

HPV-18 GST-L1 (N=509)

% N % N
Overall 17.3 88 13.6 69
Covariate:
Study
CVvT 5.6 15 111 30
INDIA 30.4 73 16.3 39

*p-value: <0.001

*p-value: 0.087

Dosage Schedule

Single Dose Group 44.1 75 28.8 49
Reduced Dose Group 59 10 53 9
Full Dose Group 1.8 3 6.5 11

*p-value: <0.001

*p-value: <0.001

Age at Vaccination (years)

9-12 28.6 30 13.3 14
13-16 30.2 32 14.2 15
17-21 8.4 17 14.9 30
22-25 9.3 9 10.3 10

*p—value: <0.001 *p—value: 0.75

Time Since First Vaccine Dose (months)

<20 12.6 13 8.7 9
20-24 19.7 36 10.9 20
25+ 17.4 39 17.9 40
*p-value: 0.32 *p-value: 0.034

*
P-value calculated from chi-squared test.

Abbreviations: number (N); 4-plex Luminex immunoassay (LIA-4); and glutathione S-transferase L1 assay (GST-L1).
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