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Outer membrane vesicles: moving within the intricate labyrinth of assays that can

predict risks of reactogenicity in humans

Omar Rossi(®), Francesco Citiulo, and Francesca Mancini

GSK Vaccines Institute for Global Health S.r.| (GVGH), Siena, Italy

ABSTRACT

Outer membrane vesicles (OMV) are exosomes naturally released from the surface of Gram-negative
bacteria. Since the '80s, OMVs have been proposed as powerful vaccine platforms due to their intrinsic
self-adjuvanticity and ability to present multiple antigens in natural conformation. However, the presence
of several pathogen-associated molecular patterns (PAMPs), especially lipid A, has raised concerns about
potential systemic reactogenicity in humans. Recently, chemical and genetic approaches allowed to
efficiently modulate the balance between reactogenicity and immunogenicity for the use of OMV in
humans. Several assays (monocyte activation test, rabbit pyrogenicity test, limulus amebocyte lysate,
human transfectant cells, and toxicology studies) were developed to test, with highly predictive potential,
the risk of reactogenicity in humans before moving to clinical use. In this review, we provide a historical
perspective on how different assays were and can be used to successfully evaluate systemic reactogenicity

during clinical development and after licensure.

OMVs as vaccine platforms

Outer membrane vesicles (OMVs) are small (25-250 nm) exo-
somes released during growth by Gram-negative bacteria.'
They resemble the composition of the outer membrane, dis-
playing a wide range of surface bacterial antigens (i.e. LPS,
membrane proteins) in native conformation and orientation,
providing them natural immunogenicity, self-adjuvanticity,
and possibility to be taken up by immune cells.” For these
reasons, since their discoveries in the *60s,> OMVs have been
investigated preclinically as potential vaccines against several
diseases,” demonstrating their strong immunogenicity,” ability
to induce antibodies with bactericidal activity,” and to protect
in bacterial challenge animal models;® meningococcal group
B OMV-based vaccines have been extensively and successfully
tested in humans for many years.””* Indeed, as OMV's combine
both adjuvant and carrier activity, they are able to increase the
immunogenic properties of protein and carbohydrate antigens
and have been proven superior to traditional glycoconjugate
vaccines in animal models.'’ This is likely due to the size of
OMVs that allows rapid phagocytosis by professional antigen-
presenting cells and to the presence of several pathogen-
associated molecular patterns (PAMPs) that stimulate both
innate and adaptive immunity.'"'?

A limitation for the use of OMVs as vaccines is their low
yield; OMVs are released spontaneously by bacteria, but in
relatively low quantities; additional limitations are in the fact
that key protective antigens on their surface can be present in
low amounts and OMVss contain endotoxins. Increased yield
and reduced levels of endotoxins can be achieved by the deox-
ycholate extraction, followed by differential centrifugation
from the homogenized bacterial bulk; OMVs prepared using
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this method are usually referred to as detergent-extracted
OMVs (dOMVs). In the last 20 years, genetic manipulation
of OMV-producing bacteria has improved the usefulness of
OMVs as vaccine platforms. Bacterial strains can be engineered
not only to modulate LPS endotoxicity but also to increase the
blebbing,*'*"'* overexpress key target antigens,'® and simulta-
neously express multiple variants or heterologous antigens
(either proteins or polysaccharides).'”'® This enabled to pro-
duce and test, to date mainly at preclinical level, several engi-
neered OMVs carrying either bacterial,” viral,”® parasitic,”’
and even cancer’” antigens. Finally, the development of ad
hoc industrial production, purification, and characterization
processes has allowed to obtain well-defined and stable vaccine
products in high yield and at low costs. GSK has developed
a process for the production of OMV particles called general-
ized modules for membrane antigens (GMMA). GMMA is an
acronym that evokes the process of budding (bud in Italian
translates as “gemma”), as well as to differentiate from OMV
extracted with detergents.”> GMMA vesicles can be produced
at high yield and purity for low costs by a three-step process:
fermentation of the GMMA-producing strain, followed by two
consecutive tangential flow filtration steps.* This process has
been successfully applied to the production of GMMA from
Shigella,13 Salmonella,** and Neisseria'® species, and can poten-
tially be used for any Gram-negative bacterial species with
minimal adjustments. Another industrial approach, consisting
of bacterial growth under sulfate deprivation, was developed by
IntraVacc,”>*® with many other methods continuously discov-
ered and developed industrially, demonstrating the huge ver-
satility of OMVs and feasibility of manufacturing at industrial
scale. The ease and efficiency of production methods enabled to
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move promising OMVs-based vaccines to GMP production
and clinical testing with appropriate in-process control and
analytical tests."”

Potential reactogenicity due to endotoxin and other PAMPs
remains one of the main concerns for the safe use of OMVs as
vaccines. The ability to predict the risk of systemic reactogeni-
city in humans at the preclinical stage is often cause of debate
for new vaccine candidates. In this review, we focus on the
different assays used as predictor of systemic reactogenicity of
OMVs and on the correlation between preclinical testing and
clinical tolerability. We will mainly focus on those OMV-based
vaccines that have already been moved to clinical trials.

OMVs naturally contains PAMPs

The high immunogenicity of OMV's can be partially ascribed to
their strong self-adjuvanticity. OMVs contain high levels of
PAMPs, molecules present only in bacteria and sensed by
pattern recognition receptors (PRRs), expressed instead on
a wide range of mammalian cells. The interaction of PAMPs
with PRRs rapidly induces host immune responses via the
activation of complex signaling pathways that lead to inflam-
matory responses mediated by various cytokines and chemo-
kines. There are several classes of PRRs, such as Toll-like
receptors (TLRs), RIG-I-like receptors, NOD-like receptors,
and cytosolic DNA receptors. TLRs represent the most impor-
tant class of PRRs in the recognition of OMV components.
Each TLR recognizes only specific PAMPs. In humans, 10 TLR
family members have been identified, and 13 in mice (TLR1 to
9 are conserved in both species).”” Those of particular impor-
tance considering the composition of OMVs are TLR4 (sensing
LPS), TLR2 (that, with TLR1 and TLR6, senses lipoproteins,
lipoteichoic acids, and peptidoglycan), as well as TLR5 (recog-
nizing flagella), and TLR3, TLR7, TLR8, and TLR9 (activated
by nucleic acids).”® The content and type of PAMPs differ
between OMVs from different pathogens and this might lead
to different reactogenicity profiles.

