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ABSTRACT

Potency assays for vaccine products are an important regulatory requirement, and are used to assess pro-
duct quality and consistency prior to lot release for clinical testing. Ideally they measure an established
correlate of efficacy or protection. In cases where there is no known correlate of protection, however, a
functional assay that measures a biological response to a vaccine can be applied as a potency assay.
Here we describe an in vitro assay which quantitatively measures human T cell activation as a biological
response to the TB vaccine candidate H4-IC31. The Cytokine Secretion Assay (CSA) is based on the ability
of peripheral blood mononuclear cells (PBMCs) from a Bacillus Calmette-Guérin (BCG)-vaccinated human
donor to process and respond to H4-IC31. The ability of H4-IC31 to stimulate a cellular immune response
is measured through the quantification of secreted IFNy and is reported as relative stimulatory activity
(RSA) compared to an in-house reference standard. The CSA is specific to the H4-IC31 vaccine, determines
the RSA of H4-IC31 in the range of 50% to 150% of the reference standard, and is stability indicating as it
detects differences in RSA between intact and heat treated H4-IC31. Although the CSA does not provide a
link to clinical efficacy, it fulfills the critical requirements for a biological potency test to assess TB vaccine
candidates and can be used along with biochemical and immunochemical assays to define a product pro-
file during clinical development, while eliminating the use of animals for product testing.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

effect a given result, which ideally reflects the product’s mecha-
nism of action [3].

Vaccine manufacturers engaging in clinical trials to assess novel
vaccines face a number of regulatory requirements designed to
ensure a high level of quality control is maintained for the manu-
facturing of clinical vaccine lots. As part of the critical quality mea-
surements, regulatory guidelines require that potency assays be
developed and utilized to test each clinical vaccine lot. Potency
tests are defined as those tests which quantitatively measure rele-
vant biological activity [4], or the specific ability of the product to

* Corresponding author.
E-mail address: Marin.Ming@sanofi.com (M. Ming).

! Currently retired.

2 Present address: Sanford Burnham Prebys Medical Discovery Institute, Orlando,
USA.

3 Present address: University of British Columbia, Vancouver, Canada.

4 Present address: Bioanalytical Services, Altasciences, Laval, Canada.

5 Co-senior authors.

https://doi.org/10.1016/j.vaccine.2019.04.035
0264-410X/© 2019 The Authors. Published by Elsevier Ltd.

Traditionally, potency assays testing complex vaccines involve
animal tests, often with large numbers of laboratory animals.
Although animal tests can measure the biological activity of vacci-
nes with high specificity and sensitivity, they are notorious for hav-
ing low precision, high variability and poor reproducibility [15].
Therefore while animal models can be highly useful in vaccine dis-
covery and initial development, they are not sufficiently rigorous
for routine potency testing in the clinical manufacturing environ-
ment. In these instances, manufacturers are in need of in vitro tests
which can provide consistent and high resolution information on
the biological activity of the vaccine product.

Ideally, the biological activity that is measured by the potency
assay would be a known correlate of protection against disease
(such as antibody titre). The potency assay is not required,
however, to be directly linked to or predictive of vaccine efficacy,
especially during early development of a novel vaccine. Efficacy
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is evaluated in clinical trial(s) that assess reduction in disease
across the entire vaccinated target population. In contrast, a
potency assay measures a specific biological activity of the vaccine,
i.e. the ability of the product to effect a given result [4,3]. This
activity may represent only a portion of the response that can ulti-
mately lead to protection. In this paper we present the develop-
ment of such a potency test for the TB vaccine candidate H4-1C31.

H4-IC31 consists of a recombinant fusion protein H4 and a novel
TLR9 agonist adjuvant IC31® (Valneva Austria GmbH) and has been
evaluated in Phase 1 and 2 clinical studies [9]. H4 is a fusion protein
consisting of antigens Ag85B and TB10.4, which are both highly
expressed by M.th and BCG [2]. IC31® adjuvant consists of the
antibacterial peptide KLK and a synthetic immunostimulatory
oligodeoxynucleotide ODN1a [12]. The vaccine candidate H4-1C31
aims to boost the cellular immune response in BCG immunized indi-
viduals (BCG-primed infants, adolescents, and young adults) [2,18].

Potency testing for the initial trials of H4-IC31 assessed only the
biological activity of the H4 component, using the Delayed Type
Hypersensitivity (DTH) test in guinea pigs. In order to proceed with
further clinical trials of H4-IC31, it was desirable to develop an
in vitro potency test which could: assess T cell responses to the vac-
cine in cells from BCG-primed individuals, including the immunos-
timulatory effect of the adjuvant (which the DTH test was not able to
demonstrate); be capable of distinguishing degraded from intact
vaccine; and be sufficiently robust and reproducible for testing lot
to lot consistency of the product in the future.

