
Vaccine 37 (2019) 3754–3760
Contents lists available at ScienceDirect

Vaccine

journal homepage: www.elsevier .com/locate /vaccine
Monocyte-activation test to reliably measure the pyrogenic content of a
vaccine: An in vitro pyrogen test to overcome in vivo limitations
https://doi.org/10.1016/j.vaccine.2018.10.082
0264-410X/� 2018 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: barbara.x.capecchi@gsk.com (B. Capecchi).

1 Present address: University of Calabria, Department of Economics, Statistics and
Finance, Ponte Pietro Bucci, Cubo 0/C, 87036 Arcavacata di Rende, Cosenza, Italy.
Sara Valentini a, Giovanna Santoro a, Federica Baffetta a, Sara Franceschi b,1, Marilena Paludi a,
Elisa Brandini a, Leonardo Gherardini a, Davide Serruto a, Barbara Capecchi a,⇑
aGSK srl, Via Fiorentina 1, 53100 Siena, Italy
bUniversity of Calabria, Ponte Pietro Bucci, 87036 Arcavacata di Rende, Cosenza, Italy

a r t i c l e i n f o
Article history:
Received 27 February 2018
Received in revised form 12 October 2018
Accepted 23 October 2018
Available online 14 November 2018

Keywords:
Bexsero
Outer Membrane Vesicles
Monocyte Activation Test
Pyrogenicity
a b s t r a c t

Pyrogen content is one of the critical quality attributes impacting the safety of a product, and there is an
increasing need for assays that can reliably measure this attribute in vaccines. The Limulus amebocyte
lysate (LAL) assay and the rabbit pyrogen test (RPT) are the canonical animal-based pyrogen tests cur-
rently used to release vaccines; however, there are several drawbacks associated with these tests when
applied to Bexsero, intrinsically pyrogenic product, containing a meningococcal Outer Membrane Vesicle
component. While the RPT, as applied to Bexsero at its given dilution, ensures safe vaccine, it is highly
variable and prone to false positive results. On the other hand, the LAL assay although quantitative,
can detect only endotoxin pyrogens and is not sufficient for monitoring the safety of Bexsero, which con-
tains both LPS and non-endotoxin pyrogens. Being aware of these limitations of the RPT and LAL when
applied to Bexsero, the Monocyte Activation Test (MAT) which is sensitive to both endotoxin and non-
endotoxin based pyrogens has been developed as an alternative pyrogen test. Here, the development
and the validation of a MAT assay adapted from the European pharmacopoeia for Bexsero, is described.
The MAT assay is then used for monitoring the safety and consistency of Bexsero vaccines at release, pro-
viding great advantages in terms of reduced variability with respect to RPT, reduction of animal use, in
line with the 3Rs principle concerning the protection of animals and faster time to market. In addition
the correlation of the MAT to the RPT has been demonstrated supporting the replacement of the
in vivo method and the potential application of the assay to other intrinsically pyrogenic vaccines.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Various in vivo methods, such as the Rabbit Pyrogen Test and
the diphtheria and tetanus potency tests, have played a central role
in controlling the safety and potency of vaccines, and those meth-
ods are described within monographs in the Pharmacopoeias [1,2].
However, the in vivo methods have inherent limitations, such as
high variability and complexity due to the use of animals, making
them not always fully suitable for appropriately monitoring consis-
tency of production or for accurately measuring critical quality
attributes [3].

As a consequence, in the recent years, several efforts have been
directed towards the development of in vitro methods to replace
the in vivo ones for quality control of vaccines [4–6].
The in vitro tests represent a superior alternative to in vivo
methods. In general, the in vitro methods exhibit a much lower
variability with higher sensitivity, allowing a better evaluation of
the critical quality attributes for the product of interest, with
reduction of time and costs for lot release testing. Additionally,
for ethical reasons, there is a global commitment to the reduction
of animal usage in accordance to the 3Rs principle (Refinement,
Reduction, Replacement) [3,7]. In Europe the implementation of
the Directive 2010/63/EU paved the way for the replacement of
in vivo test with reliable and validated in vitro test, wherever
possible.