Limited activation of the innate immune system can aid
a useful immune response to the vaccine, but a strong activa-
tion could lead to adverse effects ranging from febrile response
to septic shock.”® Thus, a balance between immune stimulation
and reactogenicity is desired in a vaccine.

Lipid A in OMVs and TLR4 engagement in different
animal models

LPS can be an effective adjuvant,” but it is also highly reacto-
genic and one of the most abundant components present in
OMVs. Thus, depending on the dose, LPS endotoxicity of
OMVs must be reduced before moving into clinical testing.
Lipid A is the endotoxic part of the LPS and the portion
directly interacting with TLR4. Lipid A “core structure” (called
lipid IV A) is composed of a disaccharide of glucosamine
acylated at 2, 3, 2', and 3’ position with R-3-hydroxymyristate
and is conserved in most of Gram-negative bacteria. Several
lipid A structures are described in different bacteria due to the
action of various enzymes on lipid IV A*'**° and each structure
shows a different level of endotoxic activity, with the most
reactogenic form of lipid A being a hexa-acylated glucosamine

disaccharide phosphorylated at the 1 and 4’ position with 12 to
14 carbon acyl chains and an asymmetric (4/2)
distribution.’'

Pathogenic bacteria use natural modifications of their lipid
A structure as a strategy to evade host recognition;**”” i.e. the
temperature increase from 25°C in the environment to 37°C in
the host induces Yersinia pestis to produce a tetra-acylated lipid
A that is poorly recognized by TLR4.”® Similarly, Francisella
tularensis, containing mainly monophosphoryl tetra-acylated
lipid A composed of three steroyls and a palmitoyl group, is
neither agonist nor antagonist for human and mouse TLR4,
hence providing the bacteria with the ability to evade mamma-
lian immune defense mechanisms and to survive in the
infected host.”” Thus, the decrease of acylation level or changes
of position and acylation type of lipid A through genetic
modification can represent an attractive way for reducing the
TLR4-mediated endotoxicity of OMVs.

Since most of the genes involved in the lipid A biosynthesis
are essential to the integrity of the bacterial membrane and the
viability of the bacterium, successful approaches to modify
lipid A acylation focused on the inactivation of genes encoding
late acyltransferases, resulting predominantly in penta-acylated
LPS. Other modifications of lipid A that have been tested
preclinically consisted in dephosphorylation, overexpression
of deacylase LpxR (that causes cleavage of two fatty acid
chains) or of PagL (acting as 3-O-deacylases).*>*!

Reduction of endotoxic activity of LPS has been essential for
the application of meningococcal OMV vaccines in humans
and has been achieved by changing the relative quantity (by
chemical treatment) or the type (by genetic manipulation of
OMV -producing strain) of LPS. The approach using chemical
(detergent) extraction, resulting in huge decrease (>90%) of
LPS quantity (still remaining in hexa-acylated form®) in
dOMV, has the largest track record of clinical testing in
humans, with 4CMenB- (Bexsero, GSK vaccine composed by
dOMYV and three recombinant proteins formulated on alum)
being widely used as an effective meningococcal vaccine
worldwide.”** Using the genetic manipulation approach,
OMVs from meningococcal strains with modified LPS (where
IpxL1 or IpxL2 genes were deleted, both resulting in penta-
acylated lipid A) have been developed and demonstrated to
possess attenuated endotoxic activity in humans.>** Similarly,
deletion of htrB in Shigella sonnei resulted in GMMA carrying
penta-acylated lipid A with a highly attenuated background;**
deletion of msbB in Vibrio cholerae and ETEC leads to OMV's
that exhibit 50% less endotoxicity than the wild type.*> The
genetic approach allows the use of native OMVs/GMMA with-
out any need for LPS removal by detergent extraction, making
them much easier to produce and more versatile as a vaccine
platform.

A crucial aspect to consider is that the prediction of the
effect of LPS modifications a priori is complex. In fact, similar
lipid A structures could induce very different levels of TLR4
activation, and the behavior might be different when lipid A is
in purified form or when in the bacterial membrane.*®
Moreover, recognition of lipid A by the TLR4/MD-2 complex
is species-specific, with mice being less sensitive to LPS than
humans, and little being known about recognition of lipid A by
rabbit TLR4.*” For instance, lipid IV A (tetra-acylated) is



considered an antagonist of human TLR4, but an agonist of
murine TLR4. This species-specificity of TLR4/MD-2 poses
a problem in terms of translatability of results obtained in
murine or rabbit models when testing altered LPS structures
that are meant for use in humans.*® Furthermore, within the
same species, TLR4 is subject to polymorphism, resulting in
different susceptibilities of subjects to endotoxins.* Finally, in
response to LPS stimulation, neonatal human whole blood
produced significantly less TNF-a and IL-1p than adult whole
blood and, consistently, neonatal monocytes displayed down-
regulated surface expression of CD14 and TLR4, and sup-
pressed phosphorylation of NF-kB p65 and p38 MAPK in
response to the TLR4 agonist compared with adult
monocytes.”’ This will pose further difficulties in predicting
risks of reactogenicity in different target populations.

Assays performed in vitro or in animal models to
predict risks of reactogenicity in humans

A vaccine can move to clinical testing only if there is reasonable
evidence that the risk and severity of adverse events will be
acceptable. The prediction of this risk is crucial, especially
when testing novel types of vaccines. While the toxic effects
associated with contaminants or impurities in the preparation
or in the formulation can be controlled, the adverse effects of
a vaccine that might occur due to inherent endotoxicity of the
product (like the presence of lipid A in the OMVs) need to be
adequately measured. Despite the potential of the OMVs as
vaccines and the abundance of preclinical data, few are the
approaches to test reactogenicity in humans. Several tests can
be considered for this purpose, with some being suggested by
regulatory agencies as part of the package necessary to start
clinical testing. These include the rabbit pyrogenicity test
(RPT), the monocyte activation test (MAT), the limulus amoe-
bocyte lysate (LAL) test, the use of specific reporter cell lines,
and classical toxicology studies. Moving through this labyrinth
of assays to produce data that could best predict the risks of
clinical reactogenicity is often difficult, although crucial. Each
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of the available assays has advantages and drawbacks
(described below and in Figure 1) and many tests have been
differently used and often adapted ad hoc to be more suitable to
testing OMV.