Although immune correlates of protection against M.th have not
yet been determined, the importance of T-cell immunity to M.th
infection is well accepted [1]. The focus of new vaccine develop-
ment has been on induction of type-1T cell response with empha-
sis on the CD4 phenotype [23]. Polyfunctional T-cells co-expressing
IFNYy, IL-2, and TNFa have been identified as important in the
immune response to M.th [2,21], and are induced in BCG-primed
individuals immunized with H4-IC31 [7]. The secretion of each of
these cytokines was assessed as indicators of biological response
in the assay described here.

We developed a novel in vitro cell based assay that measures a
human cellular immune response to H4-I1C31 vaccine. The assay is
based on the co-incubation of H4-I1C31 vaccine product with PBMC
isolated from BCG-vaccinated human donors. The ability of H4-
IC31 to stimulate the cellular immune response, as measured
through the quantification of secreted cytokine IFNY, is reported
as relative stimulatory activity (RSA) compared to an in-house ref-
erence standard formulation. The Cytokine Secretion Assay (CSA) is
specific to the H4-1C31 vaccine, is capable of determining the RSA
of H4-1C31 in the range of 50% to 150% of the reference standard,
and is stability indicating as it shows differences between intact
and heat treated H4-1C31 formulations.

2. Materials and methods
2.1. Blood donors

Thirty five healthy volunteers were recruited at Sanofi Pasteur
(Toronto, Canada) by registered nurses at the on-site Health Cen-
ter. Donors self-identified as having received BCG vaccination or
not, and were administered the tuberculin skin test if it had not
previously been performed. Written consent was obtained from
the volunteers by a designated medical doctor prior to recruitment
into the study. This study was reviewed and approved by a local
research ethics board, the Canadian SHIELD Ethics Review Board.

2.2. PBMC isolation

PBMC from healthy volunteers at Sanofi Pasteur were isolated
from freshly drawn whole blood or apheresis samples. Whole

blood was diluted 1:1 with wash media [CTL Wash Supplement
Medium (CTL #CTLW-010) in RPMI1640 plus glutamine (Gibco
#21870)]. Apheresis samples were diluted in wash media supple-
mented with 36% sodium citrate (Sigma #S1804). Diluted samples
were layered onto Ficoll-Paque (GE #17-5442-02) and centrifuged
at 880 x g for 15 min at room temperature. PBMC interphase was
collected and washed twice with wash media (240 x g for 10 min
at room temperature), then frozen at 1 x 107 cells/mL (whole
blood) or 3-5 x 107 cells/mL (apheresis samples) in IMDM (Gibco
#31980) supplemented with 10% DMSO (Sigma #D2650) and
20% heat inactivated human AB serum (Valley Biomedical
#HP1022), and stored at —80 °C overnight prior to transfer to lig-
uid nitrogen.

2.3. Vaccine formulation

Experiments were performed using H4-IC31 formulations pro-
duced at Sanofi Pasteur, containing 30 pg/mL H4, 1000 nmol/mL
KLK and 40 nmol/mL ODN1a. Samples were mixed by gentle inver-
sion and diluted in IMDM medium to the indicated concentration
to stimulate PBMCs. H4-IC31 lot 2016-1, considered representa-
tive of the manufacturing process, was used as the reference stan-
dard in all instances where RSA was calculated. All lots of H4-1C31
were manufactured using the same process and were expected to
have similar properties. For experiments comparing responses to
H4, 1C31®, and H4-I1C31, the H4-1C31 formulation was made from
the same lots of H4 and 1C31° tested singly.

Heat degraded H4-IC31, treated at 45 °C for seven weeks, was
used to select donors with PBMC that had a differential response
to intact and degraded vaccine. Degradation was monitored by rel-
ative quantitation of H4 by SDS-PAGE, with intact H4 determined
to be reduced by 80-100% at the seven week time point. To further
evaluate the capability of the assay to detect product stability,
additional H4-1C31 samples were incubated for up to nine months
at 55 °C. Samples stored at 2-8 °C for the same time period were
tested for comparison.

2.4. Peptides

Overlapping 15-mer peptides corresponding to various regions
in the H4 protein were chosen based on published and predicted
immunogenic sequences [5,6,8,10,13,16,22], US patents 6599510
and 6383763). Thirty-three peptides spanning five regions of H4
across Ag85B and TB10.4 were obtained from American Peptide.
Peptides were tested individually in the CSA in at final concentra-
tion of 1 or 4 ng/mL per peptide.

2.5. Cytokine secretion assay (CSA)

PBMC were thawed, diluted in warm wash media supple-
mented with 50 U/mL benzonase (Sigma #E8263) and centrifuged
at 330 x g for 5 min at room temperature. Cells were washed a sec-
ond time in wash media and resuspended in IMDM supplemented
with 10% human AB serum (IMDM-10) at a concentration of
5 x 10° cells/mL. Cells were added to 96-well U-bottom tissue cul-
ture plates (100 pL/well), then serial dilutions of stimulant (pep-
tides, adjuvant, protein, or vaccine) prepared in IMDM were
added at 100 pL/well. Plates were incubated for 6-8 days at
37 °C, 5% CO,, then centrifuged at 365 x g and the supernatant
was harvested and stored at —20 °C.

