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ABSTRACT

Activation of the adaptive immune system requires the engagement of costimulatory pathways in addition to B and T cell Ag receptor
signaling, and adjuvants play a central role in this process. Many Gram-negative bacterial polysaccharide vaccines, including the
tetravalent meningococcal conjugate vaccines (MCV4) and typhoid Vi polysaccharide vaccines, do not incorporate adjuvants. The
immunogenicity of typhoid vaccines is due to the presence of associated TLR4 ligands in these vaccines. Because the immunogenicity of
MCV4 is poor and requires boosters, | hypothesized that TLR4 ligands are absent in MCV4 and that incorporation of a TLR4 ligand—based
adjuvant would improve their immunogenicity. Consistent with this hypothesis, two Food and Drug Administration—approved MCV4
vaccines, MENVEO and MenQuadfi, lack TLR4 ligands. Admixing monophosphoryl lipid A, a TLR4 ligand—based adjuvant formulation
named “Turbo” with MCV4 induced significantly improved IgM and IgG responses to all four meningococcal serogroup polysaccharides
in adult and aged mice after a single immunization. Furthermore, in infant mice, a single booster was sufficient to promote a robust IgG
response and 100% seroconversion when MCV4 was adjuvanted with Turbo. Turbo upregulated the expression of the costimulatory
molecules CD40 and CD86 on B cells, and Turbo-driven adjuvanticity is lost in mice deficient in CD40 and CD86. These data suggest
that Turbo induces the required costimulatory molecules for its adjuvant activity and that incorporation of Turbo could make bacterial
polysaccharide vaccines more immunogenic, minimize booster requirements, and be cost-effective, particularly for those individuals in
low- and middle-income and disease-endemic countries. ImmunoHorizons, 2024, 8: 317-325.

INTRODUCTION

Neisseria meningitidis (meningococcus) is a Gram-negative
bacterium that can cause septicemia and meningitis in infants
under 1y of age, children, and young adults and is associated
with high morbidity and mortality (1-4). The onset of this dis-
ease is rapid, and the case fatality rates range between 10%
and 20%, despite available antibiotic treatments. Among survi-
vors, 10-20% develop long-term sequelae, including hearing
loss, loss of limbs, skin scarring, and neurodevelopmental

Received for publication February 9, 2024. Accepted for publication April 1, 2024.

deficits, and up to 36% develop deficits in physical, cogni-
tive, or psychological functioning (5, 6). There are 13 meningo-
coccal serogroups based on the structurally distinct capsular
polysaccharide expressed by meningococcus. Serogroups A, B,
C, W, X, and Y are the most common disease-causing variants,
and incidence of the disease and the distribution of serogroups
vary by region and the age of the individual (2, 3).
Meningococcal infections are vaccine preventable (2). Cur-
rently, two quadrivalent meningococcal polysaccharide conjugate
vaccines (MCV4), namely MENVEO and MenQuadfi, covering
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A, C, W, and Y serogroups (7-9), and two protein-based vaccines
covering serogroup B (MenB) (10, 11) are available in the United
States. Although MCV4 is effective, a single dose does not pro-
vide sufficient protection against meningococcal disease 3-8 y af-
ter vaccination (12, 13). Consistent with this, a decrease in serum
bactericidal Ab levels occurs by 3-5 y postvaccination (14, 15).
The estimates of vaccine efficacy from a single immunization
prompted the Advisory Committee on Immunization Practices
to add a booster dose of MCV4 for young adults (13, 16). In fact,
in infants, the induction of an optimal Ab response by MCV4 re-
quires three boosters at ages 4, 6, and 12 mo, and this is cur-
rently a common practice in the United States and several other
countries (17). MCV4 is a very costly vaccine even for high-
income countries (18-20) and is not an affordable vaccine for
the national immunization programs in low- and middle-income
countries, particularly in the African meningitis belt region of
sub-Saharan countries (21). Following the success of a monova-
lent serogroup A vaccine, MenAfriVac, in sub-Saharan countries
(22), a pentavalent MCV covering serogroups A, C, W, X, and Y
is currently advancing through early stages of clinical trials (23).
The future success of these vaccines will depend not only on
their immunogenicity and efficacy but also on cost and the ever-
changing epidemiology of invasive meningococcal diseases in
other African countries.

