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microorganism types) are vaccinology concepts that are attracting renewed interest in the context of dis-
ease prevention. National health authorities are collecting mounting evidence of the importance of cross-
reactivity. For some vaccines, this has been substantiated by cross-protection data from clinical studies
and/or post-licensure data, where their introduction into immunization programmes has shown benefi-
cial impacts on disease caused by related non-vaccine microorganisms. This knowledge has influenced
Cross-reactivity the way new vaccines are designed, developed, and evaluated in real-life settings. Some of the new vac-
Cross-protection cines are now designed with the specific aim of having a greater breadth of protection. Ideal vaccine anti-
Adjuvants gens therefore include epitopes with conserved homology across related pathogen types, because it is not
always possible to include the antigens of all the individual types of a given pathogen species. The use of
novel adjuvants with greater immunostimulatory properties can also contribute to improved overall vac-
cine cross-reactivity, as could the use of antigen delivery platforms. The growing body of evidence allows
us to better understand the full impact of vaccines - beyond vaccine-type disease — which should be
taken into consideration when assessing the full value of vaccination programmes.
© 2018 GlaxoSmithKline Biologicals SA. Published by Elsevier Ltd. This is an open access article under the
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

It is well known that vaccines can induce immune responses to
antigens other than those contained in the vaccine, termed “cross-
reactivity”. This can apply to related species within the same genus
(e.g. administration of cowpox to protect against smallpox; or
Mycobacterium bovis in the Bacillus Calmette-Guérin [BCG] vaccine
to protect against tuberculosis). This mechanism is also observed
between serotypes/genotypes of the same pathogen species, e.g.
cross-protection against human papillomavirus (HPV)-31/33/45
following administration of a vaccine containing HPV-16/18 [1].

“Cross-protection” implies clinically significant protection
against infection/disease due to an immune response elicited
against a related organism, i.e. when “cross-reactivity” results in
a measurable clinical impact. The extent of cross-protection is
sometimes assessed during vaccine trials. However, the sample
size of clinical trials typically does not allow for individual esti-
mates of cross-protection across a range of microorganism types
because the prevalence of any single type is usually too low. There-
fore, confirmatory evidence normally comes from post-licensure

studies following the implementation of immunization pro-
grammes. Representative data (Table 1) - showing the additional
protection provided by vaccines across a range of vaccine-
preventable diseases — will be discussed in this expert review
article, along with possible modes of action to complete the under-
standing of cross-reactivity as an inherent property of the human
immune system. Finally, we will discuss ways to leverage and
improve this beneficial effect. The scope of this article is limited
to antigen-specific cross-reactivity and does not include heterolo-
gous effects of vaccines mediated by non-specific immunomodula-
tion, such as the protective benefits of BCG and measles
vaccinations on all-cause mortality [2].

2. Evidence of cross-reactivity/protection after vaccination

2.1. Vaccinia and mycobacteria

The observation that natural infection with cowpox provided
protection against smallpox ultimately led to the development of

Pandemic HIN1

trivalent vaccines
Trivalent vaccine

A/Brisbane/59/2007(H1N1)-like

influenza
Pandemic influenza  Prepandrix A/H5N1/Vietnam/1194/2004
H5N1 strain
TBE Encepur; FSME- TBEV-Eu
Immun
Rabies PCECV RABV

Pandemic HIN1 influenza [68]

A/H5N1/Indonesia/5/2005; A/H5N1/turkey/

Turkey/1/2005; A/H5N1/Anhui/1/2005
[70,71]

TBEV-Fe, TBEV-Sib [76]; OMFV [81], JEV

[80], WNV [79]

ABLV, EBLV, DUVV, BBLV, MOKV [83,84]

Table 1
Examples of cross-protection (i.e. protection against clinical infection/disease) and cross-reactivity (i.e. evidence of an immune response to related antigens) for various vaccines.
Disease target Vaccine Vaccine content Cross-reactivity/protection against [refs] Comments
Smallpox Cowpox Cowpox virus Smallpox virus [3] Deliberate cross-protection led to
smallpox eradication
Tuberculosis (M. BCG M. bovis M. leprae (leprosy) [4] Cross-protection against target
tuberculosis) (tuberculosis) and leprosy (clinical
trial data)
IPD PCV-7 4, 6B, 9V, 14, 18C, 19F, 23F 6A [7,10-13] Cross-protection based on clinical
trial and post-licensure data
PHiD-CV As PCV-7 plus 1, 5, 7F 6A [8,15]; 19A [8,14,15] Cross-protection based on clinical
trial data
PPSV-23 As PHiD-CV plus 2, 3, 8, 9N, 10A, 6A, 6C, 6D [17] Cross-reactivity based on serological
11A, 12F, 15B, 17F, 19A, 20, 22F, study data
33F
HPV-associated Cervarix HPV-16/18 High-risk HPV-31/33/45 [1,23]; low-risk Cross-protection based on clinical
genital and anal HPV-6/11 [24] trial and post-licensure data
lesions Gardasil HPV-6/11/16/18 High-risk HPV-31 [26,27] Cross-protection based on clinical
trial data
Rotavirus Rotarix G1P[8] G2P[4], G3P[8], G4P[8], G8P[4], GOP[8] Cross-protection based on clinical
gastroenteritis [37,45] trial data
RotaTeq G1, G2, G3, G4, and P[8] G8, G9, P[4], P[6] [37] Cross-protection based on clinical
trial data
Meningococcal MenB-4C MenB MenC, MenW, MenX [54,55]; MenY [56] Cross-reactivity based on serological
meningitis study data
MeNZB MenB N. gonorrhoeae [61,62] Cross-protection based on post-
licensure data
Seasonal influenza ~ Various Two influenza A types and one Related strains [64,65,67] Cross-reactivity based on serological
adjuvanted influenza B type study data