Early experiments tested samples in replicate wells on the same
assay plates, with IFNy concentration as the readout. As develop-
ment progressed to determining relative stimulatory activity, the
assay format was modified such that samples were tested using
four independently prepared replicates, with each replicate on a
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separate assay plate, and individual IFNy concentration values for
each replicate were log transformed prior to analysis for RSA.

2.6. Cytokine quantification

IFNY, IL-17a, IL-2 and TNFa in culture supernatants were quan-
tified using V-PLEX human cytokine kits from MesoScale Discovery
[MSD #K151QOD (IFNY), #K151A0H (IL-2 and TNFa), #K151RFD
(IL-17a)] or human IFNy Ultra-Sensitive kit (MSD #K151AEC, used
for CSAs testing stimulation with peptides only) according to the
manufacturer’s instructions, except for the use of modified calibra-
tion curves which were used at a 4X concentration as advised by
the manufacturer to span the required test concentration range.
PBMC supernatants were thawed and diluted 1/20 in IMDM prior
to testing. MSD plates were analyzed on the MSD sector imager
2400.

2.7. Analysis of relative stimulatory activity

Relative stimulatory activity of the H4-IC31 test samples com-
pared to the H4-1C31 reference standard formulation was calcu-
lated by PLA software (Stegmann Systems GmbH, version 2.0)
using the four parameter logistic curve fit (full curve fit) with
log10-transformed data, with outliers detected using the Dixon
test (maximum of one outlier among 4 replicates is masked auto-
matically by PLA software). PLA parameters were set as follows:
ANOVA based on pure error separation as hypothesis testing with
95% significance of the regression and deviations from linearity;
hypothesis Test (F-Test) to assess significant deviations from paral-
lelism (95% significance); 95% confidence interval for RSA
estimation.

3. Results
3.1. Donor screening and selection

PBMC from 35 adult donors, most of whom had received BCG
vaccination earlier in life, were assessed for their in vitro response
to H4-IC31. PBMC from all donors were isolated from freshly
drawn whole blood and stimulated in vitro for six days with H4,
H4-1C31, or IC31® alone, and IFNy concentration in the culture
medium was quantified. Ultimately a panel of ten donors was
selected for further analysis, comprising both negative and positive
PBMC responses to the stimulation. The positive donors were
selected if they were BCG vaccinated, amenable to apheresis blood
collection, and met all of the following criteria based on their PBMC
IFNY secretion: (1) a specific response to H4 protein; (2) increased
response to H4-IC31 compared to H4 alone; and (3) no response to
1C31® adjuvant alone (Fig. 1). The selected donor PBMCs were then
stimulated with individual H4 peptides from a library of 33 over-
lapping 15-mers. Two peptides (P3 and P4) were of particular
interest as data from a previous clinical trial showed that BCG-
primed, H4-IC31 boosted individuals developed T cell responses
mainly directed against these peptides (Supplementary Fig. S1).
Responses indicated that eleven of the peptides were immuno-
genic, and each donor’s responses were determined (Table 1).

PBMCs from seven of the selected donors were also stimulated
with intact H4-IC31 or H4-1C31 which had been degraded by heat
treatment (45 °C for up to seven weeks) in order to determine
which donor’s PBMCs showed a consistent and significant differ-
ence in response to intact vs degraded vaccine. PBMC from four
of the donors showed a measurably different response to degraded
versus intact H4-IC31. Of these four, PBMC from donor TB0O4 were
selected for further assay development as they: (1) had a strong
IFNYy response to H4-IC31; (2) consistently demonstrated discern-

ing responses to intact versus degraded vaccine when tested; and
(3) responded to multiple peptides including P3 and P4 (see Table 1
for donor selection summary).

3.2. Selection of indicator cytokine and assay duration

Assay development proceeded from this point using frozen
PBMC, which were previously seen to give comparable responses
to those with freshly collected PBMC in the CSA (data not shown).
IFNY, IL-2, TNFa, and IL-17a responses were each assessed as pos-
sible indicators for recall responses over 1-12 days of stimulation
with a fixed dose of H4-I1C31 (0.01 pg/mL) (Fig. 2). IL-17a produc-
tion was found to be very low, short-lived, and did not distinguish
between degraded (heat treated) and non-degraded vaccine. IL-2
secretion was observed within 1 day; however the IL-2 levels
declined to background levels by day 5. Furthermore, the IL-2
response did not differentiate between intact and degraded vac-
cine. Secretion of IFNy and TNFa arose after four days and stayed
elevated for up to 12days of stimulation. Stimulation with
degraded vaccine resulted in a reduction of both IFNy and TNFa
secretion compared to intact vaccine, with a greater differentiation
seen over a longer time period for IFNy secretion. Therefore IFNy
was chosen as the indicator cytokine for the CSA assay, with an
eight day incubation. The stimulation conditions selected for the
CSA were also shown to elicit a relevant functional effect in an
in vitro granuloma model using M.tb (Supplementary Fig. S2). In
order to secure an abundant supply of cells for assay development
and product testing into the future, a total of two apheresis collec-
tions were performed, five months apart, and the two batches were
compared in the CSA with equivalent results obtained.