Bexsero [8] has been developed to prevent invasive disease
caused by serogroup B Neisseria meningitidis; the vaccine is
approved for use in different age groups in many countries world-
wide. Bexsero is a multicomponent vaccine consisting of three
recombinant protein antigens (rP), i.e. the factor H binding protein
(fHbp) [9,10], the Neisserial adhesin A (NadA) [11] and the Neisse-
rial heparin-binding antigen (NHBA) [12], and the Outer Mem-
brane Vesicles (OMV) [13–15] from Gram-negative Neisseria
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meningitidis serogroup B; all components are adsorbed onto alu-
minum hydroxide [16]. The OMV are purified from the bacterial
membranes and are inherently pyrogenic, containing both endo-
toxin (meningococcal lipopolysaccharide) and non-endotoxin
(e.g. lipoproteins) fever-inducing components [17].

The in vivo Rabbit Pyrogen Test (RPT) [18–20], originally devel-
oped for controlling products that should not contain any amounts
of pyrogens, has undergone several adaptations from the proce-
dures described in the pharmacopoeia, for the application to a pro-
duct that is inherently pyrogenic, such as Bexsero [17]. Since
batches released with the adapted RPT have been demonstrated
to be safe both in clinical studies and commercial experience, the
test has provided an ongoing assurance of the safety of manufac-
tured materials.

While the RPT, as applied to Bexsero at its given dilution,
ensures safe vaccine, it is highly variable and prone to false positive
results. Given this intrinsic propensity to false positives, the RPT
failures may exclude safe vaccine batches from availability to tar-
get populations. On the other hand, the Limulus amebocyte lysate
(LAL) [21,22] is a very sensitive method originally designed for
detecting potential endotoxin contaminants in pyrogenic-free
products which required extensive modifications when applied
to Bexsero. In addition, the assay although quantitative, can detect
only endotoxin pyrogens and is not sufficient for monitoring the
overall safety of Bexsero.

Due to their original nature of control testing for non-intrinsic
pyrogenic products and the need of adaptation when applied to
Bexsero, both RPT and LAL methods have continuously shown chal-
lenges, paving the way for the Monocyte Activation Test (MAT) as
an alternative pyrogen test for Bexsero release. The MAT is a cell-
based in vitro test for assessing pyrogenicity [23], which has been
recently included into the European Pharmacopoeia [24] as com-
pendial method and mentioned by USP [25]. The MAT is a sensitive
quantitative test able to detect both endotoxin and non-endotoxin
pyrogens in a product, at very low concentrations, rather than sim-
ply screening for the presence or absence of pyrogenic contami-
nants like done by RPT [26]. The MAT combines the in vitro
performance of the LAL test with the wide range of pyrogens
detectable by the RPT and can potentially replace both methods
[27].

The MAT applied to Bexsero was developed in strict collabora-
tion with European Official Medicine Control Laboratories [28]
which were experiencing similar limitations when releasing Bex-
sero using RPT [17]. MAT was approved by European Medicines
Agency in March 2017 and rolled out to other Jurisdictions
accordingly.

This study describes the development and validation of a MAT,
adapted on the basis of the Bexsero specific properties, as in vitro
method in alternative to RPT for assessing consistency at release
with Bexsero batches proven to be safe in humans, providing great
advantages in terms of reduction of animal use, faster time to mar-
ket and reduced variability with respect to RPT.
2. Materials and methods

2.1. Materials

Consumables, reagents and test samples for validation were
described in Supplementary Materials and Methods.
2.2. Methods

All the methods were performed as described in Supplementary
Materials and Methods.
3. Results

3.1. Choice of IL-6 as the most suitable read-out for MAT applied to
Bexsero

The main fever-inducing cytokines used as read-out for pyrogen
detection in MAT are interleukin-1b (IL-1b), interleukin-6 (IL-6),
and tumor necrosis factor alpha (TNFa). The preferred MAT read-
out is usually IL-6 because IL-6, unlike IL-1b and TNFa, is secreted
entirely into the PBMC supernatant in large quantities, thereby
permitting its complete estimation [30].

