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The genus Rickettsia contains some of the most lethal pathogens known to man,
including Rickettsia prowazekii, a select agent that could be used as a biological weapon.
Although Rickettsia spp. cause important diseases of public health importance and there
is a need to develop countermeasures for biodefense, there are no commercially available
vaccines. Resistance to rickettsial infections and cross-protective immunity between
typhus and spotted fever group rickettsiae are attributed to the induction of antigen-
specific T cells, particularly CD8" T cells. Defining specific T-cell antigens and
correlates of protective cellular immunity are critical steps towards vaccine development
for Rickettsia. However, these are major gaps in this field that are impeding progress
towards a vaccine. In this investigation, | developed and validated an in silico algorithm
that allowed the identification of five novel R. prowazekii vaccine antigen candidates
recognized by CD8" T cells. The novel rickettsial vaccine candidate antigens, RP884,
RP778, RP739, RP598, and RP403, protected mice against a lethal challenge with typhus

group R. typhi and spotted fever group R. conorii, which demonstrates a level of cross-
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protective immunity against these molecularly distinct pathogenic rickettsial groups.
Moreover, considering that surviving a natural rickettsial infection results in long-lived
immunity, | characterized the primary and memory CD8" T cell response after a
rickettsial challenge using phenotypic markers for activation and measured effector
molecules that could be used to validate the level of cellular immunity induced by novel
antigens. Based on the studies presented herein, four correlates of protection against R.
typhi infection in animals immunized with protective rickettsial antigens are proposed: 1)
production of IFN-y by antigen experienced CD3*CD8"CD44"%" cells, 2) production of
Granzyme B by CD27"°"CD43"" antigen-experienced CD8" T cells, 3) generation of
memory-type CD8" T cells [Memory Precursor Effector Cells (MPECs), as well as
CD127""CD43"" and CD27""CD43"" CD8* T cells], and 4) generation of effector-
like memory CD8" T cells (CD27°"CD43""). Together, these findings validate a reverse
vaccinology approach as a strategy to identify protective rickettsial antigens that induce
cellular immunity. In addition, this work demonstrates the feasibility of developing a
subunit vaccine that triggers T-cell-mediated cross-protection between phylogenetically
distant Rickettsia spp. Finally, the proposed correlates could be useful for the validation
and assessment of the quality of the CD8" T cell responses induced by novel antigens

with potential use in a vaccine against Rickettsia.
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CHAPTER 1: Introduction and Background

RICKETTSIA

Biology and Life Cycle

Rickettsiae are small (0.3-0.5x0.8-1.0 um)  arthropod-borne obligately
intracellular Gram-negative bacteria that primarily infect endothelial cells [1]. They are
members of the genus Rickettsia within the family Rickettsiaceae in the order
Rickettsiales. Rickettsiae are divided in four groups based on their biological, genetic
and antigenic characteristics [2,3]:

1. Spotted fever group (SFG) Rickettsia include organisms highly pathogenic to
humans such as tick-borne R. rickettsii (Rocky Mountain spotted fever, RMSF),
R. conorii (Mediterranian spotted fever), and R. parkeri (mild spotted fever
rickettsiosis found in North and South America) among others [4].

2. Typhus group Rickettsia has only two members: 1) R. typhi, agent of flea-borne
murine or endemic typhus, which is probably one of the most prevalent and
neglected rickettsiosis [5]; and 2) highly pathogenic R. prowazekii, agent of louse-
borne epidemic typhus, which remains on the CDC’s list of biothreat select agents
that has been previously developed as a bioweapon [6, 7]. In addition, R.
prowazekii is also the causative agent of Brill-Zinsser disease, the only known
rickettsiosis that can present as a relapsing form years after the primary infection

in asymptomatic carriers [8].



3. Transitional group Rickettsia include pathogenic R. akari (rickettsialpox), R.

australis (Queensland tick typhus), and R. felis.

4. Ancestral group which include non-pathogenic R. bellii and R. canadensis.

Table 1.1 Summarizes the classification of recognized Rickettsia spp.