3.3. Dose range and RSA

A dose range for H4-1C31 stimulation was identified which cov-
ered the range of IFNy responses of PBMC stimulated with H4-1C31
prepared at 1.5X and 0.5X normal concentrations, representing
super-potent and sub-potent lots of vaccine, respectively
(Fig. 3A). The dose response curves were assessed for parallelism
using a 4-PL curve fit with the F-test for parallelism (PLA v2.0),
and RSA was determined for the 0.5X and 1.5X preparations
(Fig. 3B). The RSA for 0.5X and 1.5X preparations were close to
expected, i.e. 0.5 and 1.6, respectively.

3.4. Stability indication

The CSA was used to assess heat degraded material in order to
confirm its ability to monitor product stability. H4-IC31 vaccine
was subjected to heat treatment at 55 °C for up to nine months
and then tested in the assay (Fig. 4). RSA of the vaccine was shown
to be reduced to 0.6 after eight weeks and < 0.1 after nine months
of heat treatment, while the RSA remained at 1 when vaccine was
stored under the preferred 2-8 °C condition for the same time
period.

4. Discussion

In order to assess the biological activity of vaccine lots being
released for clinical trials, an in vitro cytokine secretion assay
(CSA) has been developed which uses cryogenically preserved
PBMC from a BCG-vaccinated human donor with a broad peptide
response to TB vaccine candidate H4-IC31. Vaccine is co-
incubated with the PBMCs, and IFNy production is quantified and
compared to an in-house reference vaccine with relative stimula-
tory activity as the assay readout.
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Fig. 1. IFNy response from PBMC stimulated with H4, H4-IC31, or IC31® alone. PBMC from 10 different TB donors were incubated for 6 days with H4 protein alone (0.1 pg/
mL), IC31® alone (3.3 nmol/mL), or H4-1C31 (0.1 pg/mL H4 - 3.3 nmol/mL IC31®). [FNYy concentration in culture supernatant was quantified using MSD; standard deviation of
4 replicate wells from one assay plate is shown. The fold-increase (X) in IFNy response to incubation with H4-IC31 compared to H4 alone at the same concentration is
indicated. *[IFNy] < 75 pg/mL when stimulated with media or IC31® alone for all donors. **[IFNy] < 250 pg/mL when stimulated with H4-1C31 for donors TB34 and BC140.

Table 1
Summary of responses from a panel of tests performed on PBMC isolated from freshly drawn whole blood.

Donor BCG TB
Vaccinated  skin
test

At least 2-fold increase in
IFNy with 1C31®

IFNYy secretion in
response to H4-1C31

IFNy response to H4 peptides: Total #
peptides (individual peptide)

Significantly lower IFNy response
to degraded material’

TBO1 + + high Y 2 (P7,P10) Yes
TBO3 + - low Y 1 (P9) not tested
TBO4  + + med Y 5 (P3, P4, P7, P8, P10) Yes
TBO5 + + med Y 5 (P1, P2, P5, P6, P7) Yes
TBO7  + + low Y 2 (P3, P4) Yes
TBO9  + - low Y 1(P7) No
TB20 + + high Y 4 (P3, P4, P7, P10) marginal
BC113 + + med Y 2 (P4, P11) marginal
BC140 + - negative N/Ap 0 not tested
TB34 - - negative N/Ap 0 not tested
Amino acid range Sequence Amino acid range Sequence Amino acid range Sequence
P1 008-022 LPVEYLQVPSPSMGR P5 111-125 LSANRAVKPTGSAAI P9 308-322 YAGTLQSLGAEIAVE
P2 018-032 PSMGRDIKVQFQSGG P6 116-130 AVKPTGSAAIGLSMA P10 313-327 QSLGAEIAVEQAALQ
P3 091-105 KAGCQTYKWETFLTS P7 288-302 MSQIMYNYPAMLGHA P11 342-356 QAQWNQAMEDLVRAY
P4 096-110 TYKWETFLTSELPQW P8 293-307 YNYPAMLGHAGDMAG