Possible cross-protection based on
clinical trial data

Cross-reactivity based on serological
study data

Cross-reactivity based on serological
study data
Cross-reactivity based on serological
study data

ABLV: Australian bat lyssavirus; BBLV: Bokeloh bat lyssavirus; BCG: Bacillus Calmette-Guérin; DUVV: Duvenhage virus; EBLV: European bat lyssavirus; HPV: human
papillomavirus: IPD: invasive pneumococcal disease; JEV: Japanese encephalitis virus; MenB: meningococcal serogroup B; MenB-4C: 4-component meningococcal serogroup
B vaccine; MenC: meningococcal serogroup C; MenX: meningococcal serogroup X; MenY: meningococcal serogroup Y; MeNZB: meningococcal serogroup B outer membrane
vesicles vaccine; MOKV: Mokola virus; OHFV: Omsk haemorrhagic fever virus; PCECV: purified chick embryo cell rabies vaccine; PCV-7: 7-valent pneumococcal conjugate
vaccine; PHiD-CV: non-typeable Haemophilus influenzae protein D conjugate vaccine; PPSV-23: 23-valent pneumococcal polysaccharide vaccine; RABV: rabies virus; TBE:
tick-borne encephalitis; TBEV: tick-borne encephalitis virus; TBEV-Eu: ‘European’ tick-borne encephalitis virus subtype; TBEV-Fe: ‘Far-Eastern’ tick-borne encephalitis virus
subtype; TBEV-Sib: ‘Siberian’ tick-borne encephalitis virus subtype; WNV: West-Nile virus.
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vaccination against smallpox [3] (Table 1). Early smallpox vaccines
contained material from cowpox lesions - which may have con-
tained more than one species of poxvirus - while newer smallpox
vaccines contain purified vaccinia virus, thus relying entirely on
cross-protection.

Another example of cross-protection is the BCG vaccine, which
contains M. bovis, but protects against tuberculosis (caused by M.
tuberculosis) (Table 1). Interestingly, this vaccine also provides pro-
tection against leprosy (caused by the much more distantly-related
M. leprae). Although the level of protection varies widely by study
(20-90%), a meta-analysis has found overall vaccine efficacy of BCG
against leprosy of 55% [4].

2.2. Invasive pneumococcal disease

Although around 90 different Streptococcus pneumoniae sero-
types have been identified [5], seven (4, 6B, 9V, 14, 18C, 19F, and
23F) caused the majority of invasive pneumococcal disease (IPD)
in North America before the introduction of pneumococcal vacci-
nes [6]. Initial vaccination strategies utilized a 7-valent pneumo-
coccal conjugate vaccine (PCV-7) targeting these seven serotypes,
while newer vaccines include antigens from more serotypes. These
include a 10-valent pneumococcal non-typeable Haemophilus
influenzae protein D conjugate vaccine (PHiD-CV, Synflorix, GSK,
Belgium) and a 13-valent pneumococcal-diphtheria cross-
reacting material 197 protein conjugate vaccine (PCV-13, Prevenar
13, Pfizer, USA). These contain antigens of the serotypes as shown
in Table 2.

Case-control studies have reported vaccine effectiveness >75%
for PCV-7, PHiD-CV, and PCV-13 against vaccine-serotype IPD [7-
9]. Various trials of PCV-7 and PHiD-CV have shown evidence of
cross-protection against some non-vaccine serotypes in PCV-13
(Table 2). For example, a US case-control study reported that
PCV-7 was effective against IPD caused by serotype 6A [7] (Table 2).
A decline in the incidence of IPD due to 6A has also been observed
in subsequent surveillance studies in various countries following
PCV-7 introduction [10-13]. However, PCV-7 has shown little/no

Table 2
Evidence of cross-protection with PCV-7 and PHiD-CV against non-vaccine-serotypes
associated with IPD.

PCV-13 serotypes Vaccine efficacy (95% CI) [ref]
PCV-7 PHiD-CV

1 -

Vaccine component

3 30 (-131to 79) [7]* 8 (-272 to 77) [8]*
—354 (—2006 to —26) [14]"
—289 (—2707 to 24) [15]"
4 Vaccine component Vaccine component
5 - Vaccine component
6A 76 (39-90) [7]° 15 (-312 to 82) [8]°
100 (41-100) [15]°
6B Vaccine component Vaccine component
7F —22 (444 t0 73) [7]* Vaccine component
15 (—161 to 72) [14]°
9V Vaccine component Vaccine component
14 Vaccine component Vaccine component
18C Vaccine component Vaccine component
19A 26 (—45 to 62) [7]* 82 (11-96) [8]%
42 (-9 to 69) [14]" 71 (24-89) [14]°
62 (20-85) [15]°
19F Vaccine component Vaccine component
23F Vaccine component Vaccine component

-, not reported; CI, confidence interval; IPD, invasive pneumococcal disease; PCV-7,
seven-valent pneumococcal conjugate vaccine; PCV-13, 13-valent pneumococcal
conjugate vaccine; PHiD-CV, 10-valent pneumococcal non-typeable Haemophilus
influenzae protein D conjugate vaccine.

2 Case-control studies.

b Cohort studies.

efficacy against 19A in clinical trials [7,14] or surveillance studies
[10-12]. A Brazilian case-control study has shown protection with
PHiD-CV against IPD caused by 19A, but not 6A [8]. However, sub-
sequent cohort studies from Quebec and Finland have reported
PHiD-CV vaccine effectiveness against serotypes 19A [14]| or 6A
and 19A [15] IPD (Table 2). The inconsistencies in efficacy against
6A are likely due to the low numbers of 6A cases. Interestingly, the
cross-protection of PHiD-CV against 19A IPD (62-82%; Table 2
[8,14,15]) is almost as high as the vaccine-serotype protection of
PCV-13 against 19A IPD (~85%) [9].