Several factors contributing to the immunogenicity of MCV
have been analyzed, but very little has been explored on the
role of adjuvants to enhance the immune response to these vac-
cines (24). In fact, none of the meningococcal subunit vaccines
incorporate adjuvants. It is known that Ags alone cannot induce
an efficient Ab response (1), and therefore adjuvants are re-
quired to improve the immunogenicity of vaccines and facilitate
the development of new vaccine formulations. Activation of the
adaptive immune system requires the engagement of costimula-
tory signaling pathways in addition to BCR and TCR signaling,
and adjuvants play a central role in this process (25). Stimula-
tion of TLRs with appropriate ligands triggers the induction of
costimulatory molecules, amplifies B cell activation, promotes
dendritic cell maturation, and increases Ag presentation to
T cells (26-28). TLR ligands help direct adaptive immune
responses to Ags, and several vaccines incorporate TLR ligands
as adjuvants to augment Ag-specific responses (29). The adju-
vant effect of a TLR7 agonist adsorbed on aluminum hydroxide
(AS37)-adjuvanted meningococcal C conjugated vaccine has
been evaluated in a clinical trial (30). The adjuvant effect of
AS37 on this monovalent MCV serogroup C vaccines was not
significantly different from the unadjuvanted groups (30). Anal-
ysis of the immune responses induced by the AS37-adjuvanted
vaccine revealed a specific activation of the IFN-mediated anti-
viral response (31), suggesting that this adjuvant is more suit-
able for viral vaccines than bacterial polysaccharide vaccines.
Indeed, it was shown recently that a TLR7-nanoparticle adju-
vant promotes a broad immune response against heterologous
strains of influenza and SARS-CoV-2 (32). TLR4 ligands such
as lipid A are a signature component of Gram-negative bacterial
LPS and were shown to contribute to the immunogenicity of
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typhoid Vi polysaccharide vaccines (33). As such, in the present
study, I tested whether incorporating a nontoxic TLR4 ligand
monophosphoryl lipid A (MPLA)-based adjuvant named “Turbo”
in MCV4 vaccines would make those vaccines more immuno-
genic across all ages, regardless of the intrinsic immunogenicity
of serogroup polysaccharides or the carrier protein used to make
these conjugate vaccines.

MATERIALS AND METHODS

Mice

The Thomas Jefferson University Institutional Animal Care
and Use Committee has approved these studies. Mice were
housed in microisolator cages with free access to food and wa-
ter and were maintained in a specific pathogen-free facility.
Wild-type C57BL/6J (stock no. 000664), TLR4 /" (stock no.
029015), MyD88/~ (stock no. 009088), CD40 /= (stock no.
002928), and CD86 7/~ (stock no. 036705) mice on a C57BL/6
background were purchased from The Jackson Laboratory (Bar
Harbor, ME). Age-matched mice of both sexes were used for
all experiments.

Adjuvant, Ags, and immunization

The adjuvant named “Turbo” was prepared by mixing 1 mg
phosphorylated hexaacyldisaccharide (PHAD), a synthetic MPLA,
and 2 mg 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (pur-
chased from Avanti Polar Lipids, Alabaster, AL) in chloro-
form. Following chloroform evaporation, the contents were
suspended in 1% polyethylene glycol sorbitan monooleate
(Tween 80; purchased from Sigma-Aldrich) to a concentra-
tion of 500 pug/ml MPLA and homogenized by sonication.
The homogenate was mixed 50 times using two syringes con-
nected via a 25-gauge needle and passed five times through a
polyether sulfone membrane filter with pore size 0.22 pm
(Millipore) and stored at 4°C. Nanoparticle tracking analysis
using NanoSight NS300 instrumentation (Malvern Instru-
ments, Malvern, UK) revealed that the size distribution and
concentration of liposomes in the adjuvant formulation were
130 * 40 nm and 4x10°/ml, respectively. The physical
characteristics and adjuvant activity was stable for at least
1y at 4°C.