LAL test

The LAL test is based on the clotting reaction of the hemo-
lymph of the horseshoe crab in the presence of endotoxin. It is
extremely fast and sensible to quantify endotoxins. However, it
does not detect non-endotoxin pyrogens.’’ Thus, LAL cannot
replace other methods to detect pyrogens other than LPS alone.
Furthermore, since LAL test is intended to quantify endotoxin
in vaccines where levels of endotoxin contamination should
usually be very low or absent, it is less suitable for application
to bacterial vaccines such as OMVs that contain a considerable
amount of LPS and other PAMPs. The assay can be applied
directly just if testing OMV formulations extremely diluted
(million times) to fit in the quantification range of classical
LAL assays, with the risk of testing samples not being repre-
sentative of the initial formulation. Furthermore, LAL assay
was demonstrated to be unable to distinguish between the
endotoxicity of OMVs containing wild-type and modified
LPS, while the RPT and the MAT could.>* This is not surpris-
ing, considering that the LAL assay is based on LPS recognition
by a completely different receptor system (crab) than the
mammalian TLR4/MD-2.

For the above reasons, despite being accepted by
Pharmacopoeia™ to determine the safety of compounds, LAL
has never been used alone as predictor of OMV risk of indu-
cing reactogenicity, and neither to evaluate lot-to-lot
consistency.

Toxicology studies and mouse/rat models

The aim of a preclinical toxicology study is to determine
whether the vaccine is likely to be safe for testing in clinical
trials. Absorption, distribution, metabolism, and excretion

2 3 : 4 Animal use
Highly sensible en Xin ion, easy and fast .
LAL SHEES d‘::’o erf(ci:tmecto | EEsalEs Endotoxin only detected
L TLR species specificity
Possib':(i:cetpt:)t ?c:slt)\;urﬁghl:.ll?nt:rr\y dac:jsteh?g:::zlation GOLIEITED
RPT/mRPT Ly . ey High biological variability
and route of immunisation il e A
No benchmark needed 2 D
7 Toxicology = . Full human dose Animal use
Histological assessment with mutiple parameters : gl .
studies Different specificity and small animal model
evaluated
Accepted by regulatory authorities in vitro assay
No animal use Need of diluting to certain ranges to test
Use of human cells Benchmark needed
No direct translability on cell/human model
Trasfectant No animal use Assessment of only specific molecules presentin
cell lines Specific responce OMV at time

Figure 1. Pro and cons of the assay used as predictor for risk of systemic reactogenicity for OMV-based vaccines.
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(ADME) test, as well as pharmacokinetic/toxicokinetic studies,
are also important to obtain a comprehensive safety evaluation
of new vaccines. Although animal toxicity studies are not ideal,
as there may be species-specific responses to vaccine compo-
nents and the development and validation of in vitro tests is
increasingly more encouraged, a repeated-dose toxicity study is
still required prior to progress to clinical studies for vaccines.

In toxicology studies, the full human dose is generally tested
in animals (usually mice/rats and rabbits) that should be likely
to develop a vaccine response similar to that expected in
humans, using the same immunization route, and n + 1 injec-
tions compared to what envisaged in clinics, going to evaluate
several local and systemic parameters over the course of time."'
Pretreatment values should be measured where possible.
Rabbits are the animals of choice for toxicology studies since
a full human dose (0.5-1.0 mL) can be administered to them,
their weight is comparable to that of a child, and they show
arise in body temperature in response to (wild-type) endotoxin
comparable to that of humans.”*

1790GAHB (GMMA from a S. sonnei AhtrB strain formu-
lated on aluminum hydroxide) were well tolerated in rabbit
toxicology studies (when either intranasal, intradermal, or
intramuscular doses of 80, 10, or 100 g, respectively, of vac-
cine were administered), with very slight-to-moderate local
reactions (induration, erythema, and edema) and minimal
inflammatory signs observed upon administration. The obser-
vations were consistent with pharmacological response to
a vaccine, and all changes were resolved by the end of the two-
weeks recovery phase.'”> 1790GAHB in multiple phase I and II
studies resulted to be well tolerated up to 100 pg/dose in
adults.*»>

A meningococcal OMV vaccine expressing a single PorA
and a single FetA (MenPF-1) formulated with aluminum
hydroxide was tested in a toxicology study for local tolerance
and repeated doses in rabbits to support the clinical adminis-
tration of up to three intramuscular doses of vaccine, either in
25 or 50 pg protein dose levels.”® MenPF-1 showed no evidence
of systemic reactogenicity. The vaccine in phase I clinical trial
gave no serious adverse events, with mostly mild-to-moderate
transient local reactions at the site of injection; systemic symp-
toms such as fever were infrequent and no safety concerns were
reported.””

In repeated toxicology studies in rabbits conducted during
preclinical evaluation of Bexsero (with 25 pg dOMYV), local
reactogenicity of the vaccine formulations was of a low order
of magnitude, and changes were slightly exacerbated compared
to the aluminum hydroxide placebo formulation. Injection site
inflammation was partially to fully reversible within the 14
d recovery period and all was in line with results obtained in
humans.”®

Despite the correlations described earlier, failures during
the later clinical phases often raise the question whether the
preclinical safety toxicology studies are sufficiently predictive
for the human outcome.””™®' Shanks et al. have shown that
animal toxicity studies are predictive to a certain extent, and
the predictivity varies among endpoints, with some being bet-
ter predicted than others (i.e. cutaneous/local adverse events
being the best predicted).”” The instantaneous reactogenicity

and the post-vaccination fever response that could translate in
rejection of the vaccine (at least for use in children) are more
difficult to predict in classical toxicology studies.