The differences between the observed clinical impacts of PCV-7
and PHiD-CV on 19A IPD illustrate the importance of vaccine
design on the protective immune response to closely related anti-
gens. While both vaccines include the 19F antigen, there appears to
be a qualitative difference in their immune response in terms of
protection against 19A IPD (Table 2). One possible explanation is
the different chemistry used to conjugate the polysaccharides to
proteins. While PHiD-CV employs cyanylation-mediated conjuga-
tion of 19F to a diphtheria toxoid carrier protein, which supposedly
preserves the 19F epitope [16], PCV-7 uses reductive amination to
conjugate 19F to a cross-reacting material 197 carrier, which may
affect the 19F epitopes by opening one of the saccharide rings. The
cross-reactive antibodies to 19A induced with PCV-7 have lower
opsonophagocytic activity and lower titres than the cross-
reactive antibodies to 19A induced with PHiD-CV [16].

Besides the above-mentioned cross-protection of serotype 6B
against 6A, the 6B serotype contained in a 23-valent pneumococcal
polysaccharide vaccine has been reported to induce cross-
functional immune responses against serotypes 6A, 6C, and 6D
[17] (Table 1).

2.3. Human papilloma virus

Over 150 HPV types have been identified [ 18], but two (HPV-16
and HPV-18, both “high-risk” oncogenic types) account for approx-
imately 70% of cervical cancer cases (in terms of oncogenesis), with
HPV-31/33/35/45/52/58 accounting for most other cases [19]. Of
the low-risk types, HPV-6/11 are most commonly associated with
genital warts. Currently, three HPV vaccines are widely licensed:
the AS04-HPV-16/18 vaccine, which is adjuvanted with 50 pg 3-O
-desacyl-4’-monophosphoryl lipid A (MPL) adsorbed on aluminium
salt (500 pg AI**) (AS04) (Cervarix, GSK, Belgium) and HPV-
6/11/16/18 and HPV-6/11/16/18/31/33/45/52/58 vaccines, both
with amorphous aluminium hydroxyphosphate sulphate adjuvants
(Gardasil and Gardasil 9, Merck, USA).

A serological study of HPV-16/18 and HPV-6/11/16/18 showed
that both vaccines elicited immune responses to non-vaccine
HPV types (HPV-31/33/45/58) [20]. In a recent meta-analysis,
AS04-HPV-16/18 and HPV-6/11/16/18 vaccines induced seroposi-
tivity to clinically important non-vaccine types, significantly more
so for ASO4-HPV-16/18 versus HPV-6/11/16/18 against HPV-31
and HPV-45 (Fig. 1A) [21].

In a large clinical trial, overall efficacy of ASO4-adjuvanted HPV-
16/18 vaccine against various cervical intraepithelial neoplasia
(CIN) endpoints (due to any HPV type) in initially HPV-naive
women after 4 years were greater than the expected efficacy based
on the proportions of HPV-16/18-associated cases in the control
arm and that predicted from vaccine efficacy against HPV-16/18
alone (Fig. 1B) [22]. These increases in observed vaccine efficacy
appear to be due to cross-protection [22]. Further examination of
the data from this study showed that the ASO4-HPV-16/18 vaccine
provided significant cross-protection against 6-month persistent
infection and CIN2+ (with or without HPV-16/18 infection) associ-
ated with five non-vaccine types for the HPV-naive cohort; and
with four non-vaccine types for the total vaccinated cohort
(Table 3) [1]. These observations were recently confirmed in a
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Fig. 1. Examples of cross-protection against non-vaccine HPV genotypes: (A) pooled estimates for seroconversion against non-vaccine genotypes for the AS04-HPV-16/18 and
HPV-6/11/16/18 vaccines (p values show the significance of the difference in vaccine effectiveness) [21] and (B) expected” and actual overall vaccine efficacies of the AS04-
HPV-16/18 vaccine against various endpoints among women who were HPV-naive at baseline [22]. The additional efficacy is due to cross-protection against other HPV
genotypes. ‘Expected VE was calculated as (control cases associated with HPV-16/18)/(all control cases) x (VE for HPV-16/18). CIN, cervical intraepithelial neoplasia.

Table 3
Summary of cross-protective vaccine efficacies against high-risk HPV types for the AS04-HPV-16/18 and HPV-6/11/16/18 vaccines.

HPV-31 HPV-33 HPV-35 HPV-39 HPV-45 HPV-51 HPV-52 HPV-56 HPV-58 HPV-59 HPV-66 HPV-68

AS04-HPV-16/18vaccine [1]
HPV-naive cohort

6-month persistent infection  77.1 43.1 x ? 79.0 25.5 18.9 X X X x ?

CIN2+ (+ HPV-16/18) 89.4 82.3 ? ? 100 70.2 ? 100 ? ? ? ?

CIN2+ (no HPV-16/18) 834 76.3 ? ? ? X X ? X ? ? X
TVC

6-month persistent infection  46.3 26.3 x X 54.5 13.7 x x X X x x

CIN2+ (+ HPV-16/18) 47.0 515 ? ? 90.5 50.0 X ? ? ? ? ?

CIN2+ (no HPV-16/18) ? 50.0 ? ? ? ? X X X X X X

HPV-6/11/16/18 vaccine
HPV-naive cohort [26]

Infection 46.2 ? ? NR ? NR ? NR X ? NR NR

CIN1-3/AIS 56.9 ? ? ? X X ? ? ? ? NR NR

CIN2-3/AIS 70.0 ? x ? X X ? ? ? ? NR NR
ITT cohort [27]

>6-month PI 33.6 ? X NR ? NR x NR ? 24.6 NR NR

CIN1-3/AIS 26.0 ? ? X ? X ? ? 28.1 37.6 NR NR

All listed values, which represent vaccine efficacies (%), have positive lower 95% Cls; ? indicates positive vaccine efficacy but negative lower 95% CI; x, minimal (<10%) or
negative vaccine efficacy; NR, not reported.