Quadrivalent meningococcal ACWY polysaccharide conjugate
vaccines (MCV4), MENVEO (lot AMVA977A; GlaxoSmithKline)
and MenQuadfi (lot U7596AC; Sanofi Pasteur), were purchased.
The serogroup A, C, Y, and W-135 polysaccharides of MENVEQO
and MenQuadfi are conjugated to carrier protein CRMI197, a
nontoxic mutant protein of diphtheria toxin and tetanus toxoid,
respectively.

Adult mice 10-12 wk of age or aged mice 102 wk of age
were immunized i.m. with 2.5 ug MENVEO (containing 1 pg A,
0.5 ug C, 0.5 ug W135, and 0.5 pug Y serogroup polysaccharides)
or 4 pug MenQuadfi (containing 1 pg A, C, and, W135Y se-
rogroup polysaccharides) admixed with or without Turbo adju-
vant (containing 5 pug MPLA) in 50-ul volume in the thigh
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region of the hind limb. Infant mice (9 d old) were immunized
s.c. with 1.25 pg MENVEO or 2 pg MenQuadfi admixed with or
without Turbo adjuvant (containing 2.5 pg MPLA) in 25-ul vol-
ume in the scruff area between neck and shoulder. The infant
mouse group was reimmunized 15 d later, and the adult mouse
group was reimmunized 21 d later. Blood samples were ob-
tained as indicated following immunization and stored at
—20°C.

ELISA

Unconjugated serotype polysaccharides MenA (13/262), MenC
(08/214), MenW (16/152), or MenY (16/206) were purchased
from the National Institute for Biological Standards and Con-
trol (Hertfordshire, UK). Serotype polysaccharide-specific IgM
and IgG were measured by coating 96-well microtiter plates
(Nunc MaxiSorp; Invitrogen, Carlsbad, CA) with 1 pg/ml MenA,
MenC, MenW, or MenY in PBS, pH 7.2, overnight at room tem-
perature. All plates were washed and blocked with 1% BSA in
PBS, pH 7.2 (blocking buffer), for 2 h at room temperature.
Blood from immunized infant and adult mice was diluted to 1:25
and 1:50, respectively, and serogroup-specific IgM and IgG levels
were interpreted as ng/pl “equivalents” using normal mouse se-
rum standards (Bethyl Laboratories, Montgomery, TX), mouse
isotype-specific capture Abs, and HRP-conjugated anti-mouse
IgM, IgG, IgGl, IgG2b, IgG2c, and IgG3 as described previously
(33, 34).

TLR, NODI, and NOD2 ligand screening

TLR/NOD-like receptor (NLR) ligand screening was performed
using a customized PRR ligand screening service offered by
InvivoGen (San Diego, CA) (www.invivogen.com/custom-tlr-
screening). This screen employs HEK293 cells stably express-
ing a single human or mouse TLR2, 3, 4, 5, 7, 8, 9, NODI, or
NOD2. Stimulation of these TLRs/NLRs was quantified by
NF-kB activation, which induces a secreted embryonic alka-
line phosphatase (SEAP) reporter. Reagents were tested in
triplicate compared with control ligands in a 96-well plate
(200 pl total volume) containing the appropriate cells
(50,000-75,000 cells/well). A quantity of 20 pl MENVEO or
MenQuadfi vaccines containing 5 pg/ml ACWY serogroup poly-
saccharides or negative and positive control ligand was added.
The media containing Quanti-Blue reagent detects NF-kB in-
duced SEAP expression. OD was read at 650 nm after 16-24 h
on a Molecular Devices SpectraMax 340PC absorbance detector.