Table 1.1 Classification of Rickettsia®

Group Organism Disease

Spotted Fever R. rickettsii Rocky Mountain spotted fever
R. conorii Mediterranean spotted fever
R. africae African tick-bite fever
R. parkeri Spotted fever rickettsiosis
R. slovaca Tick-borne lymphadenopathy
R. sibirica Lymphangitis
R. heilongjiangensis Far-Eastern spotted fever
R. massiliae Spotted fever rickettsiosis
R. honei Flinders Island spotted fever
R. japonica Japanese spotted fever
R. montanensis Non pathogenic?
R. peacockii Non pathogenic?
R. rhipicephali Non pathogenic?

Typhus R. prowazekii Epidemic typhus
R. typhi Murine typhus

Ancestral R. bellii Unknown
R. canadensis Unknown

Transitional R. akari Rickettsialpox
R. australis Queensland tick typhus
R. felis Flea-borne spotted fever

® Adapted from D. H. Walker and N. Ismail, “Emerging and re-emerging rickettsioses: endothelial cell
infection and early disease events.,” Nat. Rev. Microbiol., vol. 6, no. 5, pp. 375-386, May 2008.
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Rickettsia have small genomes (1.1 to 1.3 Mb), and due to its obligately
intracellular niche, have undergone a process of reductive evolution and thus developed a
dependence on the host cell for several biosynthetic metabolic pathways [9-12]. In fact,
a number of these synthetic pathways have been replaced by transport systems [9].
Interestingly, rickettsiae have a close phylogenetic and evolutionary relationship with the
origin of modern mitochondria, and there is a remarkable similarity at the functional level
such as the ATP synthesis pathway [11].

Comparative genome analyses have defined the level of genetic similarity
between rickettsiae of different groups. Comparisons among R. prowazekii, R. typhi and
R. conorii genomes have indicated that these pathogens share 775 genes. Furthermore, it
has been estimated that R. conorii and R. typhi genomes contain about 800 of the 834
ORFs predicted for R. prowazekii [9, 10]. Genes shared among Rickettsia are mainly
related to metabolic and cellular processes, while genomic variations and species-specific
genes have been associated with their ability to infect and adapt to a range of diverse
hosts including mammals, ticks, fleas, lice, and mites; moreover it is suspected that some
of these genetic variations might represent species- or strain-specific virulence factors
[11]. As a consequence of this scenario, it has been proposed that the conserved
metabolic pathways and transport mechanisms which allow Rickettsia to acquire nutrients
inside host cells could represent potential vaccine or therapeutic targets [11].

In nature, rickettsiae are maintained effectively in a zoonotic cycle that involves
rickettsemic rodents and their ectoparasites. This is documented in the case of R.

prowazekii [13] and/or transovarial and trans-stadial transmission in ticks as observed



with SFG Rickettsia [3]. Thus, transmission to humans is accidental and is not essential
to maintain the natural cycle of any Rickettsia spp.

In humans, the vascular endothelium is the primary target of rickettsial
infections, followed by mononuclear phagocytes and hepatocytes [14]. Rickettsial entry
into the mammalian cell requires the binding of outer membrane protein B (OmpB or
scab) to cell receptor, Ku70, a component of the DNA-dependent protein kinase,
expressed on the host cell membrane [15]. This interaction promotes a cascade of
signalling events, including the Arp2/3 complex [16], Cdc42, cofilin, c-Cbl, clathrin, and
caveolin 2 [17], that induce the necessary cytoskeletal rearrangements that lead to a
zipper-like entry mechanism. However, OmpB appears to account for only a 50% of
rickettsial entry, thus involvement of other ligands such as sca2 [18] and adr2 [19] has
been proposed. Once inside the host cell, rickettisae escape into the cytosol is mediated
by phospholipase D and haemolysin C [20], thereby avoiding destruction within the
phagolysosome. In vitro, Fc receptor-mediated entrance of opsonized rickettsiae to
macrophages has also been observed. Interestingly, this entry pathway inhibits
phagosomal escape resulting in intraphagolysosomal killing of rickettsiae [21].

A major difference between SFG and typhus group rickettsiae is the absence of
the rickettsial outer membrane protein OmpA (Sca0) in the typhus group, which has been
linked to adherence to host cells in the SPG rickettsiae [22]. Other differences are
associated with growth and actin polymerization. Typhus group rickettsia grow until the
host cell ruptures allowing released rickettsiae to infect adjacent cells [23], while SFG
rickettsiae spread from cell to cell [24] by exploiting its actin-polymerization machinery,

which facilitates intracellular and intercellular movement [25]. In contrast, typhus group



rickettsiae either does not induce actin polymerization (R. prowazekii), or produce short

tails that result in non-directional movement (R. typhi).