+ HPV-16/18, with or without co-infection with HPV-16/18; AIS, adenocarcinoma in situ; CIN, cervical intraepithelial neoplasia; HPV, human papillomavirus; ITT, intention-
to-treat; no HPV-16/18, excluding co-infection with HPV-16/18; TVC, total vaccinated cohort.
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cross-sectional study conducted in Scotland 7 years after the intro-
duction of an AS04-HPV-16/18 vaccination programme [23]. The
prevalence of vaccine-type HPV was reduced by 89.1% (95% confi-
dence interval [CI] 85.1-92.3%), but there were also reductions of
comparable magnitudes in non-vaccine types: HPV-31, 93.8%
(95% CI 83.8-98.5%); HPV-33, 79.1% (95% CI 64.2-89.0%); and
HPV-45, 82.6% (95% CI 61.5-93.9%) [23].

The AS04-HPV-16/18 vaccine has also been found to provide
moderate cross-protection against persistent infection with low-
risk non-vaccine genotypes associated with genital warts, with
vaccine efficacies against 6-month persistent infection against
HPV-6/11 of 34.5% (95% CI 11.3-51.8%) and against HPV-74 of
49.5% (95% CI 21.0-68.3%) [24]. Furthermore, ecological data from
England suggest that vaccination with the ASO4-HPV-16/18 vac-
cine has resulted in up to a 50% reduction in the incidence of gen-
ital warts [25].

Studies of the HPV-6/11/16/18 vaccine have also demonstrated
reductions in HPV infection due to non-vaccine types. As shown in
Table 3, the HPV-6/11/16/18 vaccine provided cross-protection

9%
®,
o
o
il
97
®,
o
o
|

Europe
100 100

A

100
90
80
70
60
50
40
30
20
10

0

95 | g2

75

Vaccine efficacy (%)

G2P[4]
G3PI[8]
G4P[8]
GOPI[8]

&,
o
[©)
Vaccine-type disease [
0

Europe

W

100 90 87

83

(o]
o

77 72

©,
o
-

N WAoo N
[eNeoNeNoNeNolNe)

Vaccine efficacy (%

N
o O

G2P[4]
G3P[8]
G4P[8]
G9P[8]

G

Vaccine-type disease

Latin America

88

543

against HPV-31 in the HPV-naive cohort [26]; with additional
low levels of cross-protection against HPV-58/59 in the
intention-to-treat cohort [27]. Post-licensure data also indicate sig-
nificant cross-protection against HPV-31, but not for the other
types [28]. This seemingly lower cross-protection with the HPV-
6/11/16/18 vaccine versus the AS04-HPV-16/18 vaccine has been
attributed to their different adjuvants [29,30]. The AS04-HPV-
16/18 vaccine contains AS04, which enhances the immune
response by triggering a local cytokine response [31], while the
HPV-6/11/16/18 vaccine contains amorphous aluminium hydrox-
yphosphate sulphate.

2.4. Rotavirus

Based on VP6 genetic variability and serological reactivity, rota-
viruses are classified into eight groups (A-H) [32]. These are fur-
ther classified into glycoprotein (G) and protease-sensitive (P)
serotypes/genotypes on the basis of their genomic sequence and
the serological characteristics of their outer capsid proteins, VP7
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Fig. 2. Efficacy of monovalent rotavirus vaccine against vaccine-type and non-vaccine type severe rotavirus gastroenteritis during (A) the first year of life in Europe, Latin
America, and Africa; and (B) the second year of life in Europe and Latin America or the first 2 years of life in Asia [45]. ‘Score > 11 on the Vesikari scale [46] for Europe, Africa,
and Asia; an episode of diarrhoea with or without vomiting that required hospitalization and/or re-hydration therapy in a medical facility for Latin America. European
populations: first year: vaccine n = 2572; placebo n = 1302; second year: vaccine n = 2554; placebo n = 1294. Latin American populations: first year: vaccine n = 9009; placebo
n =8858; second year: vaccine n=7175; placebo n=7062. African populations: first year: vaccine n=2974; placebo n = 1443. Asian populations: first 2 years: vaccine

n=5263; placebo n = 5256.
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and VP4, respectively [33]. A range of genotypes may be character-
ized on the basis of G-P combinations, with G1P[8], G2P[4], G3P[8],
G4P[8], and G9P[8] being the most common in the pre-rotavirus
vaccine era [34]. In contrast to the important variability observed
among G-and P-types, little diversity is found among VP6 sub-
groups and nonstructural protein 4 genotypes circulating in
humans [35]. Although the role of these proteins in cross-
reactivity has not been fully elucidated, the best evidence of
heterologous protection arises from empirical observations of nat-
ural rotavirus infections [35].

Indeed, rotavirus vaccines were specifically designed to mimic
the cross-serotype immunity that occurs following natural infec-
tion with a rotavirus [36]. Currently, two vaccines are widely avail-
able: a monovalent oral live attenuated human rotavirus vaccine
containing the G1P[8] strain (Rotarix, GSK, Belgium) and a pentava-
lent human-bovine reassortant vaccine containing G1, G2, G3, G4,
and P[8] strains (RotaTeq, Merck, USA) [37]. Despite clear differ-
ences in vaccine valency, data suggest that both vaccines have sim-
ilar effectiveness against rotavirus gastroenteritis (RVGE) [37,38].
This implies broad immunological cross-reactivity and clinical pro-
tection against disease induced by non-vaccine serotypes.