Flow cytometry

A total of 3 x10° wild-type mouse spleen cells/well were plated
in a tissue culture-treated, nonpyrogenic, polystyrene 12-well
plate in 3 ml culture medium (RPMI 1640 with 25 mM HEPES
and r-glutamine + 10% heat-inactivated FBS and penicillin/
streptomycin) containing various concentrations of Turbo (con-
taining 2, 0.4, or 0.08 ug MPLA/ml). At 24 h after stimulation,
the cells were collected and washed in staining medium (PBS
with 3% new calf serum, 1 mM EDTA). Cell concentration was
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adjusted to 2.0 x10”/ml in staining medium (PBS with 3% new
calf serum, 1 mM EDTA). After blocking Fc receptors with
2.4G2 Ab (1 pg per 10° cells), an aliquot of 50 pl cultured cells
was incubated with appropriately diluted Abs. The Abs anti-
B220-FITC (clone RA3-6B2), anti-B220-BV605 (clone RA3-
6B2), anti-CD40-PE (clone 1C10), anti-CD86-PE-Cy7 (clone
GL1), anti-CD80-Percp-Cy5.5 (clone 16-10Al), and anti-I-A®
(MHC-II)-BV421 (clone AF6-120.1) were purchased from BioL-
egend (San Diego, CA). After staining, cells were washed twice
with staining medium, and the preparations were analyzed on
a BD FACSymphony (Becton Dickinson, Mountain View, CA)
using FACS Diva software (Becton Dickinson). Data were
analyzed using the FlowJo software program (FlowJo LLC,
Ashland, OR).

Statistical analysis

Data presented throughout depict pooled data from at least two
independent experiments. Statistical analyses were performed
using the Prism 10 software program (GraphPad Software, La
Jolla, CA), and the statistical tests are indicated in the figure
legends.

RESULTS

MCV4 vaccines MENVEO and MenQuadyfi do not
stimulate mouse or human TLR4

The immunogenicity of typhoid Vi polysaccharide subunit vac-
cines (e.g., Typhim Vi and Typbar TCV) is dependent on the
“adjuvant-like” activity of TLR4 ligands present in them (33).
Unlike the typhoid vaccines, MENVEO and MenQuadfi are not
very immunogenic, suggesting that these vaccines do not con-
tain associated TLR4 or other ligands, such as bacterial pepti-
doglycan fragments that are recognized by NOD1 and NOD2.
To test the presence of these ligands in MCV4 vaccines, a panel
of mouse or human TLR2-, TLR3-, TLR4-, TLR5-, TLR7-,
TLR8-, TLR9-, NODI-, and NOD2-expressing cells with an NF-
kB reporter system were screened. In this screen, neither
MENVEO nor MenQuadfi activated any of the mouse or hu-
man TLRs, NODI, or NOD2 (Fig. 1A, 1B).

The immunogenicity of MENVEO and MenQuadyfi is
dependent on MyD88 but not on TLR4