In order to confirm the superiority of IL-6 also as readout for the
MAT applied to Bexsero, a multiplex cytokine analysis was per-
formed on PBMC supernatants after stimulation with Bexsero lots.
The simultaneous measurement of IL-1b, IL-6 and TNFa showed
the ability of the Bexsero vaccine to induce titration-dependent
production of proinflammatory cytokines in human monocytoid
cells. Among these, the IL-6 resulted to be the most abundant cyto-
kine released by PBMCs of all the four tested donors, following
stimulation with the Bexsero vaccine (almost 3-fold difference,
Supplementary Fig. 1). IL-6 was therefore confirmed as the most
suitable readout for MAT applied to Bexsero.
3.2. OMV component stimulates PBMC to produce IL-6, in a
concentration-dependent manner

The Bexsero vaccine has intrinsic endotoxin and non-endotoxin
pyrogenic components which are present in the OMV and are able
to induce IL-6 production in PBMC [17]. In order to confirm the role
of OMV component in the stimulation of PBMC, the MAT assay was
performed on a trivalent formulation containing only the three
recombinant protein antigens (i.e. without OMV), adsorbed to alu-
minum hydroxide, and the trivalent formulation spiked with
increasing concentrations of OMV up to the full dose present in
the Bexsero vaccine (Fig. 1, Supplementary Fig. 2).

Data demonstrated that the three recombinant protein antigens
in the absence of the OMV did not induce IL-6 production, while
PBMCs exhibited a dose-dependent response to the OMV with IL-6
levels directly proportional to the OMV content in the tested sample.
3.3. MAT applied to Bexsero is designed as a ‘‘reference lot comparison
test” using a Bexsero lot as reference

Method A (Quantitative test) [24], which involves a comparison
of the tested sample with a standard endotoxin dose-response
curve, and Method C (Reference lot comparison test) [24], which
involves a comparison of the tested sample with a reference lot
of the same preparation, were compared to each other for their
suitability applied to MAT for Bexsero vaccine.

Graphical evaluation of the results showed that the Endotoxin
and Bexsero curves did not exhibit the same behaviour, with an
evident lack of parallelism, making questionable the use of Method
A for the MAT applied to Bexsero (Fig. 2A).

When a 4-Parameter Logistic Model (4-PL) was fit to the log
transformed data, gaining a whole evaluation of the dose-
response relationships, the statistical analysis confirmed the
observed behaviours. When a Bexsero vaccine curve was compared
to the Endotoxin standard, the majority of the assays (93.3%) were
invalid based on a lack of parallelism (non-parallelism p-
value < 0.05). In addition it was observed that the linear part of
the dose-response curve of the Endotoxin standard was more con-
stant among donors with respect to the dose-response curve of a
Bexsero batch. As consequence the calibration of the Bexsero sam-
ple versus the Endotoxin standard led to a greater variability of the
response among different donors. The distance between the linear