Pathogenesis of Rickettsial Diseases and Immune Response

Humans develop rickettsemia and disseminated infection of the vascular
endothelium after rickettsial infection. Replication of rickettsiae inside endothelial cells
stimulate oxidative stress and cause injury to the endothelial cells; the brain and the lungs
are the most affected organs by this endothelial dysfunction which leads to
meningoencephalitis, interstitial pneumonitis, noncardiogenic pulmonary edema and, in
severe cases, hypotensive shock [3, 14, 26]. Disseminated rickettsial infection of the
vascular endothelium is promoted by inhibition of apoptosis by a mechanism involving
nuclear factor-xB (NF-kB) activation [27, 28]. Rickettsial infection of endothelial cells
results in increased vascular permeability, generalized vascular inflammation, edema,
increased leukocyte-endothelium interactions, release of vasoactive mediators that induce
coagulation, expression of chemokines (CXCL9, CXCL10), pro-inflammatory cytokines
(IL-1a, IL-6 and IL-8), and adhesion molecules (E-selectin, VCAM-1, ICAM-1) [29-34].

The anti-rickettsial immune response has been rarely investigated in humans.
Thus, most of the protective immune mechanisms have being elucidated using relevant
murine models that reproduce the vascular pathology observed in human typhus and
spotted fevers. These animal models use intravenous inoculation of R. conorii and R.
typhi into susceptible mice (C3H/HeN) [35, 36]. Although the murine model does not

support infection by highly pathogenic R. rickettsii and R. prowazekii, the clinical and



pathological findings of mice infected with R. conorii and R. typhi mimic those produced
by R. rickettsii and R. prowazekii in humans.

In the murine model, early resistance to infection is mediated by IFN-y secreted
by NK cells, which in turn activates infected target cells, mainly endothelial cells and
macrophages [3]; clearance of rickettsiae is mediated by CD8" T cells which promote
elimination of infected cells by a perforin-dependent mechanism and IFN-y production
[37, 38]. The relevance of CD8" T cells in resistance to rickettsial infections has been
experimentally demonstrated. Depletion of CD8" T cells has a tremendous impact on
susceptibility to infection, inducing increased mortality rates (~71%) and overwhelming
rickettsial infection after a sublethal challenge; in contrast CD4" depleted mice are able to
clear the infection and successfully recover [38]. The critical role of CD8" over CD4" T
cells has been further confirmed by studies involving MHC class | gene knockout mice
which, compared to wild-type C57BL/6 mice, turn out to be extremely susceptible
(50,000-fold higher), having a lethal outcome after a challenge with theoretical 0.5 PFU
of R. australis. Furthermore, CD8" T cells can provide protective immunity against
rickettsiae even in the absence of IFN-y as demonstrated by the reduction of the
Rickettsia load after adoptive transfer of immune CD8" T cells from IFN-y gene knockout
mice into R. australis-infected IFN-y gene knockout mice [37]. Nonetheless, CD4" T
cells also contribute to protective immunity mainly through the production of IFN-y and
TNF-a, which activate microbicidal activities of infected target cells, and by providing
help for the induction of protective antibodies as well as cytotoxic and, likely, memory
CD8" T cells [3]. Although, antibodies do not play a role in recovery from a primary

infection [39], as they only appear once rickettsial infection has been controlled, anti-



Rickettsia antibodies have a prominent role in protection against reinfection [40].
Cytokine-activated target cells, namely endothelial cells and macrophages, also have a
pivotal role in killing rickettsiae; the mechanisms that contribute to bacteria clearance
include production of nitric oxide and hydrogen peroxide, oxidative burst, and/or
tryptophan starvation via indoleamine-2, 3-dioxygenase (IDO) induction. The relevance
of these rickettsicidal mechanisms is further supported by studies performed on skin
lesions of patients with Mediterranean spotted fever [3, 41].