To test a potential role for TLR4 or other TLRs in MCV4 vac-
cine immunogenicity in vivo, wild-type, TLR4 /", or mice defi-
cient in MyD88, an adaptor required for signaling of all TLRs
(except TLR3) and IL-1/18R, were immunized with MENVEO
and MenQuadfi. Consistent with the lack of TLR4 stimulatory
activity in these vaccines (Fig. 1A, 1B), the IgG responses in
wild-type and TLR4 /" mice were comparable (Fig. 1C, 1D).
On the other hand, a severe impairment of IgG responses to all
four serogroup polysaccharides was observed in MyD88 ™/~
mice (Fig. 1C, 1D), indicating that the immunogenicity of
MCV4 vaccines is dependent on the MyD88 signaling axis and
suggesting that trace amounts of other TLR ligands (below the
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FIGURE 1. Meningococcal vaccines MENVEO and MenQuadfi do not stimulate TLR4, and their immunogenicity is not dependent on TLR4 signaling.
(A and B) HEK293 cells expressing a given TLR or NLR with an NF-kB-inducible SEAP reporter gene were incubated with MENVEO (5 pg lot
AMVA977A/AMXA977A from GlaxoSmithKline) or MenQuadfi (5 ug lot 47643AA from Sanofi Pasteur). Positive controls were 108 heat-killed Listeria
monocytogenes cells/ml for m/hTLR2, high molecular weight polyinosinic:polycytidylic acid at 1 wg/ml for m/hTLR3, E. coli K12 LPS at 100 ng/ml
for m/hTLR4, S. typhimurium flagellin at 100 ng/ml m/hTLR5, CL307 at 1 pg/ml m/hTLR7, TL8-506 at 1 ug/ml for hTLR8, TL8-506 at 10 png/ml for
mMTLR8, CpG oligodeoxynucleotide 2006 at 10 pg/ml for hTLR9, CpG oligodeoxynucleotide 1826 at 1 ug/ml for mTLR9, C12-iE-DAP at 10 png/ml
for m/hNOD1, and L18-MDP at 1 ng/ml m/hNOD1. HEK-Blue null cell lines incubated with the above agonists served as negative controls. The me-
dium containing HEK-Blue Detection is designed for the detection of NF-kB—induced SEAP expression. After a 16—24-h incubation, the OD was
read at 650 nm. (C and D) Wild-type (C57BL/6J), TLR4~/~, or MyD88~/~ (n = 6) male and female mice 8-10 wk of age were immunized i.m.
with 50 pl of (C) MENVEO or (D) MenQuadfi vaccine containing 2.5 pug or 4 ug, respectively, of serogroup polysaccharides A, C, W, and Y. On
day 21, mice were reimmunized in the same manner. Serogroup-specific IgG levels were measured by ELISA. Statistical analyses were done
using two-way ANOVA with Sidak’s multiple comparisons test, and statistically significant differences are indicated as ****p < 0.0001;
***p <0.001; **p < 0.001; *p < 0.05.

detection limits of the above in vitro assay) in MCV4 may be
playing a role in MCV4 immunogenicity in vivo.

Aged individuals do not respond efficiently to vaccines due
to immune senescence. Studies in mice have shown that the
impairment in immune responses in aged mice is due to several
parameters, including a decreased number of APCs and their
interaction with T cells (36, 37) and an increased threshold re-

The immunogenicity of MENVEO or MenQuadfi
is promoted by Turbo as an adjuvant in adult and

aged mice

In young adult mice (e.g., 8-12 wk of age), at least one booster
dose is required to detect an appreciable IgG response to
MCV4, regardless of the mouse strain used or whether an s.c.
or i.p. route of immunization is used (35). We confirmed this
observation with im. immunization as well (Fig. 1C, 1D). To
test whether incorporation of an adjuvant would eliminate the
need for a booster immunization, MENVEO and MenQuadfi
were admixed with Turbo. I found that robust IgM and IgG
responses in adult mice were observed for both MCV4 vaccines
when adjuvanted with Turbo with a single immunization, un-
like that with unadjuvanted MCV4 vaccines (Fig. 2A, 2B).

quired for TLR signaling (38). However, when MENVEO was
adjuvanted with Turbo, aged mice showed a significant im-
provement in IgM and IgG responses to all four serogroup pol-
ysaccharides of MCV4 with a single immunization (Fig. 2C).

Admixing Turbo enhances the immunogenicity of
MENVEO and MenQuadfi in infant mice

The lack of an efficient Ab response to polysaccharide vaccines
in human infants and infant mice in part is due to incomplete
B cell development and a restricted B cell Ag receptor repertoire
(39-42). Therefore, to generate optimal Ab responses in infants,
multiple immunizations at 2, 4, 6, and 12 mo of age are required.

https://doi.org/10.4049/immunohorizons.2400013
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FIGURE 2. The immunogenicity of meningococcal vaccine is enhanced by Turbo in adult and aged mice.

C57BL/6J mice 12 wk (n = 8) or 102 wk (n = 4) of age were immunized i.m. with 50 ul (Aand C) MENVEO or (B) MenQuadfi vaccine containing
2.5 pg or 4 g, respectively, of serogroup polysaccharides A, C, W, and Y admixed with or without Turbo (5 pg MPLA), and serogroup-specific
IgM and IgG levels were measured by ELISA. Statistical analyses were done using two-way ANOVA and Sidak’s multiple comparisons test, and
statistically significant differences are indicated as ****p < 0.0001; ***p < 0.001; **p < 0.001; *p < 0.05.