As an example, the preclinical toxicology studies on
4CMenB correlated with the local reactions found in clinics
in different investigational studies;’ overall, the most com-
monly reported adverse effects after any vaccination were
injection site induration (42%), erythema (13%), and swelling
(9%), and similar results were found in humans. On the other
hand, the toxicology was not a good predictor of the most
common adverse event, that was fever. In fact, fever (=38.0°
C) was reported for 41% to 58% of subjects (across groups);
however, fever was transient, with the majority resolving
within 2 d, and overall fever rates were comparable to that of
the Priorix Tetra vaccine.”*

In case of the 1790GAHB (GMMA-based vaccine), precli-
nical toxicology' results correlated with the local reactions
observed in clinical trials. In humans, mild fever was the
only, although infrequent, adverse event observed after vaccine
administration, in line with what was predicted by the toxicol-
ogy studies.**

Very recently Sheerin et al” used a combination of
RNAseq, ELISA, and temperature recording for 24 hours
upon vaccination to demonstrate for the first time that
a mouse model can predict with high concordance the reacto-
genicity profile of OMV-based vaccines in humans. These
authors compared the temperature rise, cytokine profiles, and
cytokine gene expression induced in mice by 4CMenB
(dOMV-based vaccine), by OMVs both with wild-type or
attenuated endotoxin, or by LPS alone (all formulated in
alum) to what was observed in humans. A significant tempera-
ture rise upon vaccination was observed only in mice immu-
nized with 4CMenB, wild-type OMVs, and LPS, whereas the
temperature increase detected was much lower for OMV with
modified lipid A; the same was confirmed looking at the
profiles of IL-6 induced and at the transcriptomic profile.
Overall, the pyrogenic response is much lower with OMVs
with modified lipid A compared to both dOMV and OMV
with wild-type lipid A, suggesting that the type and not the
quantity of LPS per se makes a real difference in potentially
inducing reactogenicity in humans.

1.64

Rabbit pyrogenicity test

Historically, the RPT (Ph.Eur.2.6.8%°) was used to screen for
contamination in medicines for intravenous delivery, as the
model is really sensitive to low doses of pyrogens. Also, in the
field of vaccinology, RPT represents the most largely used assay
to assess pyrogen content. Furthermore, the response to LPS
seen in rabbits is historically believed to be more similar to that
seen in humans than the ones that can be detected using
experimental mice®* However, a clear correlation between
responses in rabbits and humans has never been established,
and RPT has been validated just for wild-type lipid A.

In accordance with the Pharmacopoeias,®” the classical RPT
involves the intravenous infusion of the test drug into rabbits
and measurement of possible rises in body temperature. The
product passes the pyrogen test if the temperature increase is



within a defined range over the course of a specified timeframe.
The inherent variability of the in vivo system makes RPT
difficult to apply with consistency unless large numbers of
animals were used. Furthermore, Pharmacopoeias are unclear
about the strain of rabbits and conditions to be used, whereas
the sensitivity of rabbits to pyrogens differs depending on the
strain, the sex, environmental conditions, and even time of
the day and of the year in which the test is carried out.*®~®®
Finally, the route of administration of vaccines to rabbits in the
classical RPT (intravenous) and to humans (intramuscular,
subcutaneous, intradermal, oral, or nasal) is different and
therefore the results of RPT may not reflect pyrogenic response
to the vaccine in a patient. Hence, the classical RPT was
adapted for use in the screening of vaccines such as OMVs.
One way is to dilute the vaccine to a previously established
non-pyrogenic dose determined from a clinically safe batch
(i.e. a batch that resulted not reactogenic or acceptably reacto-
genic in clinical trials) to discard any batches which are pyro-
genic at the specified dilution. With this adaptation, RPT
becomes a lot-to-lot consistency test, since the administered
doses are not comparable between RPT and humans. By this
adaptation, a vaccine was accepted if not inducing fever in
rabbit when diluted (several hundred-fold) at an equivalent
of 1 (for MenBvac®®) or 0.214 ug/per kg (for MenZB"?).
According to Pharmacopoeias (EU, US, and JP), rabbits’ tem-
perature needs to be monitored for 3 h; although this time-
frame is optimal to detect the peak in temperature rise in
response to purified endotoxin (happening between 1 and
2 h), the maximum temperature rise recorded in rabbits fol-
lowing vaccination with meningococcal dOMV was at 4.5 h.”’
These results indicate that the response to endotoxin alone is
different from the response when it is presented in an OMYV,
further suggesting that the classical RPT is not suitable for
testing vaccines like OMVs which intrinsically contain
endotoxin.

A second way to perform the RPT relies on a modification
of the European Pharmacopoeia RPT method that uses the
administration of full human dose intramuscularly (mRPT).
In this experimental setup, rabbits are injected intramuscularly
with the vaccine or with an equivalent volume of sterile saline
solution and body temperature is recorded continuously by an
automated system from 90 min before injection until 3 h after
administration and later manually for up to 24 h. The test is
valid if the mean difference of the maximum temperature rise
(the difference between the highest temperature measured
during the 3 h upon vaccine administration and the initial
temperature) of controls is <0.3°C, and the vaccine is consid-
ered to have an acceptable pyrogenic profile if the temperature
response is moderate, transient, and returns back to normal at
the end of the experiment. Different OMV-based vaccine pro-
ducts may have different criteria for passing the test, as, for
example, 4CMenB (dOMV-based) and 1790GAHB (GMMA-
based) vaccines are considered having acceptable pyrogenic
profile in mRPT with a mean maximum temperature response
<0.8°C in average (and <1.2°C for each single animal) in the
test group. A maximum average temperature increase of 0.64°
C was observed after administration of 100 ug of 1790GAHB
intramuscularly (versus 0.38°C for placebo group) at 6 h post-
vaccination, and temperature return to baseline after 24 h."?
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Similarly, in a repeated dose toxicity study in rabbits, only
minimal body temperature rise (<1°C) was observed 4 h after
intramuscular immunization with a human dose of NonaMen
compared with placebo, and in all animals, the body tempera-
ture was restored within 24 h.””> Based on these results, the
pyrogenic profile of other OMV-based vaccines targeting dif-
ferent pathogens*"*>”> could be assessed using mRPT using
similar limits for the determination of safety.