Donors were screened for vaccination status for BCG (verbal) and were given a tuberculin (TB) skin test or self-reported results of previous TB skin test if known. In addition,
donor PBMCs were scored for IFN7y secretion. Specifically, IFNy from culture supernatants was measured after 6 day incubation of PBMCs in the presence of H4-IC31 (0.1 ng/
mL H4- 4 nmol/mL 1C31®), H4 alone (0.1 pg/mL), IC31® alone (4 nmol/mL), individual H4 peptides (1 or 4 pg/mL), or H4-1C31 formulation (lot 2016-5, 0.01 pg/mL H4-
0.33 nmol/mL IC31®) which had or had not been heat treated at 45 °C for 7 weeks (‘degraded material’) (‘comparison between response from heat treated and non-heat
treated lot 2016-5 stimulation performed by Dunnett Adjustment, p < 0.05). Increase with IC31 was calculated by comparing IFN7y secretion following stimulation with H4-
IC31 vs H4 alone. Scores for [IFNy] in culture supernatant: negative (0-20 pg/mL) low (20-1000 pg/mL) medium (1000-10,000 pg/mL) high (>10,000 pg/mL).

The objective of vaccine potency assays is to measure the bio- specific vaccine epitopes (antigenicity assays) [14]. In the case of

logical activity of the product and assess the product quality, con-
sistency and stability during the manufacturing process and
storage. Currently most licensed vaccines against infectious dis-
eases generate humoral immune responses, and prevention of
infection for the vaccine-targeted diseases correlates with the
induction of specific antibodies [19,20]. The potency assays for
these vaccines are based on in vivo models with assessment of
serological responses (immunogenicity), or biochemical and
immunochemical analyses which measure the preservation of

TB, however, it has been a challenge to develop a potency assay
due to the absence of correlate(s) of protection for the disease.
Therefore, we have focused on developing a potency assay that
measures an in vitro biological activity of the TB vaccine.

The H4-IC31 vaccine is designed to boost memory responses
initiated in early childhood by BCG vaccination. PBMC from BCG
immunized people were selected for use in the CSA and assessed
for responses by measuring secretion of IL-17a, IFNy, IL-2, and
TNFa following stimulation with H4-IC31. Most BCG-vaccinated
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Fig. 2. Cytokine secretion over time: IL-2, IL-17a, TNFa and IFNy concentration on days 1-12 for PBMC from donor TB04. PBMC were isolated from donor TB04 following
apheresis and incubated with H4-1C31 formulation (lot 2016-5, 0.01 pug/mL H4 - 33.3 nmol/mL IC31®) which had or had not been exposed to 45 °C (heat-treated) for seven
weeks, or media alone. Culture supernatants were collected each day for 12 days (one assay plate with five replicate wells per sample harvested each day). Concentrations of
IL-2, IL-17a, TNFa, and IFNYy in culture were quantified using MSD. Average of five replicate wells per day, on the same plate, shown with standard deviation.
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Fig. 3. IFNy response of TB04 PBMC following stimulation with H4-IC31 (A) and
relative stimulatory activity of the 0.5X and 1.5X preparations of reference standard
(B). PBMCs from donor TB04 were stimulated with H4-IC31 reference standard lot
2016-1 (STD) (dose range of 0.25-0.004 pg H4/mL), 0.5X STD (dose range of 0.125-
0.002 pg H4/mL) and 1.5X STD (dose range of 0.375-0.008 ug H4/mL). After 8 days
of culture, PBMC supernatants were collected and evaluated for IFNy concentration
using MSD. Relative stimulatory activity was calculated using PLA software with 4
parameter logistic curve analysis. Results are representative of several similar
in vitro cytokine secretion assays performed with independent sample dilutions on
three separate plates (triplicate wells, error bars denote standard deviation). STD:
standard; Ref. Std: reference standard; Conc.: concentration; RSA: relative stimu-
latory activity; CI: confidence interval.

donor PBMCs had a measurable IFNy response to H4-I1C31, with at
least some increased response in the presence of adjuvant IC31®
and decreased response to degraded vaccine. Responses were seen
to vary across donors, as expected in a collection of PBMCs from
adult individuals immunized in childhood. In order to be used in
a potency assay for clinical lot release, however, it was important
to identify donor PBMCs which had a sufficiently strong response
to be reproducibly measured with statistically significant results,
and therefore support the rigour required for product testing. It
was also desirable that the response generated include reactivity
against peptides that are known to be differentially induced by
H4-1C31 boosting of BCG-primed individuals. PBMC from one
donor that met all of these requirements were identified and
banked. Although the PBMC from this individual are not intended
to represent all clinical trial subjects, they are suited for in vitro
use in a potency assay that can measure the required attributes
of biological activity outlined herein.