Because neither of the MCV4 vaccines has endogenous
TLR4 ligand activity (Fig. 1), MENVEO and MenQuadfi
were admixed with Turbo. I found that a single prime-boost
strategy dramatically increased the immunogenicity of these
vaccines when adjuvanted with Turbo (Fig. 3). Compared
with unadjuvanted MCV4 vaccines, seroconversion of 100%
was achieved against all four serogroup-specific polysac-
charides when adjuvanted with Turbo (Fig. 3). These data
(Figs. 2 and 3) indicate that Turbo as an adjuvant improves
the MCV4 responses across all ages.

Turbo upregulates the expression of CD86 and MHC-II on
B cells, and Turbo adjuvanticity is dependent on CD86 and
CD40

Initiation of adaptive immune responses involves the engage-
ment of the costimulatory molecules CD80 and CD86 in addi-
tion to B and T cell Ag receptor signaling (25). The expression
of CD40 and MHC-II on B cells is required for sustaining the
germinal center reaction, which is central to T cell-dependent
B cell responses (43). Stimulation of B cells with LPS upregu-
lates the surface expression of CD40, CD80, and CD86 as well

https://doi.org/10.4049/immunohorizons.2400013

as MHC-II to various levels (27, 28, 43). Because MCV4 indu-
ces a T cell-dependent B cell response (44) and Turbo enhan-
ces the Ab response to MCV4 across all ages (Figs. 2 and 3),
using a cell culture assay, I tested whether Turbo induces the
upregulation of CD40, CD80, CD86, and MHC-II on B cells. T
found that treatment of spleen cells with Turbo increases ex-
pression of CD86 and MHC-II on B cells (Fig. 4A). The fre-
quency of CD86"/MHC-II™ B cells was also increased in a
dose-dependent manner (Fig. 4B). Although the expression of
CD80 was not altered, there was a noticeable increase in CD40
expression on B cells treated with Turbo in this 24-h in vitro
culture assay (Fig. 4A). To test the role of CD40 and CD86 in
Turbo adjuvanticity in vivo, wild-type mice and mice deficient
in CD40 or CD86 were immunized with MENVEO adjuvanted
with Turbo, and Ab responses to A, C, W, and Y serogroup pol-
ysaccharides were analyzed. Although IgM responses were sim-
ilar among all mouse groups, unlike wild-type mice, CD86 7/~
and CD40 /™ mice exhibited a severe impairment in generating
IgG responses to all four serogroup polysaccharides (Fig. 4C).
These data suggest that the adjuvanticity of Turbo appears in
part to be due to upregulation of costimulatory receptors.
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FIGURE 3. Turbo enhances the immunogenicity of MENVEO and MenQuadfi in infant mice.

Groups of —seven or eight infant mice of both sexes (9 d old) were immunized s.c. with (A) 1.25 ng MENVEO or (B) 2 pg MenQuadfi admixed (black
circles) or without (white circles) Turbo adjuvant (2.5 pg MPLA) in 25-pul volume in the scruff area between the neck and shoulder. On day 15, mice
were reimmunized in the same manner. Serogroup-specific IgG levels were measured by ELISA. Each dot represents an individual mouse, and the
black bar represents the mean. Statistics were determined by Mann-Whitney U test, and statistically significant differences are indicated as