Additionally, it has been found that absorption to alumi-
num salt might modulate the reactogenicity of OMV-based
vaccines when tested in RPT. By continuous temperature mon-
itoring using abdominally implanted data loggers, Kaaijk et al.
compared plain and aluminum-adjuvanted MenB OMVs
(NonaMen) in mRPT, detecting a transient temperature rise
of approximately 0.6°C 4 h after the first immunization with
both MenB vaccines, and a 0.2-0.3°C rise in body temperature
at the same timepoint upon second vaccination just with plain
NonaMen, with no increase in body temperature being
detected with aluminum-adjuvanted NonaMen vaccine.”*
Rosengvist et al. compared free endotoxin with dOMV formu-
lated on aluminum adjuvants, demonstrating a difference in
the RPT, the LAL, and in tolerability in humans, with free
endotoxin giving the greatest fever response, and dOMV
adsorbed to adjuvant giving the least reaction.”

Moreover, it should always be considered that different
vaccine delivery routes could cause different pyrogenic
responses. In fact, if only very low levels (0.1 ug/rabbit) of
meningococcal OMV could be given intravenously in RPT
tests without inducing fever, just a small spike in temperature
was caused by 25 ug OMV via intramuscular delivery, and
larger doses (400 pg) of native OMV could instead be given
intranasally without inducing fever.”® This suggests that differ-
ent administration routes could be investigated in the RPT
assays by establishing different criteria for passing the test for
each specific route. Therefore, tailoring of the RPT tests, as for
the case of the modified model used to test 1790GAHB, may be
the appropriate way to predict reactogenicity of vaccine admi-
nistered by a route different from the intramuscular; for exam-
ple, it might be appropriate the use of pulmonary or oral routes
of pyrogenicity testing in RPT for OMV-based vaccines that
are envisaged to be administered via these routes in humans to
induce optimal immunogenicity.”>””

Monocyte activation test

Since the ’80s, scientists have worked on the development and
validation of in vitro pyrogen tests that could be suitable for
replacing RPT. MAT is a suitable alternative to RPT for esti-
mating pyrogenicity of pharmaceuticals, including vaccines,
accepted by regulatory authorities in 2010 (Ph.Eur.2.6.30”%).
MAT does not involve the use of animals and is therefore in
line with the 3Rs principles.”” Three MAT methods (defined as
A, B, and C if performed as quantitative, semi-quantitative, or
reference lot comparison test, respectively’®) are described in
the EU Pharmacopoeia, all involving the incubation of the
compound to be assayed with human monocytes followed by
the quantification by ELISA of proinflammatory cytokines
released by the cells in response to stimulation. Human mono-
cytes might come from different sources, including fresh
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human whole blood (WB), purified peripheric blood mono-
nuclear cells (PBMC), or human cell lines (i.e. MM6). MAT
can be applied as a fully quantitative test, making it more
appropriate for vaccines which are inherently pyrogenic, and
is physiologically relevant, since it uses human cells. IL-6 or
TNF-alpha are the usual two readouts of the assay, being the
cytokines more correlated with reactogenicity in vivo.*’
Method C, relying on comparison to reference lots, is the
most suitable MAT method to date for testing OMV-
vaccines. This is due to the fact that the OMV composition is
complex and it also varies depending on the pathogen from
which they are originated, and on the method and technology
used for their production. Therefore, the direct comparison by
MAT of OMYV to endotoxins or any other single pyrogenic
compound is difficult, as the latter might cause a different pro-
inflammatory release kinetics compared to OMVs, and there-
fore result in difficult quantifications and parallelism
issues.®"%

MAT (method C) has been validated as the most appropri-
ate assay for measuring the pyrogenicity of the 4CMenB vac-
cine (Bexsero), especially for lots release.”"®? In the validated
MAT, batches equally pyrogenic or less pyrogenic than those
batches shown to be safe in a clinical trial can be also certified
as safe (i.e. if results fall in a specified range of relative pyrogen
units).®? During validation of MAT for Bexsero, PBMCs were
found to give better results with increased sensitivity as com-
pared to WB; IL-6 was found to give the best readout, as this
cytokine correlates with endotoxin-induced fever in rabbits,
and it is secreted entirely into the culture medium in contrast
to IL-1p and TNFa. MAT showed significantly fewer false-
positive batches than mRPT whilst also providing a more
meaningful result. Similarly, Hasiwa et al.** showed evidence
that material classified as “safe” by RPT caused fever in humans
and a high level of cytokine release; this difference in sensitivity
between the two assays in predicting fever response in humans
can be mainly attributed to issues of species specificity, inher-
ent variability of animal system, and to superior ability to
detect all non-endotoxin pyrogens when using MAT compared
to RPT.

MAT has the potential not only to assess the absolute
difference in comparison to the same compound and batch-
to-batch variation but also to assess the relative difference
between compounds produced with different strategies (i.e.
by different genetic modification of lipid A). The latter aspect
is useful for screening different vaccine candidates during
discovery,"*'* as it does not require animal experimentation
(that is more expensive and less ethical).

For N. meningitidis AlpxL1 GMMA and OMYV overexpres-
sing fHbp, Koeberling et al. showed reduction (around 1000-
fold) in release of IL-1f, IL-6, IL-8, and TNFa from human
PBMCs compared with what was obtained with wild-type
OMVs; this reduction was similar to what was seen when
testing dOMV (possessing relatively lower quantities of LOS,
but in wild-type form).'®'” Similar results were obtained by
Van de Waterbeemd et al.,” suggesting that also other vaccines
based on detoxified OMVs targeting different pathogens*!*>”
can be assayed with MAT to prove their reduced pyrogenicity
compared to their respective wild-type OMVs.