Fig. 1. OMV component of Bexsero stimulates PBMC to produce IL-6, in a
concentration-dependent manner. Cryo-preserved PBMCs from three individual
donors were stimulated with different MenB formulations containing increasing
concentration of the OMV component. Mean ± SD (Standard Deviation) of OD
expressing IL-6 levels secreted by quadruplicate cell cultures of one representative
donor upon stimulation with serial dilutions of: trivalent MenB formulation
containing the three MenB recombinant antigens NHBA-953, 936-fHbp and NadA
( ); the trivalent formulation plus 12.5 lg/ml of OMV (d); the trivalent formula-
tion plus 25 lg/ml of OMV (▲); the trivalent formulation plus 50 lg/ml of OMV (j).
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part of the different curves (Bexsero vs Bexsero and Bexsero vs
Endotoxin) were calculated and expressed as Relative Response
(RR). When a Bexsero test batch was calibrated against a second
Fig. 2. Comparative analysis of method A and C for their suitability in MAT applied to Be
(control standard endotoxin) from E. coli strain O55:B5 (calibrated against the 3rd WHO I
batches, one used as reference (selected as representative of the Bexsero production) an
levels secreted by quadruplicate cell cultures of two representative donors upon stimulat
Test batch (▲); Bexsero Reference batch (j). (B) Graphical representation of the Ln(RR) (
calculated against the Endotoxin (Method A) and a second Bexsero batch (Method C) as
(Standard Deviation) of Ln(RR) values. % Coefficient of Variation (%CV) is indicated.
Bexsero batch, variability of results among donors showed a
Coefficient of Variation (CV) of 9%; on the contrary, the CV
increased to 47% when a Bexsero batch was calibrated against
the endotoxin standard (Fig. 2B).

In conclusion, the Method C was identified as the only
method applicable to Bexsero due to a lack of parallelism with
the Endotoxin standard curve.
3.4. The mathematical model for the MAT applied to Bexsero is a
parallel line assay shifted

A mathematical model for the Reference lot comparison test
format can be linear (Parallel Line Assay, PLA) or non-linear
(4-PL). A comparison between the models was performed on data
obtained from an experimental study designed to achieve an over-
view on the major sources of variability for the MAT assay (e.g.
operators, donors, analytical sessions and plates). The selection
was then driven by an evaluation of the assay precision, the
variability among assays and the number of invalid assays.

An improved version of the PLA (referred to as PLA shifted,
PLAS) resulted to be the most promising one allowing a RR estima-
tion with a precision and %CV comparable to the ones obtained
with the 4-PL model but with a lower percentage of invalid assays
(Table 1).
xsero vaccine. (A) Cryo-preserved PBMCs from 15 donors were stimulated with CSE
nternational Standard (IS) for endotoxin (NIBSC code 10/178)) [29] and two Bexsero
d the other as test lot. Mean ± SD (Standard Deviation) of OD values expressing IL-6
ion with serial dilutions of: Endotoxin standard, starting from 2 EU/ml (r); Bexsero
Relative Response expressed as natural logarithms) values of the Bexsero Test batch,
reference, testing 15 different donors. Rectangular boxes indicate the average ± SD



Table 1
Statistical output of the mathematical model comparison for the MAT applied to
Bexsero. The comparison among 4-PL, PLA and PLAS model was performed by the
evaluation of the assays precision (measured with the percentiles of the % width of
95% Confidence Interval (CI)), the variability among assays (measured with Interme-
diate Precision (IP) %CV) and the number of invalid assays. The statistical output of
the model comparison showed that the PLAS model allowed a RR estimation with a
precision and %CV comparable to the ones obtained with the 4-PL model but with a
lower percentage of invalid assays. The low rate of invalid assays was probably due to
the independent selection of dilution ranges for reference and test batch.

Precision IP CV% Invalid assays

4-PL model 19–20% 6% 17–44%
PLA model 22–39% 7% 11–39%
PLAS model 22–27% 7% 11%
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The PLAS model consisted in a PLA performed by considering 3
consecutive dilution points in the linear range of the vaccine
response that can be shifted between the Reference and Test vac-
cine. A schematic view of the selected mathematical model for
MAT is shown in Supplementary Fig. 3.

Finally, to define the most appropriate number of donors to be
tested for an assay the Geometric Mean of RR (GM(RR)) %CV vary-
ing number of sessions and number of donors per session was
computed. Results, shown in Table 2, indicated that there was a
decrease in variability (as GM(RR) %CV) by executing the assay
with multiple donors, within the same session, or among multiple
sessions. However, it should be noticed that multiple sessions did
not markedly improve the assay precision; therefore, balancing
this finding with operational aspects, the final assay was designed
considering four donors tested in a single analytical session and a
reportable result based on the GM of the 4 RR values.