**xkp < 0.0001; ***p < 0.001; **p < 0.001; *p < 0.05.

DISCUSSION

The central idea of coupling a bacterial polysaccharide Ag to a
protein carrier such as tetanus or diphtheria toxoids (i.e., conju-
gate vaccines) is to make polysaccharide Ags immunogenic for
infants. This modification converts T cell-independent polysac-
charide Ags into bona fide T cell-dependent B cell Ags (44). In
this process, polysaccharide-recognizing B cells also act as APCs
because they can process the internalized carrier protein and
present the resultant peptides on MHC-II to T cells to receive
their help (44). However, when the TCR engages peptide-
MHC-II in the absence of costimulatory molecules, T cells be-
come anergic and remain unresponsive even when such T cells
are restimulated with peptide-MHC-II and a costimulatory sig-
nal (45). Although B cells can respond to unconjugated polysac-
charides in adults primarily by their BCR crosslinking (46, 47), if
those B cells do not receive a secondary signal, they die by acti-
vation-induced mitochondrial dysfunction (48-50). Therefore, a
second signal is a requirement for initiation of both B and T cell
responses, and thus vaccines containing only Ags without adju-
vants that provide the second signal are not expected to initiate
an efficient response. Surprisingly, most Gram-negative bacterial
polysaccharide vaccines, including MCV4 and those against Hae-
mophilus influenzae type B e.g., ActHIB and HIBERIX or Salmo-
nella Typhi e.g., Typhim Vi and Typbar TCV, do not incorporate
adjuvants, and their immunogenicity varies dramatically from

vaccine to vaccine. For example, unlike MCV4, typhoid vaccines
induce an efficient response with a single immunization even in
infants (51-53). Because the polysaccharide Ags used to make
these bacterial vaccines are directly isolated from their respec-
tive bacterial species, I previously hypothesized that these
vaccines may contain other bacterial components, such as
TLR ligands, that could act as adjuvants. Indeed, analysis of
immunogenic Typhim Vi and Typbar TCV revealed that these
vaccines contain endotoxin/LPS TLR4 stimulators, and their
immunogenicity is largely due to the presence of these TLR li-
gands (33). Although the serogroup A, C, W, and Y polysacchar-
ides are also isolated directly from meningococcus, a Gram-
negative bacterium, to make MCV4, they do not appear to con-
tain detectable levels of TLR4 ligands (Fig. 1A, 1B), unlike the
high levels seen in typhoid Vi polysaccharide vaccines (33). In
fact, unlike the typhoid vaccine response after a single immuni-
zation in infants (51-53), the induction of an optimal Ab
response by many other polysaccharide vaccines, including
MCV4 and Haemophilus influenzae type B, require first immuni-
zation at 2 mo of age and three boosters at ages 4, 6, and
12-15 mo. This difference in the vaccine-associated TLR li-
gand activity could account for the poor immunogenicity of
MCV4 compared with typhoid vaccines. However, the com-
plete lack of an Ab response in vivo to MCV4 in mice deficient
in MyD88, an adaptor required for signaling through several
members of the TLR family, suggests that trace amounts of

https://doi.org/10.4049/immunohorizons.2400013
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FIGURE 4. Turbo upregulates the expression of CD40, CD86, and MHC-Il on B cells, and Turbo adjuvanticity is dependent on CD40 and CD86

in vivo.

Spleen cells of naive C57BL/6 mice were incubated without or with various concentrations of Turbo for 18—-24 h. All cells were stained with specific
Abs and subjected to flow cytometric analysis. (A) The surface expression of CD40, CD80, CD86, and MHC-Il on B cells (gated as CD19- or B220-
positive and B220 double-positive) was measured. Geometric mean fluorescence intensity values matching Turbo concentration (color coded) are
indicated within each plot. (B) The frequency of B cells that express high levels of both CD86 and MHC-Il among all B cells from control and Turbo
treatment groups is shown. The data were generated by analyzing a minimum of 200,000 cells and 5% contour plots are shown. (C) Wild-type
(C57BL/6J), CD40~'~, or CD86~/~ (n = 4) male and female mice 8-10 wk of age were immunized i.m. with 50 pl of MENVEO (1.25 pg) admixed
with Turbo adjuvant (2.5 pg MPLA). Serogroup-specific IgM and IgG levels were measured by ELISA. Statistical analyses were done using two-way
ANOVA with Sidak’s multiple comparisons test, and statistically significant differences are indicated as ****p < 0.0001; ***p < 0.001; **p < 0.001.

other TLR ligands (which are below the detection limit of the
in vitro assay in Fig. 1A, 1B) in MENVEO and MenQuadfi con-
tribute to the immunogenicity of MCV4 (Fig. 1C, 1D). Despite
their safety across all ages, the major disadvantage of subunit
vaccines that do not include adjuvants is their poor immunoge-
nicity. The present study shows that incorporation of a TLR4
ligand-based adjuvant such as Turbo helps overcome this poor
immunogenicity, as shown by the significantly improved Ab re-
sponse and seroconversion with a single booster in infant mice
and elimination of the need for a booster in adult mice.