The reduced cytokine release induced by lipid A mutants is
not due to a minor lipid A content, as they produce normal
amounts of LPS, but to mutated forms of lipid A that have
a greatly attenuated ability to activate the TLR4/MD-2 com-
plex. However, this effect is species-specific: on mouse cells, the
reduction in activity is not as pronounced as on human cells,
with AlpxL2 being less active than AlpxLI, whereas on human
cells both IpxL1 and IpxL2 mutants showed similar residual
activity.®” The latter further confirms the different behavior of
animal species, further highlighting the importance of using
relevant models and human cell lines. Stoddard et al.*® showed
that MAT could well discriminate between different mutants of
meningococcal LPS with different lipid A types, while the LAL
and RPT could not. Authors showed that IL-6 and TNFa
release both in human WB and PBMCs after stimulation with
OMVs from IpxLI and IpxL2 mutants is lower than the one
caused by wild-type OMV (>400 fold); the same OMV's tested
in RPT resulted in AlpxL1 OMVs being 40-fold and AlpxL2
OMV's 200-fold less pyrogenic than the wild-type. Fissea et al.>
Zollinger et al. also tested N. meningitidis OMVs by RPT and
MAT and showed that while the RPT suggested that the OMV's
from lipid A mutants might be too toxic, MAT revealed that it
was several hundreds fold less toxic in comparison to wild-type
OMVs.

MAT assay using MM6 cells has been successfully used for
testing NonaMen prior to clinical testing, either when vaccines
are in adjuvanted and non-adjuvanted forms. The assay
demonstrated an IL-6 release considerably lower for the non-
adjuvanted next-generation NonaMen (AlpxLI OMYV-based)
compared to both NonaMen (dOMV-based, vaccine demon-
strated to be safe in humans) and reference DTwcP-IPV vac-
cine, with cytokine levels similar to those induced by other
vaccines when tested in the alhydrogel adjuvanted form.”* In
the same study, the different vaccines have been tested in
rabbits, and showed a similar pyrogenic response, therefore
highlighting a superior potential to discriminate between dif-
ferent formulations and vaccine composition of MAT com-
pared to RPT.

Like what was described for meningococcal vaccine candi-
dates, a strong decrease of lipid A endotoxicity has been
demonstrated for both htrB and msbB inactivation in other
bacteria by MAT."*">*"! GMMA purified from Shigella lipid
A mutants showed a reduction in their activity to stimulate
cytokine production (IL-6, IL-8, IL-1f3, TNF-a) in comparison
to GMMA from strains with wild-type lipid A; the reduction in
cytokine production was approximately 300-fold for AmsbB
GMMA and 800-fold for AhtrB GMMA."® Similar levels of
reduction in endotoxin activity were observed by MAT in
GMMA from Salmonella typhimurium and Enteritidis strains
with mutated penta-acylated lipid A (ApagP AmsbB)."* By
selectively blocking individual TLRs, it was possible to further
dissect the TLR receptor-mediated IL-6 release by GMMA
from lipid A mutants; residual TLR-mediated activity in
GMMA from lipid A mutants of Shigella' and Salmonella"*
is mostly due to TLR2-activating components. The TLR4-
mediated cytokine release was reduced up to a level in which
the residual pro-inflammatory potential is mediated by other
pathways. Furthermore, by simultaneous blocking with anti-



TLR2 and anti-TLR4 antibodies, the cytokine release by PBMC
in MAT was almost completely abolished (>90%), suggesting
that the relative contribution of PAMPs other than lipid A and
TLR2-activating components in GMMAs with modified lipid
A is marginal (<10%).'*1°

Dowling et al.”> compared OMVs containing genetically
attenuated endotoxin with other vaccines both using human
newborn and adult blood, and various cytokines and chemo-
kines as readout. When tested at equivalent treatment concen-
trations, AlpxL1 OMV induced a low response for most innate
cytokines and chemokines tested, at a level similar to the ones
induced by pediatric vaccines such as PCV13 and HBV, and
lower than vaccines containing alum and TLR agonists (i.e.
PedvaxHIB and EasyFive).

Since human monocytes express NOD receptors, MAT
should be able to detect NOD activation by OMV, and the
same should happen for RPT; however, there may be differ-
ences between activation levels of NOD receptors between
rabbits and humans, and therefore MAT might be a better
system to detect response in a species-specific way.

The main disadvantage of MAT is the fact that certain
molecules contained in vaccine formulations (like alum) may
interfere with a direct test, and there may be discrepancies
depending on whether cell lines or WB are used, or on the
culturing conditions used (i.e. source of serum), meaning that
results are not always comparable between studies.
Furthermore, to date, it is not possible to determine a priori
which is the threshold level of cytokine induction in MAT to be
used to deem new OMV-based vaccines as safe. Therefore, the
use of an appropriate comparator is always necessary. Lastly,
the interaction of the OMV with blood-derived cells, although
being human cells, is not the one really happening in vivo after
parenteral immunization.

Transfectant cell lines: TLR-specific assays

Human cells can be engineered ad hoc and used tools to dissect
the specific activation of certain pathways, and thus determine
fine characteristics of the candidate vaccine. One of the most
used system for this purpose is Human Embryonic Kidney
(HEK293) cells that can be stably transfected to express human
TLRs and an NF-«B-inducible reporter genes. TLR stimulation
results in a signaling cascade that finally activates NF-kB; the
stronger is the TLR stimulation, the higher is NF-kB activation.

By using HEK293 cells stably transfected with the human
TLR4 complex (TLR4/MD2/CD14), it was possible to verify
that 600-fold more GMMA from Shigella AmsbB than the
parent GMMA with wild-type lipid A were necessary to
cause the same TLR4 activation. In contrast, GMMA from
AhtrB producing strain resulted in substantially lower TLR4
stimulation than AmsbB GMMA and required 60,000-fold
more GMMA than the GMMA with wild-type lipid A."
Similarly, a broad range of differences are observed in
TLR4-specific assays when comparing different structures
of lipid A, generally bigger than the ones observed by
MAT.'®*® By using HEK293-TLR2 cells, it was demon-
strated that TLR2 stimulation is similar for all GMMA
from Shigella (and Salmonella), either with wild-type or
modified lipid A, resembling their similar composition. By
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TLR5-specific assay, a TLR5-activation by Salmonella
GMMA was detected, although this was not relevant in
inducing residual cytokine release in MAT after TLR5-
target blocking.'*

HEK?293 can be also used to assess NOD-specific activation
mediated by OMV,” that has been reported in OMV from
Vibrio, Helicobacter, Pseudomonas, and Neisseria gonorrhoeae.g4

In other specific assays, Dowling et al.”* tested immature
newborn and adult DCs for production of cytokines and PGE2
(molecule whose in vitro production has been correlated with
reactogenicity in vivo). DCs demonstrated significantly
reduced OMV-mediated PGE2 responses for AlpxL1 OMYV as
compared to both Bexsero and dOMV formulated on alum.
PGE2 and IL-1p production responses to AlpxL1 OMV and
other licensed vaccines showed high concordance with RPT.