Further evidence for cross-protection with the monovalent
rotavirus vaccine has been obtained from studies conducted across
Latin America, Africa, Europe, and Asia [39-44], which showed
substantial efficacy against RVGE due to the vaccine type (G1
[P8]) and against disease due to a range of other strains (Fig. 2)
[45,46]. In a pooled analysis, the monovalent vaccine was found
to have, in high-middle income countries, a 77% (95% CI 58-86%)
effectiveness against the G1P[8] vaccine strain, 72% (95% CI 49-
84%) against partially heterotypic strains (G3P[8], G4P[8], GIP
[8]), and 67% (95% CI 52-77%) against a fully heterotypic strain
(G2P[4]) [37]. Using the same criteria, the pentavalent vaccine
was found to have 76% (95% ClI 64-89%) effectiveness against its
vaccine types (single human rotavirus VP7 or VP4 antigen) and
81% (95% ClI 43-93%) effectiveness against non-vaccine types (sin-
gle human rotavirus VP7 or VP4 antigen not included in the pen-
tavalent vaccine) [37]. These results were confirmed in a more
recent meta-analysis where both vaccines provided good protec-
tion against RVGE, with non-significantly higher odds ratios for
effectiveness for the monovalent vaccine (e.g. 2.23, 95% credible
interval 0.72-5.20 against severe disease up to 2 years) [38], high-
lighting the importance of cross-protection with these two rota-
virus vaccines even if they are based on different approaches.

2.5. Meningococcal meningitis

There are 13 serogroups of Neisseria meningitidis, but most
invasive human disease is due to serogroups A, B, C, W-135, X
and Y [47]. A number of monovalent and polyvalent vaccines direc-
ted against the capsular polysaccharides (CPS) of meningococcal
groups A, C, W-135, and Y have been licensed and are widely used
[48]. However, development of a vaccine against meningococcal
serogroup B (MenB) CPS had been hindered by potential molecular
similarity to a human poly-sialyted neuronal cell adhesion mole-
cule, which reduces immunogenicity in humans and raises con-
cerns regarding the potential induction of autoimmune disease
[49].

Initially, vaccines against MenB outer membrane vesicles
(OMVs) were developed, selecting the MenB porin A as the vaccine
antigen. However, antigenic diversity and immunodominance of
certain porin A antigens resulted in monovalent MenB vaccines
with limited cross-reactivity. While effective in controlling the
strain-specific outbreaks for which they were developed, they can-
not provide the necessary broader protective activity against the
diverse range of MenB strains in global circulation [50].

To find alternative antigenic targets, MenB surface antigens
with high immunogenicity, including the factor H binding protein
(fHbp), neisseria adhesin A (NadA), and neisseria heparin binding
antigen (NHBA) were identified by reverse vaccinology [47]. Using
this approach, MenB-4C (Bexsero, GSK, Belgium), a four-component
vaccine combining fHbp, NadA, and NHBA antigens and an OMV
antigen derived from a MenB strain associated with an outbreak
in New Zealand, has been developed and is widely available [49].
Another vaccine, MenB-FHbp (Trumenba, Pfizer, USA), a bivalent
vaccine containing two antigenically distinct fHbp variants is also
available in the US and Europe [51].

The proportion of circulating MenB strains in different geo-
graphical populations that will likely be covered by MenB-4C has
been estimated - using the Meningococcal Antigen Typing System
(MATS) - to be 66-91% globally [52]. However, it is likely that
MATS underestimates MenB strain coverage because it does not
include the potential for cross-protection [53].

Inclusion of the sub-capsular antigens (fHbp, NHBA, and NadA)
in MenB-4C has the potential to confer protection against other
meningitis serogroups with common epitopes [47]. Studies using
either MATS data with predicted human serum bactericidal anti-
body (hSBA) responses to meningitis serogroups (C, W, and Y) or
directly measuring hSBA responses using sera from subjects
immunized with MenB-4C vaccine support this assumption
(Table 1). In an Australian study, which used MATS data to predict
MenB coverage with MenB-4C (76% predicted coverage), 108 non-
MenB serogroup isolates were also tested [54]. Of these, 56%
exceeded immune correlates of protection thresholds for at least
one of the antigens included in MenB-4C: MenC (64%); MenW-
135 (63%); and MenY (37%) [54]. A study evaluating 147 non-
MenB isolates from Europe and Brazil, which measured hSBA
responses using sera from subjects immunized with MenB-4C vac-
cine, reported responses against MenC, MenW, and MenY ranging
from 45% to 90% [55]. Another study, using hSBA assays with
pooled sera from vaccinated subjects, reported that MenB-4C
might provide coverage against nine MenX isolates from Africa
(but not two unrelated MenX isolates from France) [56]. More
recently, analysis of MenW isolates from the UK has shown high
hSBA titres (>1:32) against all six strains in which MATS data pre-
dicted coverage following immunization with MenB-4C [57].
These preliminary data suggest that additional protection against
non-MenB serogroups may be provided by the MenB-4C vaccine.
Indeed, in the UK, the Joint Committee on Vaccination and Immu-
nisation has recognized that the MenB-4C vaccine is likely to pro-
vide some protection against other meningitis serogroups,
including MenC [58].

For the MenB-FHbp vaccine, an alternative system, the
Meningococcal Antigen Surface Expression (MEASURE) assay,
which quantifies the fHBP cell surface concentration, is used.
MenB-FHbp has also been predicted to elicit responses to diverse
MenB strains [32,35], although there is, as yet, limited clinical data
with this vaccine.

Lastly, there is substantial (80-90%) genetic homology between
Neisseria species, including N. meningitidis and N. gonorrhoeae [59)].
Meningitis vaccines may therefore provide some clinical protection
against gonorrhoea, for which there is currently no specific effec-
tive vaccine [60]. Retrospective data from Norway suggest that
there may be some decline in gonorrhoea incidence among MenB
OMV vaccine recipients [61] (Table 1). A recent retrospective
case—control study in New Zealand has specifically evaluated the
effect of a specific MenB OMV vaccine (MeNZB) on gonorrhoea
[62]. Subjects who received a complete MeNZB vaccination sched-
ule were found to be significantly less likely to have gonorrhoea
than those who did not (p < 0.0001), with an estimated vaccine
effectiveness of 31% (95% CI 21-39%) [62].
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2.6. Influenza

Human influenza viruses are classified into three types (A, B,
and C) [63]. Influenza A viruses are divided into multiple subtypes
based on surface haemagglutinin (H) and neuraminidase (N) pro-
teins (e.g. HIN1, H3N2, H5N1, H7N9). These are further subdivided
into clades, which usually have different antigenic characteristics
and are identified by numbers or by representative strains (e.g.
A/Michigan/45/2015-like HIN1). Influenza B viruses are divided
into two antigenically distinct lineages (B/Victoria and B/Yama-
gata), and further by clades classically identified by representative
strains (e.g. B/Brisbane/60/2008-like for one of the B/Victoria
clade).