Many TLR ligands, including LPS/lipid A, can upregulate
costimulatory receptors such as CD86 as well as MHC-II on mu-
rine B cells (27, 28). Consistent with this, I show that Turbo con-
taining MPLA, a nontoxic derivative of lipid A and a 1000-fold
less potent TLR4 ligand than LPS/lipid A (54), increases the
levels of both MHC-II and CD86 on B cells (Fig. 4A, 4B). Mice
deficient in CD86 despite having normal CD80 (43) did not gen-
erate an Ab response to MCV4 (Fig. 4C), indicating that CD86
is part of the mechanism by which Turbo acts as an adjuvant.
CD40 is known to upregulate the expression of activation-
induced cytidine deaminase (AID), which is required for Ig
class switching and affinity maturation. The expression of
AID is induced by BCR and TLR stimulation even in the ab-
sence of T cell help (55-57). Unlike CD86 expression, CD40
expression induced by LPS stimulation is low on B cells (28).
Consistent with this, the upregulation of CD40 by Turbo is

https://doi.org/10.4049/immunohorizons.2400013

marginal (Fig. 4A). Nevertheless, CD40/~ mice, when immu-
nized with Turbo-admixed MENVEO, failed to generate an
IgG response (Fig. 4B), suggesting that in addition to CD86,
CD40 is also required for Turbo adjuvanticity in vivo. These
two costimulatory molecules act at distinct phases of Ab re-
sponses. The CD86-mediated costimulation is required for the
initial B and T cell activation, and CD40 signaling plays an im-
portant role in the downstream phase of activation, such as
the germinal center reaction. It is known that germinal center
B and T follicular helper cell interactions result in CD40-
CD40L-driven AID expression and IgM class switching to IgG
isotypes. Consistent with this, the short-lived IgM response,
which is induced primarily by BCR crosslinking by Ags contain-
ing repetitive epitopes such as polysaccharides, is comparable
in wild-type and CD40~/~ or CD86 /™ mice. Therefore, ad-
juvants containing TLR4 ligands such as MPLA are expected
to promote long-lived IgG Ab responses to both unconjugated
and conjugated polysaccharide vaccines, as shown with typhoid
vaccines (K. R. Alugupalli, manuscript posted on bioRxiv, DOI:
10.1101/2024.03.22.581918).

The inclusion of MPLA as an adjuvant component has al-
ready been approved by the Food and Drug Administration
(FDA) for a few viral vaccines (e.g., zoster vaccine [Shingrix],
human papillomavirus vaccine [Cervarix], and hepatitis B
vaccine [Fendrix]). In addition to MPLA, these vaccines also
contain other adjuvant components, such as QS21, a fraction
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extracted from Quillaja saponaria plant, and AI(OH); or AIPO,,
commonly referred to as alum. Therefore, the impact of MPLA
alone in these vaccines remains to be determined. In contrast
to the above examples, the present study demonstrates that
incorporating an MPLA alone-based adjuvant formulation
named “Turbo” into two FDA-approved multivalent MCV4
vaccines generated significantly improved IgM and IgG re-
sponses to all four meningococcal serogroup polysaccharides
across all ages. Therefore, admixing Turbo containing MPLA
at the same doses used in the above-mentioned FDA-approved
vaccines into MCV4 or other multivalent vaccines against
Escherichia coli (58), Shigella (59), and Salmonella (60) that
are undergoing a development phase could make bacterial
polysaccharide vaccines more immunogenic and efficacious
and could increase the compliance associated with minimiz-
ing boosters. This would therefore make such vaccines cost-
effective, particularly for individuals in low- and middle-income
countries.
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