The main limitations of the use of transfectant cells or other
specific assays are that those are unable to capture sinergies or
antagonisms between receptors or within signaling, and the
differences observed for certain pathways are always bigger (or
smaller) than the ones detected both by MAT and RPT.
Therefore, they most likely are poor direct predictor for risk
of inducing systemic reactogenicity in humans if not used in
the presence of well-established comparators and/or in combi-
nation with other assays. In contrast, transfectants might repre-
sent a good tool to check that each stage of the process is
sufficiently sensitive.

Translation of results obtained with various assays to
systemic reactogenicity

Besides Bexsero, that got by far the longest track record in
terms of dOMV-based vaccines doses tested for safety and
administered in humans to date,” 1790GAHB is the the most
advanced OMV-based vaccine widely tested in clinics for
which results by all the assays described above have been
obtained."” 1790GAHB was well tolerated up to 100 pg after
intramuscular injection (2 or 3 doses) in phase I and II clinical
studies,***>> and the same tolerability profile was confirmed
for intradermal or intranasal immunization.** Building on this
experience, the level and type of systemic reactogenicity seen in
humans could be initially correlated with the reactogenicity
profile seen in different preclinical models. 17790GAHB vaccine
showed an acceptable profile by mRPT, where an increase of
temperature below 0.8°C peaking at 6 h was detected and
resolved in few hours after the injection of full human dose."”
But the results possibly better reflecting the response seen in
human studies are the ones obtained with MAT conducted
with human PBMC and IL-6 as readout, in which
a difference of 800-fold has been observed in comparison to
GMMA with wild-type lipid A. Additionally, using HEK293
transfectants, over 60,000-fold reduction in TLR4 activation
was observed in comparison to GMMA with wild-type lipid
A without affecting the TLR2 engagement. Finally, in rabbit
toxicology studies, the vaccine resulted well tolerated, with just
local inflammation detected, in line with expectations for an
effective vaccine.

Wide experience with OMVs generated with genetically
modified LPS in humans has been obtained also in Phase
I clinical trials performed with OMV from AlpxL1 and
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AlpxL2 N. meningitidis mutants.>*> OMVs from a AlpxL2
AsynX mutant with stabilized opcA expression given in two
different doses (25 or 50 ug), with or without aluminum hydro-
xide, resulted well tolerated without evidence of residual endo-
toxin activity; reactions at injection site resulted mild or
moderate, not depending on dose, and worst in those receiving
alum-adjuvanted vaccine.

This opens another critical aspect to evaluate tolerability:
the impact of different formulations and differential
response to adjuvants between animal species. In fact, in
RPT, alum-formulated vaccines are better tolerated than
unformulated counterparts,’>”* suggesting that aluminum’s
action to local antigen depot effects may indeed play a role.
On the other hand, AlpxLI AsynX OMVs with increased
expression of fHbp and stabilized expression of opcA and
a second copy of porA was tested at 4 doses (10-25-50--
75 pg) and 3 intramuscular injections at 6-week intervals, all
with aluminum hydroxide. Systemic reactogenicity in this
case was slightly higher compared with what seen in the
IpxL2 OMV trial, although both the amount of LPS and
the in vitro endotoxic activity were lower, further complicat-
ing the story. The OMV with penta-acylated lipid A showed
100-fold reduced activity by MAT, and 200-fold reduced
activity by RPT. Similarly, Gorringe et al.”® showed toler-
ability up to 25 pg dose, with no or mild reaction, for
N. lactamica OMV vaccine in a phase I study conducted
with adult volunteers.

Overall, the results obtained using these assays with many
candidate vaccines could be used in the future as a reference for
studies with similar vaccines based on the same-production
technology. For example, 17790GAHB could serve as reference
for other Shigella GMMA-based vaccine or for GMMA-based
vaccines from closely related Enterobactericaee like
Salmonella; OMV-based vaccine against N. meningitidis could
serve as reference for vaccines from close-related species, and
for lot-to-lot consistency.

Discussion

The natural presence of several PAMPs, of specific (over)
expressed proteins, and especially of lipid A, has often raised
concerns for the safety of OMVs in humans. Despite the fact
that genetic and chemical approaches can efficiently modulate
the reactogenicity of OMVs, current assays to test reactogeni-
city during development (usually at least one between MAT
and RPT, together with toxicology studies) still show strengths
and weaknesses in predicting risk of inducing systemic reacto-
genicity in humans (Figure 1).

LAL and human transfectant cells are highly sensitive and
easy to perform, but respond only to specific compounds
within the complex matrix of OMVs and therefore these assays
can be useful just at specific stages of the development or for
particular readouts and cannot be used alone as predictor of
the overall tolerability. The classical RPT based on intravenous
injection is not useful to test OMV-based vaccines but, build-
ing on the experience successfully applied to the development
of Bexsero and 1790GAHB, adaptations may be possible to
improve the predictive ability of this test especially if using
the same immunization route envisaged for humans. This

might be extremely relevant for testing those OMV-based
vaccines for which intranasal or oral immunization routes
may be envisaged. However, RPT reflects the rabbit species-
specific sensitivity to LPS and to other OMV components, and
requires the large use of animals to overcome the biological
variability of the system. Toxicology studies still suffer from the
species-specificity issues of RPT and the large animal use,
although they allow to assess several parameters both at injec-
tion site and at systemic level, difficult to measure using in vitro
assays. The development of ad hoc transgenic animals expres-
sing human proteins (i.e. TLRs) holds the promise of more
reliable evaluation of OMV-based vaccines, although it is diffi-
cult to have all the humanized immune system, and this still
should not solve the problem of animal use and its inherent
variability.