As reviewed by various authors [64-66], immunogenicity stud-
ies have shown that influenza vaccines against HIN1, H3N2, and B
influenza viruses can induce seroprotection against related strains
(e.g. a vaccine containing the seasonal A/H1N1/Beijing/262/95
virus can induce seroprotection against the new pandemic
A/H1N1/New Caledonia/20/99 virus [67]) (Table 1). The extent of
seroprotection against related strains compared to vaccine strains
varies widely. It is known that this is linked to how much the vac-
cine strains “match” the features of the circulating strains each
season [64,65]. A placebo-controlled study has reported potential
cross-protection of a non-adjuvanted intramuscularly adminis-
tered seasonal influenza vaccine (containing A/Brisbane/59/2007
(H1N1)-like) against pandemic HIN1 influenza [68] (Table 1). This
was significant when assessed by serology (0.09 vs 0.17 cases per
person-year; vaccine efficacy 47%; p =0.01), but not by reverse-
transcription polymerase chain reaction (0.02 vs 0.02 cases per
person-year; vaccine efficacy -32%; p=0.61) [68].

In addition, some studies showed an enhanced cross-protection
with intradermally administered vaccines and intramuscularly
administered microfluidized emulsion (MF59)-adjuvanted vacci-
nes compared to conventional intramuscular administration of
unadjuvanted vaccines [64]. These studies suggest that adjuvanted
seasonal influenza vaccines can provide some extra protection
against related strains that are not included in the vaccine. This
is important as it potentially broadens the vaccine effectiveness
in this disease that is caused by antigenically unstable viruses. As
reviewed by Chada et al. [69], various studies have shown that vac-
cines adjuvanted with MF59 or ASO3 (an adjuvant system contain-
ing a-tocopherol and squalene in an oil-in-water emulsion) against
pathogenic avian H5N1 can induce broad cross-clade immunity to

Table 4

antigenically diverse strains. For example, vaccination with an
AS03-adjuvanted A/H5N1/Vietnam/1194/2004 (clade 1) vaccine
resulted in cross-clade immunity against A/H5N1/Indone-
sia/5/2005 (clade 2.1), A/H5N1/turkey/Turkey/1/2005 (clade 2.2),
and A/H5N1/Anhui/1/2005 (clade 2.3) (seroconversion rates 75-
85%) despite significant antigenic variability between these clades
[70,71] (Table 1). Interestingly, a non-adjuvanted version of this
vaccine did not elicit cross-reactivity [70,71]. Cross-reactivity has
also been reported following immunization with adjuvanted pan-
demic HIN1 vaccines [72,73]. Overall, these findings have wel-
come implications regarding vaccine stockpiling when preparing
for future influenza pandemics [69].

2.7. Flaviviridae

The Flaviviridae family includes various arthropod-borne
viruses, e.g. Yellow fever virus, dengue virus, Zika virus, West Nile
virus, Japanese encephalitis virus, and tick-borne encephalitis
(TBE) virus (TBEV). These can cause a wide range of diseases
including haemorrhagic fever, hepatitis, and encephalitis. While
these viruses differ in their natural history and pathogenicity pro-
files, they have the envelope glycoprotein - which governs mem-
brane fusion - as a common structure [74].

Intra-species cross-reactivity between distinct subtypes is well
illustrated in the experience seen with immunization against TBE.
TBEVs are subdivided into three main types: TBEV-Eu (a European
subtype); TBEV-Fe (a Far-Eastern subtype); and TBEV-Sib (a Siber-
ian subtype) [75]. Available vaccines are based on inactivated
whole TBEV. In Europe, two licensed vaccines directed against
TBEV-Eu are available: Encepur (GSK, Belgium) and FSME-Immun
(Baxter, Austria) [75]. In Russia, two vaccines against TBEV-Fe are
available: TBE Moscow (Chumakov Institute of poliomyelitis and
Viral encephalitides) and EnceVir (Microgen, Tomsk) [75]. As
shown in a recent review of 14 serological studies, both European
vaccines induce strong, persistent antibody responses to a wide
variety of TBEV types, with very high seroconversion/seropositivity
rates (Table 4) [76]. Another review has discussed evidence sug-
gesting cross-protective capabilities of vaccines against different
Japanese encephalitis serocomplex viruses [77].

As recently reviewed by Priyamvada et al. [ 78], there is also evi-
dence of interspecies cross-reactivity between dengue virus and
Zika virus. Immunization with a vaccine against a specific flavivirus
has also been found to be accompanied by some degree of

Immunogenicity against heterologous subtypes after two or three doses of TBEV-Eu vaccines, based on 14 studies as reviewed by Domnich et al. [76].

Sero-outcome® (%)

Encepur FSME-Immun
Two doses Three doses Two doses Three doses
TBEV-Fe strains
139 63 99 79-100 -
205 4-72 79-100 72-100 75-97
KH98-5 - - 100 -
Oshima 5-10 - - 88 100
P-69 27-71 64-100 - -
P-73 57-94 95-100 - 78-88
P-202 52-92 98-100 - -
Sofjin - 100 100 100
VL99-m11 - - 100 -
TBEV-Sib strains
IR99-2f7 - - 100 -
Kolarovo-2008 - 100 - -
Vasilchenko - - - 100

TBEV-Eu: European tick-borne encephalitis virus subtype; TBEV-Fe: Far-Eastern tick-borne encephalitis virus subtype; TBEV-Sib: Siberian tick-borne encephalitis virus

subtype.