3.5. MAT applied to Bexsero is a precise and accurate analytical
method for its intended purpose

MAT assay applied to Bexsero underwent a product specific val-
idation for a quantitative test, using three Bexsero batches in two
different laboratories. Lack of interference with the detection sys-
tem was confirmed by measuring the mean % activity of human
IL-6 in the presence of a wide range of Bexsero dilutions (from
1/50 to 1/6400). Results ranged from 84% to 94% (Supplementary
Table 1), confirming that the 1/50 dilution can be considered as
Table 2
Identification of the most appropriate number
session. The most appropriate number of donors
applying the format variability formula suggeste
Results were expressed as GM(RR) %CV values v
donors per session used for one test. Highlig
Donor/Analytical session requiring 4 donors
considering four donors tested in a single analy
the minimum Bexsero dilution at which the sample does not inter-
fere with MAT detection system. A summary of the parameters
investigated during MAT validation and the obtained results is
reported in Supplementary Table 2. Briefly, results confirmed that
the MAT was precise with an overall geometric CV% < 15% and
accurate in the explored range of response levels from 0.50 to 2.00.
3.6. MAT correlates with RPT and LAL

The potential correlation between MAT and RPT or LAL was
evaluated. Towards this goal, 87 Bexsero batches were tested with
MAT, RPT and LAL and results were collected for the comparison
analysis.

In order to perform a correlation analysis with RPT results, since
pass/fail was not informative, the average values of the tempera-
ture rises observed for each lot were used.

Correlation analyses with MAT results versus RPT results and
LAL results were performed. A significant positive correlation
(R = 0.41, p-value < 0.0001) was observed between MAT and RPT
results, confirming that the MAT was correctly measuring the
pyrogenic content present in the Bexsero and supporting its imple-
mentation instead of RPT (Fig. 3A). A significant positive correla-
tion (R = 0.22, p-values = 0.04) was also obtained between MAT
and LAL results when an anomalous single observation (repre-
sented as empty circle in Fig. 3B) was excluded from the analysis.
3.7. MAT assay is applicable to different vaccines having intrinsic
pyrogenic compounds

In order to evaluate the applicability of the MAT assay to other
vaccines known to contain components derived from N. Meningi-
tidis serogroup B, the assay has been applied to Trumenba (Pfizer’s
vaccine) [31,32] and Comvax (Merck’s vaccine) [33] in parallel
with Bexsero.

Result showed that the IL-6 production upon stimulation with
Trumenba was at least 100-fold higher than the corresponding
cytokine production induced by Bexsero, as demonstrated by eval-
uating the distance between the corresponding response curves
(Fig. 4). Conversely, PBMC response to Comvax was closest to the
response induced by Bexsero, as demonstrated by the almost
of donors to be tested for a single MAT
to be tested for an assay was evaluated by
d in USP <1033> (Validation of Bioassays).
arying number of sessions and number of
hted boxes indicated the combination of
. The final assay format was designed
tical session.



Fig. 3. Parallel comparison of MAT, RPT and LAL for Bexsero batches. A correlation
analysis was performed on the results of 87 Bexsero batches tested with both MAT,
RPT and LAL test. MAT results were expressed as the GM of four RR values obtained
for each lot (Ln(GM(RR))). LAL test results were provided as International Unit (IU)
values/ml, expressing the endotoxin content of each Bexsero batch tested (Ln
(Endotoxin)). For MAT and LAL results are transformed in log-natural scale. In the
case of RPT the average values of the temperature rises (Average(T�)) observed for
each lot were used. Scatter plots between (A) MAT Ln(GM(RR)) and RPT Average(T�)
and between (B) MAT Ln(GM(RR)) and LAL Ln(Endotoxin) were shown. A bivariate
normal ellipse (p = 0.990) was represented in dark grey. In the scatter plot between
MAT values and LAL values an anomalous single observation excluded from the
correlation analysis was represented as empty circle.