In the CSA, primary PBMCs from the BCG-immunized donor
process, present, and respond to a vaccine over a period of multiple
days, reflecting the combined multicellular response of antigen
presenting cells and T cells against the H4 protein in the context
of IC31® adjuvant. Since antigen and adjuvant together contribute
to immunogenicity, it is important that a biological activity test be
able to measure the influence of adjuvant in order to assess the
functionality of the vaccine product as a whole. The CSA shows that
the IFNYy response to H4 is increased in the presence of IC31® adju-
vant, and there is no background activity from adjuvant alone.

Exposure to heat is an important means used to assess stability
of a vaccine product. In the CSA, vaccine which was heat treated
induced a lower response than intact vaccine, with RSA decreasing
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samples or the reference standard lot 2016-1. After 8 days of culture, IFNy in
PBMCs was quantified using MSD. The relative stimulatory activity was calculated
using PLA software with 4 parameter logistic curve analysis. Results represent one
in vitro cytokine secretion assay performed with independent sample dilutions on
three or four separate plates (triplicate or quadruplicate wells). The error bars
denote the 95% confidence intervals of the RSA values. W: week; M: month; Ref.
Std: reference standard; RSA: relative stimulatory activity.

further with extended heat treatment, confirming that the assay’s
RSA readout is reflective of stability of the vaccine.

Since the development of the CSA as a potency assay, additional
clinical trials of H4-1C31 have been concluded, and show that in the
conditions tested, H4-1C31 boosting of BCG-vaccinated individuals
did not provide significantly improved protection compared to
boosting with BCG alone [17]. This observation serves to illustrate
the challenges in determining the complex mechanisms and corre-
lates of protection against M.tb, and by extension, the development
of an optimally protective vaccine. Nonetheless, researchers must
continue to explore and develop improved vaccines for TB, and
any new or improved candidate vaccine will face the same require-
ments for potency testing of clinical trial lots.

The advantages of using a potency assay such as the CSA instead
of existing animal models to assess the immune response to vacci-
nes for the purpose of clinical lot release are several. In addition to
ethical reasons for reducing routine animal testing for product
quality, the use of in vitro tests can eliminate the variability asso-
ciated with animal systems, and the length and cost of in vivo
immunization studies. In vitro tests are also more amenable to val-
idation, which is a requirement for a potency assay to release vac-
cine product. Importantly, testing using human cells instead of
animal cells also ensures that the antigens and epitopes being
assessed in the assay are relevant to vaccine performance in

humans. In the case of the CSA, the use of primary PBMCs from a
BCG-immunized donor reflects the multicellular responses of anti-
gen presenting cells and T cells together to the H4 protein along
with the immunomodulating effect of the adjuvant IC31®. The vari-
ability associated with the use of primary cells is minimized by the
use of apheresis collection of PBMC, where one collection provides
sufficient cells for at least five years of routine testing, and subse-
quent collections could be bridged to ensure consistent results.

In summary, we have developed a novel in vitro cell based bio-
logical activity assay, the CSA, for testing TB vaccine candidate H4-
IC31. The assay is quantitative, can assess the immunostimulatory
effect of the adjuvant, and is stability indicating. In addition, the
development of this assay is fully aligned with the 3Rs principle
to reduce, refine and replace animal testing. While in vitro I[FNy
secretion by PMBCs alone is not considered to be directly indicative
of protection from infection, the CSA represents a potency assay
measuring a relevant biological response to H4-1C31. The CSA
assay, in conjunction with physicochemical and antigenicity test-
ing, can play a critical role in quality control of drug products to
be released for clinical trials.

Acknowledgements

We thank Mei Tang for statistical support in assay analysis,
Jason Szeto for critical review of the manuscript, and Scott Gal-
lichan for his leadership and scientific oversight during the initia-
tion of the project.

Declarations

Marin Ming, Danielle Salha, Lidice Bernardo-Reyes, Kimberley
Williams, Leslie G. Chan, Anke Pagnon, Fabienne Piras, Jin Su, Beata
Gajewska, and Lucy Gisonni-Lex were employees of, and may hold
shares or stocks in, Sanofi Pasteur at the time of this work. At the
time of submission, Sanofi Pasteur is a partner in the clinical devel-
opment of the H4-IC31 vaccine.

The laboratory of Pappachan Kolattukudy and Nidhi Kapoor at
the University of Central Florida, Burnett School of Biomedical
Science received funding from Sanofi Pasteur to conduct the M.th
infection and granuloma research described in this manuscript.

Data statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.vaccine.2019.04.035.

References

[1] Behar SM, Woodworth JSM, Wu Y. Next generation: tuberculosis vaccines that
elicit protective CD8+ T cells. Expert Rev Vacc 2007;6(3):441-56. https://doi.
0rg/10.1586/14760584.6.3.441.

[2] Billeskov R, Elvang TT, Andersen PL, Dietrich ]J. The HyVac4 subunit vaccine
efficiently boosts BCG-primed anti-mycobacterial protective immunity. PLoS
ONE 2012;7(6):e39909. https://doi.org/10.1371/journal.pone.0039909.