@ Percentages of seropositive or seroconverted (depending on the study) subjects at 0.5-12 months after the second dose and 0.75-84 months after the third dose by a
range of assays (neutralization test, enzyme-linked immunosorbent assay for immunoglobulin G, haemagglutination inhibition, and indirect immunofluorescence assay).
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immunological cross-reactivity against other flaviviridae [79-81].
For example, a TBEV vaccine has been reported to provide full pro-
tection against Omsk haemorrhagic fever virus infection in mice
[81]. Further, prior TBEV vaccination has been reported to enhance
initial immune responses to Japanese encephalitis virus immuniza-
tion in humans [80], and may also induce neutralizing antibodies
against West Nile virus [79]. However, it is not always clear to
what extent cross-reactivity results in cross-protection.

2.8. Rabies

Rabies is caused by the rabies virus and other phylogenetically
related viruses, all from the genus Lyssavirus [82]. Various human
rabies virus vaccines are available, [82,83]. Human diploid cell
and purified chick embryo cell rabies vaccines in particular, have
been shown to elicit cross-reactive neutralizing antibodies against
Australian bat lyssavirus and European bat lyssavirus [83,84]
(Table 1). The purified chick embryo cell vaccine has additionally
shown cross-reactivity against Duvenhage virus and Bokeloh bat
lyssavirus [83].

3. Biological rationale for cross-reactivity

In vaccination, the principal aim is to elicit strong immune
responses (mainly antibody responses) to an antigen or antigens,
which are typically accessible, surface-exposed immunogenic
structures of the target pathogen. Often, these are involved in bac-
terial virulence or persistence. For instance, bacterial targets could
include CPS [48] or OMVs in the case of meningitis vaccines [50].
Virus targets often include surface glycoproteins such as haemag-
glutinin and neuraminidase proteins in influenza vaccines [85].
Although antigens usually differ between serotypes/genotypes in
terms of their immunogenic and structural properties, they may
retain common - and sometimes significantly conserved - features
such as shared epitopes, usually a feature of phylogenetically clo-
sely related members of a pathogen species. Conservation is also
seen across more phylogenetically distant variants of the same
species and even between species, as illustrated with the examples
of smallpox and BCG vaccine previously mentioned. Consequently,
vaccination using specific antigen targets can induce immune
responses towards additional pathogen strains (and sometimes
even different species). This forms the basis of cross- protection
in vaccination, in which clinical protection beyond the target anti-
gen(s) is observed.

3.1. Cross-reactivity as an intrinsic feature of the adaptive immune
response

Besides the antigenic similarity described above, the phe-
nomenon of cross-reactivity is also a consequence of the flexibility
of interactions between T- and B-cell receptors and antigens,
which rather than “one-to-one” resemble “several-to-several”
and the resulting polyclonal adaptive response. In the cascade of
the adaptive immune response, an epitope (also called antigenic
determinant, which is the structure recognized by the immune
system) is presented to naive B cells and recognized with various
levels of affinity. This triggers a selective process, resulting in selec-
tion and proliferation of B cells capable of producing antibodies
that bind to this epitope in a process called affinity maturation.
Binding of an antigen to a B cell represents one of the stimuli
required for their proliferation. Another is the presence of T-
helper cells, which are essential for the development of a strong
and lasting immune response [86,87]. A single antigen typically
contains various different epitopes, which can be recognized by
multiple different clones of B cells. This leads to proliferation of

all the different clones and is known as a polyclonal response
[86,88]. An immune response to an antigen therefore classically
raises many different antibodies to the various exposed epitopes
on the antigen. There are several factors that support the wider
range of B-cell specificity to antigens, one of which is the stimula-
tion of the immune system early in the affinity maturation [88].

Specific antigenic determinants induce immune responses with
antibodies recognizing and interacting with epitopes via comple-
mentary determinants (paratopes) in an area within the antibody
variable region [88]. Such antigen-antibody interactions are medi-
ated by their respective binding site (i.e. epitope-paratope) inter-
actions, which range in respect to their strength, or affinity. This
interaction is primarily a function of the level of epitope/paratope
steric complementarity and ionic charge rather than amino acid
sequence. As each paratope may interact with several different epi-
topes, both high- and low-affinity antibodies are produced follow-
ing exposure of the immune system to an antigen. Some of these
have high specificity to a small number of epitopes, while others
have low specificity to a wider range of epitopes. This polyclonal
response is one of the main underlying principles of cross-
reactivity.

There is also a level of cross-reactivity in the T cells. Initially, it
was thought that individual lymphocytes specifically recognized a
single epitope of an antigen, with recognition of other antigens
unlikely. More recent understanding of the immune system has
questioned this concept. It has been proposed that the ability of
a T-cell receptor to recognize more antigens is an evolutionary
necessity. Following the one-pathogen-one-clonotype concept,
recognition of >10'° potential foreign peptides, which is necessary
for effective immunity, would require 10'> T cells, which would
weigh >500 kg [89,90]. The reliance of the immune system purely
on monospecific T-cell receptors is therefore biologically implausi-
ble. There are about 102 T cells in a human and <102 distinct T-cell
receptors in the human naive T-cell pool [90,91]. The capability of
T-cell receptors to recognize different antigens is a biological need
and cross-reactivity is one way that they may be able to do this
[90]. Various mechanisms have been suggested to explain how T-
cell receptor cross-reactivity may allow the limited T-cell pool to
recognize a myriad of potential antigens: (1) induced fit; (2) differ-
ential T-cell receptor docking; (3) structural degeneracy; (4)
molecular mimicry; and (5) antigen-dependent tuning of
peptide-major histocompatibility complex flexibility [92].