Fig. 4. MAT assay applied to different vaccines having intrinsic pyrogenic
compounds. Cryo-preserved PBMC of 6 different donors were stimulated with
three different vaccines containing components derived from N. meningitidis
serogroup B. Since the assay format for the MAT applied to Bexsero was designed
as a relative comparison based on the measurement of the distance (expressed as
RR value) between the linear part of the test and reference curves of the same
vaccine, the RR estimation was not suitable to compare Bexsero with other
vaccines. For this reason, the comparative analysis was made by considering the IL-
6 production (expressed as OD values) upon PBMC stimulation with the vaccines
and by graphically evaluating the corresponding linear part of the response curves.
Mean ± SD (Standard Deviation) of OD expressing IL-6 levels secreted by quadru-
plicate cell cultures of one representative donor upon stimulation with serial
dilutions of: Bexsero vaccine (d); Trumenba (j) (Pfizer’s MenB vaccine) composed
of two recombinant lipidated factor H binding protein (fHBP) variants from
Neisseria meningitidis serogroup B. The recombinant proteins were adsorbed to
aluminum phosphate; Comvax (▲) (Merck’s Hib-HB vaccine) composed of an
Haemophilus influenzae type b capsular polysaccharide covalently bound to an
outer membrane protein complex (OMPC) of Neisseria meningitidis serogroup B, and
Hepatitis B surface antigen (HBsAg) from recombinant yeast cultures. Comvax was
adjuvanted with amorphous aluminum hydroxyphosphate sulphate. Accordingly,
the multi-vaccine comparative analysis was performed adjusting the starting
dilution of each vaccine to get the full titration of response curve for all the tested
samples. Results were represented by plotting the OD values against the vaccine
dilutions (expressed in Logn scale).
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perfect overlapping of the corresponding response curves. Lack of
IL-6 production in the presence of all the Placebo buffers alone
demonstrated the absence of any matrix effect (data not shown).

4. Discussion

RPT and LAL, originally developed for products usually free from
pyrogenic contamination, present challenges and limitation when
applied to a complex product with intrinsic pyrogenicity, such as
Bexsero vaccine. Instead, the MAT has been demonstrated to be a
valuable and fit-for-purpose alternative method allowing a more
consistent, reproducible, robust, and quantitative approach to pyro-
gen testing.

So far, the MAT assay has been primarily used to detect contam-
inants in products which are not intrinsically pyrogenic [34,35];
therefore, the application to Bexsero vaccine has required a
product-specific development and validation. The specificity of
MAT for the detection of the known pyrogenic component present
in the Bexsero vaccine (OMV) was confirmed since there was no
response to the three recombinant protein antigens without OMV.

The MAT format for Bexsero followed the European Pharma-
copoeia guidelines since it used cryopreserved human PBMCs as
cell source and the released pro-inflammatory cytokine IL-6 as
readout. The choice of IL-6 was based on experimental evidences:
the concentrations of IL-6 detected in PBMC supernatant following
administration of the Bexsero vaccine were higher than the con-
centrations of the other classical fever-inducing cytokines (IL-1b
and TNFa). This finding was in agreement with the observation
that IL-6, unlike IL-1b and TNFa, was secreted entirely into the cell
supernatant in large quantities, thereby permitting its complete
estimation [30,35,36]. Moreover, the IL-6 was the analyte in blood
that better correlated with fever in humans [37].