Many Rickettsia spp. are transmitted through the bite of ticks and mites, implying
that resident skin cells, particularly dendritic cells (DC), might have a role in initiating
the immune response against invading rickettsiae; in vitro, it has been demonstrated that
rickettsial infection of bone marrow DCs results in maturation (upregulation of CD40,
CD80, CD86 and MHC-II), presentation of rickettsial antigens to T cells, and production
of Thl-promoting cytokines (IL-2, IL-12p40 and IL-23), which in turn can effectively
activate CD4" and CD8" T cells [42, 43].

As previously discussed, there is a large genetic similarity between genomes of
rickettsiae of different groups; it is suspected that these similarities also exist at the
antigenic level as supported by the cross-protection between SFG and typhus group
rickettsiae that has been observed in animal models. Recovery from a rickettisial
infection induces long-lasting protective immunity against homologous or heterologous
rickettsial challenges. This protection is mediated by T cells that recognize cross-
reacting antigens of the two rickettsial groups; more importantly, cross-reaction occurs in
humans as well: T lymphocytes specific for SFG rickettsial antigens recognize and

become activated by typhus group rickettsial antigens [44]. However, thus far, cross-



reactive T cell protective-antigens have not been identified. In contrast, antibodies do not
exhibit cross-protective capability among distantly related rickettsiae [40], suggesting

that long-lasting cross-protective immunity is a T cell-mediated mechanism.

Epidemiology

The epidemiology of rickettsioses is complex and is dependent on interactions
between the arthropod vector and the mammalian hosts. In the case of SFG rickettsiae,
since tick species have distinctive ecologic features and feeding preferences among
animal hosts, human exposure is dependent on changes introduced to the ecological niche
where the arthropod vector and the mammalian hosts co-exist [45]. For R.
prowazekii infections, poverty and poor hygiene conditions combined with social and
political instability pose a major risk for epidemic typhus outbreaks as recently observed
in African countries. Moreover, latency and Brill-Zinsser disease adds an extra element
of complexity to the epidemic typhus epidemiology since the number of survivors to the
primary infection is generally unknown and individuals developing relapsing illness
under these conditions can become the source of new epidemics if louse infestation is
also present [46].

At first glance, rickettsial infections seem to be sporadic, with only a small
proportion of vectors infected, leading to the assumption that the disease is not a
significant threat to human health [45]. Nevertheless, rickettsiae include some of the most
pathogenic bacteria known to humans and rickettsial diseases are prevalent in nature, as
supported by the emergence and re-emergence of rickettsioses worldwide [45, 47, 48]. A

rise in the cases of RMSF in the Americas has been documented in the past years; in



2002, a significant increase in the average annual incidence of RMSF in the United States
was observed, changing from a low 1.4 cases per million persons in 1998 to a high
incidence of 3.8 cases per million [49]. RMSF has also been reported in several provinces
of Canada, several states in Mexico, and in Panama, Costa Rica, Colombia, Brazil, and
Argentina [50-59]. Although RMSF occurs only in the Americas, increased occurrence
of other rickettsioses caused by agents in the spotted fever group have been reported in
Europe, Asia, Africa, and Australia [45, 47, 48, 60]. Moreover, new SFG rickettsioses
have been described, such as the mild spotted fever caused by R. parkeri infection, which
was considered a non-pathogenic Rickettsia for a very long time [61]. In the case of
epidemic typhus, the most recent cases have occurred in the rural highlands of Africa and
Central and South America, as well as in refugee camps in Rwanda, Burundi, and Zaire,
particularly when poor conditions of hygiene are observed. In 1997, a large outbreak of
epidemic typhus was reported in Burundi during the civil war; 100,000 people were
estimated to be infected, and the case fatality rate was 15% [46]. This re-emergence has
been evident despite the fact that the initial presentation (fever, headache, myalgia and
rash) of rickettsial diseases is non specific and the lack of timely diagnostic tests, which
makes diagnosis difficult; these factors lead to underestimation of morbidity, mortality
and case-fatality rate. For instance, the most widely applied diagnostic tool, serologic
analysis, is not useful during active infection since most patients with RMSF will develop
diagnostic IFA titers (i.e., >64) only after the second week of disease, while at least half

of all deaths will occur within the first 7-9 days [62].