4. Rational vaccine design incorporating cross-reactivity

The data discussed in this review clearly show that many vac-
cine antigens can elicit cross-reactive and cross-protective
immune responses. With this in mind, new vaccines can be
designed by carefully selecting antigens that are conserved
between pathogen types in order to elicit the broadest response
and, hence, provide the widest protection. Antigens that result in
the generation of antibodies against a wide variety of naturally
occurring antigens can then be used preferentially.

As one example, the 19F antigen that is included in PHiD-CV
was subsequently found to provide protection against 19A IPD,
presumably due to the very similar structures of these two sero-
types [93]. Although this cross-protection developed by chance
rather than by design, this knowledge has led to the search for con-
served antigens, e.g. when designing MenB vaccines [47].

The content of seasonal influenza vaccines may vary each year,
based largely on the epidemiological trends of the various circulat-
ing strains and clades but also on their antigenic characteristics.
However, despite some cross-reactivity (especially with adju-
vanted vaccines) [64-66], seasonal influenza vaccines offer only
low levels of protection against seasonal influenza, or against
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pandemic influenza. Therefore, the search for a “universal” influ-
enza vaccine is underway. Approaches include eliciting a broader
immune response that can confer protection against current sea-
sonal influenza strains, or even targeting a protein or protein
region that is conserved amongst both seasonal and pre-
pandemic strains [94]. The latter approach could result in the ulti-
mate cross-protective influenza vaccine.

5. Ways to improve cross-reactivity

As the adaptive immune system recognizes a pathogen by its
antigens, the quality and quantity of the adaptive immune
response are determined by the way these antigens are presented.
With the move from whole pathogen to subunit and recombinant
vaccines, vaccine antigens are expected to elicit a more specific -
but less broad and less immunogenic - response [95]. Although
this results in improved reproducibility and safety, it can also
result in responses that are not sufficient to subsequently provide
protection against the actual pathogen. As reviewed by various
authors [96-99], adjuvants can be used to improve the immune
response to the target antigens. Adjuvants also have the benefit
of potentially improving cross-reactivity.

Adjuvants provide an early stimulus in clonal expansion, by
activating antigen-presenting cells, which can further contribute
to a broader polyclonal response. This enhancement of the immune
response by adjuvants is well-documented in the example of influ-
enza vaccines already described. MF59 has been used in adju-
vanted influenza vaccines for many years, inducing greater
responses to heterotypic strains, compared with unadjuvanted
vaccines [64]. Similarly, as mentioned previously, an AS03-
adjuvanted recombinant clade 1 H5N1 pre-pandemic vaccine has
been shown to elicit a broad clade 2 cross-reactive immunity,
while the antigen alone did not induce cross-reactive antibodies
[70,71]. Also as previously mentioned, the AS04-HPV-16/18 vac-
cine appears to offer broader and stronger cross-protection than
HPV-6/11/16/18 [1,21,26,27], likely due to its specialized adjuvant
system [29,30].

How the various different adjuvants are able to activate innate
cells and mechanisms, and how this translates into enhanced and
modulated adaptive immune responses — particularly cross-reactiv
ity/cross-protection - has not yet been fully elucidated. What is
clear is that, by selecting and combining the most appropriate
adjuvant components for a specific antigen, it is possible to design
and formulate vaccines that deliver greater and broader protection
(i.e. cross-protection) than existing vaccines [96].

Antigen-delivery platforms may also enhance the immune
response - by delivering the vaccine antigens to the right compart-
ments for optimal expression and processing — and hence poten-
tially enhance polyclonal responses and broaden the range of
protective immunity. For example, immunization with
adenovirus-vectored centralized consensus hemagglutinin vaccine
candidates (Adenovirus 4 and Adenovirus 5 vectors expressing H1,
H3, and H5 consensus genes) has resulted in protection against
challenge with lethal doses of heterologous influenza viruses in
mice [100].

6. Conclusions

Many vaccines have been designed to target the most prevalent
and/or most virulent strains of a pathogen. However, it is now clear
- from serological studies, clinical trials, and post-licensure data -
that many vaccines can elicit cross-reactive immune responses
that may have an important additional clinical impact (i.e. cross-
protection) on disease caused by non-vaccine strains or variants
of the same pathogen. Of course, in addition to providing protec-

tion against infection/disease, cross-protection is also likely to
have beneficial impacts on carriage and circulation, thereby pro-
viding some indirect (herd) protection. The observed effect of
cross-reactivity is based on the intrinsic properties of the human
adaptive immune system, namely the polyclonal nature of the
humoral response and the capability of T- and B-cell receptors to
recognize a variety of similar antigens. The evidence of vaccine
effectiveness beyond that predicted solely by their antigen content
has changed our understanding of the full impact - and cost-
effectiveness - of immunization programmes with some vaccines.
In several instances, the impact of immunization as we know it
would not be the same without cross-reactivity, and this should
therefore be taken into consideration when implementing new
regimens. However, the cross-protective effects of each individual
vaccine must be ascertained, as this can vary depending on factors
such as epitope conservation and adjuvants. For vaccines against
pathogens with important antigenic variability (e.g. pandemic
influenza), cross-reactivity is actually an essential part of the vac-
cine design strategy to ensure optimal effectiveness. With the
advent of the next generation of vaccine technologies (e.g. syn-
thetic peptide antigens), cross-reactivity might become the solu-
tion to creating vaccines against highly antigenically and
genetically diverse pathogens (e.g. rhinovirus or norovirus).
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Glossary

Cross-protection [in vaccinology]: clinical protection elicited by a vaccine against a
non-vaccine type microorganism

Cross-reactivity [in vaccinology]: immunostimulation elicited by a vaccine against a
non-vaccine type microorganism

Genotype: genetic constitution of an individual organism

Serotype: a serologically distinguishable strain of a microorganism

Subtype: a division of a type of microorganism below the species or strain level -
typically identified in variations in specific target antigens - not requiring
serology for distinction.
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