The reference lot comparison test (Method C) using a Bexsero
batch as internal Reference was determined to be the most suitable
for Bexsero, since a lack of parallelism between endotoxin and vac-
cine response curves was observed making the use of Standard
Endotoxin as reference, inapplicable. The lack of parallelism is
ascribed to the presence of OMV in the Bexsero vaccine, a much
more complex and heterogeneous pro-inflammatory matrix as
compared to the single component solution of E. coli endotoxin.
OMVs contain not only LPS from Neisseria (which in itself is struc-
turally different from E. coli LPS) but also many others non-
endotoxin IL-6 inducing factors (e.g. lipoproteins, periplasmic com-
ponents) [38]. More dynamic interactions and synergistic rather
than simply additive effects between the OMV endotoxin and
non-endotoxin pyrogen components are therefore expected, with
consequent lack of parallelism with the E. coli endotoxin standard.
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Moreover, Method C is recommended when the pyrogenic con-
tent of a product was inherently high or to address a high donor
variability [24]. In this respect, it should be noted that, while the
response against endotoxin was generally constant among differ-
ent donors, the response to non-endotoxin compounds could differ
significantly [39–41]. Indeed, we observed a significant reduction
in the variability of results among donors by using a Bexsero lot
as reference respect to Endotoxin standard.

The reportable result of the MAT applied to Bexsero is a GM of 4
individual results (RR) from four different donors. The choice of the
GM(RR) as reportable result is preferred in order to have a single
numeric/quantitative result for each test batch.

Although the calculation of the GM is not mentioned in the
Pharmacopoeia (that however allows pooling donors), its use ulti-
mately allows assessing consistency at release with Bexsero
batches proven to be safe in humans, without the application of
a pass/fail criterion, considered not properly suitable and too strin-
gent for a product with intrinsic endotoxin and non-endotoxin
pyrogens.

Assay validation confirmed an acceptable precision for a biolog-
ical assay, with an overall GCV% below 15%. Reproducibility of the
results was also demonstrated across laboratories in a collabora-
tive study [42].

A full correlation between in vivo and in vitro tests may not always
be possible. In fact, many of the in vivo assays for vaccines have his-
torically proven their value in ensuring the efficacy and safety of vac-
cines, without the requirement of formal product specific validations
(such as for RPT), making a formal one-to-one comparison challeng-
ing or even impossible. Another aspect is that the quality attributes
could be assessed differently between two methods.

The dilution needed to perform the RPT on Bexsero, in combina-
tion with the variability of the temperature responses, make the
RPT prone to false positive results [17]. For this reason, a direct
evaluation of lack of differences in the ability of the two methods
to detect pyrogenic samples has been considered not suitable. Nev-
ertheless, a statistically significant correlation of MAT values with
rabbit temperature increase was shown, supporting the replace-
ment of the RPT with MAT. Regarding the correlation with LAL,
the significance was lower with respect to the one observed with
RPT and obtained only by removing an outlier value. This was in
general expected due to the fact that the two methods did not
measure exactly the same attributes. Moreover, previous works
have already reported that the MAT response to endotoxins did
not always correlate with LAL assay results [43–45].

MAT can be applied to many other vaccines to quantify the
amount of pyrogenic compounds, in case of intrinsically pyrogenic
vaccines. In this study the IL-6 production of PBMC stimulated with
Bexsero and other two vaccines containing meningococcal-derived
components (Trumenba and Comvax) was compared. In particular,
Trumenba showed a much greater fold induction in IL-6 release than
Bexsero and Comvax, which conversely exhibited the same reacto-
genicity profile. The higher activation of IL-6 by the Trumenba could
be due to the presence of lipoproteins [46], which are known to be
able to activate the Toll-like receptor 2 [47]. Interestingly, this vac-
cine was indicated only for a target population aged 10 through
25 years while both Bexsero and Comvax were given to infants.

In conclusion, we have demonstrated the development and val-
idation of a MAT, adapted on the basis of the Bexsero specific prop-
erties, as in vitro method in alternative to RPT. The assay is suitable
for assessing consistency at release with Bexsero batches proven to
be safe in humans. Its application allows a markedly simplification
of the release testing panel together with a drastic reduction of ani-
mal use.

The successful outcome of the product-specific validation of
MAT applied to a complex, adjuvanted and pyrogenic vaccine like
Bexsero together with the ever-increasing interest of international
regulations to such assay to reduce and replace animal testing [48]
led to MAT submission and approval by different jurisdictions
around the world.
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