Vaccines for Rickettsia

It is believed that R. prowazekii, R. rickettsii, R.conorii, and R. typhi can cause
symptomatic disease in 100% of infected individuals; in the absence of timely and proper
antibiotic treatment, case fatality rate for the etiological agents of epidemic typhus (R.
prowazekii) and RMSF (R. rickettsii) can be as high as 60% [6]. Besides its high
mortality rate, rickettsial agents pose a serious bioterrorist threat due to its high
infectivity at low dose aerosols and its potential to be intentionally aerosolized [6, 7];
nevertheless, there are no prophylactic vaccines available for preventing any rickettsial
disease at the present time. Moreover, the lack of diagnostic tests for establishing an
opportune diagnostic and the non-specific initial clinical presentation of rickettsioses
might compromise the effectiveness of antibiotic treatment. Therefore, the development
of a safe and effective anti-rickettsia vaccine would be the best strategy to reduce the
high case fatality associated with rickettsial infections.

Previous attempts to develop vaccines for Rickettsia had difficulties in
consistently meeting the standards for acceptable vaccines with respect to safety and
induction of protective immunity. Early vaccines were highly reactogenic and conferred
incomplete protection, and most of them did not prevent infection, although they did
reduce the case-fatality ratio. Moreover, due to Rickettsia growth requirements, these
initial attempts also encountered difficulties in obtaining large amounts of purified
bacteria for high scale production of vaccine batches with reliable potency and antigenic
content. The first vaccines consisted of whole killed or live attenuated rickettsiae,
arthropod vectors, cell lines, embryonated chicken eggs as well as infected tissues from

laboratory animals were used as source of bacteria [6].
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For the typhus group, initial vaccine development attempts in the 1930°s used
dried flea feces containing R. typhi. However, only individuals that developed murine
typhus became immune to epidemic typhus, evidence of cross-protection among
rickettsiae of the same group [63]. Later, in the 1970’s, the production of an inactivated
epidemic typhus vaccine proved to be cumbersome due to its great variability in
antigenicity and potency [64]. Finally, the reversion of R. prowazekii Madrid E, an
attenuated strain and promising vaccine candidate [65], to a virulent phenotype in vivo
precluded its further use and prevented additional attempts at developing a Rickettsia
vaccine using conventional approaches. In the case of the SFG, inactivated vaccines
offered partial protection by prolonging the illness incubation period, abating symptoms
or improving the response to antibiotic treatment; solid immunity was only granted by
RMSF illness [66-69].

Subsequent experiments allowed the identification, for the first time, of potential
rickettsial protective antigens, OmpA and OmpB, and described the induction of
antibodies against conformational epitopes of these outer membrane proteins as the first
protective mechanism and correlate of protection identified in rickettsial infections [70,
71].

Thus far, antigens that provide long-lasting and cross-protective immunity to
rickettsial infections remain unidentified and uncharacterized. Some efforts have been
made to further characterize the immunogenic potential of OmpA and OmpB [39, 72—
77]. Also, recent studies identified immunodominant antigens for the humoral response

in R. parkeri (translation initiation factor IF-2, cell division protein FrsZ, and cysteinyl-
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tRNA synthase) and R. heilongjiangensis (periplasmic protein YbgF and extra-cellular

chaperone PrsA) [78, 79].

T CELL VACCINES

Vaccines are the best single instrument of prophylaxis against infectious diseases,
the impact of vaccination is highlighted by studies like the one in 2001 that followed a
single US birth cohort and showed that 7 of the 12 vaccines administered during routine
childhood immunization prevented 33,000 deaths and 14 million cases of disease [80].

In general, vaccines can be classified to two main groups. Firstly, live attenuated
vaccines, which confer a type of protection that resembles the one achieved upon
recovery from an active infection and elicit strong and long-lasting protective antibody
and cellular immune responses. This group includes invariant pathogens such as
smallpox, yellow fever, measles, mumps, rubella, and varicella. Secondly, subunit
vaccines (hepatitis B), toxoid vaccines (diphtheria and tetanus), carbohydrate vaccines
(pneumococcus) and conjugate vaccines (Haemophilus influenzae type B and
meningococcus). These types of vaccines are generally weak activators of the immune
system and require adjuvants to enhance their immunogenicity [81].