[3] Food and Drug Administration (FDA) CFR Code of Federal Regulations, Title 21,
Volume 7, 2016. 21CFR600.3

[4] ICH 1999 International conference on harmonization of technical
requirements for registration of pharmaceuticals for human use.
Specifications: Test Procedures and Acceptance Criteria for Biotechnological/
Biological Products. Q6B.

[5] Ellis A, Balgeman A, Rodgers M, Updike C, Tomko ], Maiello P, Scanga CA,
O’Connor SL. Characterization of T Cells specific for CFP-10 and ESAT-6 in
mycobacterium tuberculosis-infected Mauritian cynomolgus macaques. Infect
Immun 2017;85(4):23. https://doi.org/10.1128/IAL.01009-16.



https://doi.org/10.1016/j.vaccine.2019.04.035
https://doi.org/10.1586/14760584.6.3.441
https://doi.org/10.1586/14760584.6.3.441
https://doi.org/10.1371/journal.pone.0039909
https://doi.org/10.1128/IAI.01009-16

2966 M. Ming et al./Vaccine 37 (2019) 2960-2966

[6] Gaseitsiwe S, Valentini D, Mahdavifar S, Reilly M, Ehrnst A, Maeurer M. Peptide
microarray-based identification of mycobacterium tuberculosis epitope
binding to HLA-DRB1*0101, DRB1*1501, and DRB1*0401. Clin Vacc Immunol
2010;17(1):168-75. https://doi.org/10.1128/CV1.00208-09.

[7] Geldenhuys H, Mearns H, Miles DJ, Tameris M, Hokey D, Shi Z, et al. The
tuberculosis vaccine H4:1C31 is safe and induces a persistent polyfunctional
CD4 T cell response in South African adults: a randomized controlled trial.
Vaccine 2015;33(30):3592-9. https://doi.org/10.1016/j.vaccine.2015.05.036.

[8] Glanville ], Huang H, Nau A, Hatton O, Wagar LE, Rubelt F, Ji X, Han A, Krams
SM, Pettus C, Haas N, Arlehamn CSL, Sette A, Boyd SD, Scriba TJ, Martinez OM,
Davis MM. Identifying specificity groups in the T cell receptor repertoire.
Nature 2017;547(7661):94-8. https://doi.org/10.1038/nature22976.

[9] http://www.aeras.org/pages/global-portfolio Global Clinical Portfolio of TB
Vaccine Candidates, Aeras. Access date: 17Apr2018.

[10] Jeyanathan M, Damjanovic D, Yao Y, Bramson ], Smaill F, Xing Z. Induction of
an immune-protective T-cell repertoire with diverse genetic coverage by a
novel viral-vectored tuberculosis vaccine in humans. ] Infect Dis 2016;214
(12):1996-2005. https://doi.org/10.1093/infdis/jiw467.

[11] Kapoor N, Pawar S, Sirakova T, Deb C, Warren WL, Kolattukudy PE. Human
granuloma in vitro model, for TB dormancy and resuscitation. PLoS ONE
2013;8(1). https://doi.org/10.1371/journal.pone.0053657.

[12] Kritsch CE, Berger A, Heinrich-Cseh C, Bugajska-Schretter A, Zauner W.
Separation and quantification of a novel two-component vaccine adjuvant. J
Chromatogr B Analyt Technol Biomed Life Sci 2005;822(1-2):263-70. https://
doi.org/10.1016/j.jchromb.2005.06.013.

[13] Lindestam CSA, McKinney DM, Carpenter C, Paul S, Rozot V, Makgotlho E,
Gregg Y, van Rooyen M, Ernst JD, Hatherill M, Hanekom WA, Peters B, Scriba TJ,
Sette A. A quantitative analysis of complexity of human pathogen-specific CD4
T cell responses in healthy M. tuberculosis infected South Africans. PLoS
Pathog 2016;12(7):13. https://doi.org/10.1371/journal.ppat.1005760.

[14] Little SF, Webster WM, lvins BE, Fellows PF, Norris SL, Andrews GP.
Development of an in vitro-based potency assay for anthrax vaccine. Vaccine
2004;22(21-22):2843-52. https://doi.org/10.1016/j.vaccine.2003.12.027.

[15] McFarland R et al. Non-animal replacement methods for human vaccine
potency testing: state of the science and future directions. Procedia Vaccinol
2011;5:16-32.

[16] Mothé BR, Lindestam Arlehamn CS, Dow C, Dillon MBC, Wiseman RW, Bohn P,
Karl ], Golden NA, Gilpin T, Foreman TW, Rodgers MA, Mehra S, Scriba TJ, Flynn
JL, Kaushal D, O’Connor DH, Sette A. The TB-specific CD4(+) T cell immune
repertoire in both cynomolgus and rhesus macaques largely overlap with
humans. Tuberculosis (Edinb) 2015;95(6):722-35. https://doi.org/10.1016/
j.tube.2015.07.005.