The species-specific sensitivity to OMVs can be efficiently
overcome in MAT, that uses human cells. MAT, unlike LAL
and RPT, can clearly discriminate between different lipid
A acylation levels or types. Importantly, quantitative compar-
isons can be efficiently made without animal use. By choosing
a minimal sensitivity for endotoxin of 50 pg/ml, MAT is at least
as sensitive as the most sensitive RPT. Nevertheless, for large
volume parenterals, the sensitive MAT-setups (in range of
3-6 pg/ml) offer the opportunity for pyrogen testing, where
the RPT was not sensitive enough.”” In head-to-head compar-
isons, MAT showed the same results as RPT when RPT was
clearly negative or positive, whereas in cases where RPT result
gave borderline results (and thus required a repeated test),
MAT was able to discriminate, with false-negative results
never occurring; this is critical for the safety of users, as false-
positives are preferable to false-negatives in an assay used to
predict tolerability. Taken together, these findings show that
the MAT is more sensitive than RPT and may detect pyrogeni-
city earlier than RPT.”®

The assessment of the results coming from these tests may
impose at a very initial stage an integrative evaluation of all this
preclinical information to try to gain safety-related predictions
with the possibility of reducing and, where possible, replacing
in vivo (i.e. RPT) with other in vitro (i.e. MAT) tests,®* after
having performed the toxicology studies. Also, dose-escalation
studies could help in understanding vaccine safety issues.
However, the production of a more robust amount of safety
data coming from clinical testing of OMV-based vaccine is
necessary in order to support the preclinical evaluation of
reactogenicity risks using the mentioned models, with the
ultimate aim of correlating the preclinical results with relevant
findings in humans.

All of this will culminate at later phases of clinical develop-
ment and production to support the decision to use only one
in vitro safety test for batch release. Indeed, this is the case for
Bexsero, where the mRPT was proved as difficult method for
measuring the pyrogenic content of the vaccine, and MAT
(method C) was adapted and validated as an alternative.®”
This required setting of a specification and deciding on
a procedure using multiple cell donors to cover biological
variability and to finally certify the batch as safe.”> However,
until a much broader experience will be gained by testing
tolerability in humans of several different types of OMV from
different pathogens, the determination of absolute limits for



OMV-tolerability in in vitro assays is dangerous, and therefore
the simultaneous testing of the right comparator is necessary
every time in which a novel OMV-based vaccine is evaluated.
The right comparator is represented by the most similar clini-
cally tolerated OMYV in terms of the composition (i.e. protein
composition and lipid A type), the detoxification strategy (i.e.
detergent versus genetic), and the technology used for OMV-
production, also taking into account doses, route of adminis-
tration, formulation, and target population envisaged for the
vaccine. In fact, tolerability by mucosal or parenteral adminis-
tration might be different, and protein/lipid A composition of
OMVs purified from phylogenetically distant bacterial species
is different (i.e. OMV of an Enterobacteriae is different to the
one of a Neisseriaceae). Furthermore, a dOMV has a different
composition to an OMV directly purified from bacterial
strain,”” and different OMV-production processes could result
in different types and levels of impurities. All of the above are
aspects that could translate in markedly different behaviors and
in the risk of accepting or discarding potential good candidates
simply due to wrong comparator choice.

To date, the reduction of the pyrogenic activity can be
achieved/increased in part using different formulation excipi-
ents. For example, the Shigella (1790GAHB)" vaccine contains
GMMA formulated with alum partially to temper the reactivity
of the endotoxin (“depot effect”) other than the need of an
adjuvant. Similarly, aluminum-adjuvanted MenB OMVs
(NonaMen) did not cause any temperature rise in rabbits at
the second intramuscular vaccination.”* However, mirroring
a different composition of dOMV with GMMA/OMVs, the
systemic reactogenicity detected is different in humans
(although both possess an acceptable reactogenic profile). In
fact, high fever (>38.5°C) was never induced by S. sonnei
1790GAHB (both in endemic and non-endemic populations),
whereas fever is often induced (33-53% of the cases) upon
vaccination with dOMVs (4CMenB) comparing similar doses
(25 pg);” the same pyrogenic response is induced also when
dOMYVs are tested at % or % of the dose. The fever response and
other elicited reactions can be effectively controlled through the
use of paracetamol concomitantly (and twice after 4-6 h) with
vaccination with 4CMenB, even when administered with other
pediatric vaccines, without affecting immunogenicity.'® Tt is
interesting to note how a borderline (temperature rise peaking
just below 1.5°C) response in mRPT induced by 1790GAHB
resulted instead in the absence of similar temperature rise in
humans (increase of temperature detected was just in a minority
of subjects, at a level similar to what detected in placebo group,
thus most likely not due to vaccination itself). In contrast, the
really infrequent and low pyrogenic response induced in humans
by 1790GAHB is more in line with MAT (difference in ability of
inducing IL-6 release of 800-fold compared to wild-type
GMMA) assay and with the almost complete abolishment of
TLR4 response (confirmed both with targeted blocking experi-
ments and HEK TLR4/CD14/MD2 cells). On the contrary,
although results in mRPT were highly supportive for absence
of fever in humans (temperature rise detected upon vaccination
<0.5°C), a general, although acceptable, fever response has been
often detected by mass vaccinations with Bexsero.

All of this give rise to renewed confidence in OMV-based
approaches for vaccination due to great immunogenicity
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data corroborated by tolerability in humans as demonstrated
by recent clinical trials.*»>> Mass vaccination with dOMV-
based vaccines are well tolerated and are currently changing
the world by highly decreasing the burden of meningococcal
meningitidis. Similarly, results obtained in terms of toler-
ability of GMMA are extremely satisfactory and true not only
on healthy adults in developed countries but also in devel-
oping countries, where endemic factor may influence the
immunogenicity/reactogenicity balance. However, due to
differences in maturation of TLR in children and adults,”
an open question remains regarding the risk of systemic
reactogenicity in different age groups. For vaccines where
children are the primary target population, this question
can be fully answered only by ad hoc dose-escalation clinical
trials.

The road to finally obtain reliable “safety related specifica-
tion ranges” in all of these tests to predict risk of systemic
reactogenicity of a new product is still long; more clinical
data are needed to validate any of the approaches discussed
in this review. However, potential new products that in these
preclinical assays (especially MAT) would show similar or less
reactogenicity than existing clinically accepted OMV-vaccines
could move ahead to clinical testing with reasonable
confidence.
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