[17] Nemes E, Geldenhuys H, Rozot V, Rutkowski KT, Ratangee F, Bilek N, Mabwe S,
Makhethe L, Erasmus M, Toefy A, Mulenga H, Hanekom WA, Self SG, Bekker LG,
Ryall R, Gurunathan S, DiazGranados CA, Andersen P, Kromann I, Evans T, Ellis
RD, Landry B, Hokey DA, Hopkins R, Ginsberg AM, Scriba TJ, Hatherill M. C-
040-404 study team. Prevention of M. tuberculosis infection with H4:1C31
vaccine or BCG revaccination. N Engl ] Med 2018 Jul 12;379(2):138-49.
https://doi.org/10.1056/NE]Moa1714021.

[18] Norrby M, Vesikari T, Lindqvist L, Maeurer M, Ahmed R, MahdavifarS Bennett
S, McClain ]B, Shepherd BM, Li D, Hokey DA, Kromann I, Hoff ST, Andersen P, de
Visser AW, Joosten SA, Ottenhoff THM, Andersson ], Brighenti S. Safety and
immunogenicity of the novel H4:1C31 tuberculosis vaccine candidate in BCG-
vaccinated adults: two phase [ dose escalation trials. Vaccine
2017;35:1652-61. https://doi.org/10.1016/j.vaccine.2017.01.055.

[19] Plotkin SA. Correlates of protection induced by vaccination. Clin Vaccine
Immunol 2010;17(7):1055-65. https://doi.org/10.1128/CVI.00131-10.

[20] Seder RA, Hill AV. Vaccines against intracellular infections requiring cellular
immunity. Nature 2000;406:793-8. https://doi.org/10.1038/35021239.

[21] Seder RA, Darrah PA, Roederer M. T-cell quality in memory and protection:
implications for vaccine design. Nat Rev Immunol 2008;8:247-58. https://doi.
org/10.1038/nri2274.

[22] Silver RF, Wallis RS, Ellner JJ. Mapping of T cell epitopes of the 30-kDa alpha
antigen of Mycobacterium bovis strain bacillus Calmette-Guérin in purified
protein derivative (PPD)-positive individuals. ] Immunol 1995;154
(9):4665-74. PMID: 7722319.

[23] Triccas JA, Counoupas C. Novel vaccination approaches to prevent tuberculosis
in children. Pneumonia (Nathan) 2016;8:18. https://doi.org/10.1186/s41479-
016-0020-z.



https://doi.org/10.1128/CVI.00208-09
https://doi.org/10.1016/j.vaccine.2015.05.036
https://doi.org/10.1038/nature22976
https://doi.org/10.1093/infdis/jiw467
https://doi.org/10.1371/journal.pone.0053657
https://doi.org/10.1016/j.jchromb.2005.06.013
https://doi.org/10.1016/j.jchromb.2005.06.013
https://doi.org/10.1371/journal.ppat.1005760
https://doi.org/10.1016/j.vaccine.2003.12.027
http://refhub.elsevier.com/S0264-410X(19)30486-4/h0075
http://refhub.elsevier.com/S0264-410X(19)30486-4/h0075
http://refhub.elsevier.com/S0264-410X(19)30486-4/h0075
https://doi.org/10.1016/j.tube.2015.07.005
https://doi.org/10.1016/j.tube.2015.07.005
https://doi.org/10.1056/NEJMoa1714021
https://doi.org/10.1016/j.vaccine.2017.01.055
https://doi.org/10.1128/CVI.00131-10
https://doi.org/10.1038/35021239
https://doi.org/10.1038/nri2274
https://doi.org/10.1038/nri2274
http://refhub.elsevier.com/S0264-410X(19)30486-4/h0110
http://refhub.elsevier.com/S0264-410X(19)30486-4/h0110
http://refhub.elsevier.com/S0264-410X(19)30486-4/h0110
http://refhub.elsevier.com/S0264-410X(19)30486-4/h0110
https://doi.org/10.1186/s41479-016-0020-z
https://doi.org/10.1186/s41479-016-0020-z

	An in&blank;vitro functional assay to measure the biological activity of TB vaccine candidate H4-IC31
	1 Introduction
	2 Materials and methods
	2.1 Blood donors
	2.2 PBMC isolation
	2.3 Vaccine formulation
	2.4 Peptides
	2.5 Cytokine secretion assay (CSA)
	2.6 Cytokine quantification
	2.7 Analysis of relative stimulatory activity

	3 Results
	3.1 Donor screening and selection
	3.2 Selection of indicator cytokine and assay duration
	3.3 Dose range and RSA
	3.4 Stability indication

	4 Discussion
	ack17
	Acknowledgements
	Declarations
	Data statement
	Appendix A Supplementary material
	References