Since the abrogation of T cell help in different scenarios correlates with
diminished immunogenicity and lack of generation of memory, it has been proposed that
the new generation of vaccines must, at a minimum, contain two types of antigenic
epitopes: one to induce specific B-cell or cytotoxic T cell responses and another to induce

specific “helper” T cells [82—84]. Most currently licensed vaccines mediate protection

12



through a mechanism that involves the induction of serum 1gG antibodies, yet the
protective mechanisms of remaining targets for vaccine development, mostly intracellular

pathogens and cancer, require T cell responses for protection [82, 85].

Immune Response Induced by T cell-Based Vaccines

Despite the prominent role of antibodies, there is growing evidence that supports
a pivotal role for T cells in developing protective immunity after vaccination. Among
currently licensed vaccines, BCG was the first vaccine for which it was demonstrated that
T cells, specifically CD4" cells, were the main effectors [86]. A protective mechanism
that involves both antibody production and CD8" T cell activation has been demonstrated
for intranasal influenza and measles vaccines, while a role for CD4" T cells is suspected
for acellular pertussiss and varicella vaccines [85]. In the case of influenza, it has been
shown that antibody titers after vaccination fail to predict the risk of influenza in the
elderly; in contrast, the extent of influenza-specific T cells is inversely correlated to the
risk of acquiring influenza [87]. For varicella, T cell induction has shown to correlate
with protection against infection and reactivation (shingles) in children and the elderly
[88, 89].

The goal of T cell-based vaccines is to induce long-lived antigen-specific T cells
that can mediate efficient protection averting either morbidity and/or mortality upon re-
encounter with the same antigen [90]. Much effort has been devoted to the design of
vaccines that can induce adaptive cellular immunity, with particular emphasis on CD8" T
cells which have a central role in the host response to infections caused by intracellular

microorganisms and cancer.
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The quality and persistence of CD8" T cell responses depends on the frequency of
epitope-specific naive CD8" T cell precursors, the competence of the antigen presenting
cells (APCs), as well as the initial priming conditions such as the presence of pathogen-
associated molecular patterns (PAMPS), or the availability in the tissue
microenvironment of danger-associated molecular patterns (DAMPS) [81, 90]. Thus,
targeting the appropriate receptors on APCs, mainly DCs, could significantly improve the
quality of CD8" T cell memory induced after vaccination: Toll-like receptors (TLR),
nucleotide-binding oligomerization domain receptors (NLR), and retinoic-acid-inducible
protein 1-like receptors (RLR) are among the innate immunity receptor systems
susceptible to be targeted since they can mediate the induction of inflammatory cytokines
at the T cell priming stage [91].

Upon encounter with APCs bearing cognate peptides, antigen-specific CD8" T
cells rapidly expand and differentiate into effector cells. During this transition, naive
CD8" T cells lose the expression of costimulatory molecules such as CD27 and CD28, as
well as IL-7 receptor o chain (IL-7Ra, CD127); simultaneously, they start to express
effector mediators such as, perforin, Granzyme B and IFN-y as well as effector markers
such as KLRG1 (Killer cell lectin-like receptor subfamily G member 1) and the activated
isoform of CD43 (1B11), which allows the differentiation between activated and
quiescent T cells [92, 93]. After pathogen clearance, most effectors (around 90 to 95%)
will die during the contraction phase, with a small proportion of pathogen-specific CD8"
T cells surviving as part of the memory pool [84, 93].

Besides TCR engagement by cognate-peptide MHC complex on APCs (signal 1)

and the presence of inflammatory cytokines such as type | IFNs and IL-12 (signal 3),
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costimulatory signals (signal 2) are pivotal for enhancing activation signals delivered via
TCR engagement and preventing the induction of anergy or deletion [84]. Although the
main costimulatory signal is provided by the interaction between CD28, which is
constitutively expressed on naive T cells, and its ligands CD80 and CD86 expressed on
APCs, other molecules, especially members of the TNFR superfamily, can provide
signals that promote not only CD8" T cell effector function but also memory
differentiation. Among them, CD27, CD137, and OX-40 and their respective ligands
expressed on competent APCs (CD70, CD137L, and OX-40L) have been proposed as
potential targets for optimizing vaccine-induced T-cell memory [84, 94].

DCs are important inducers of CD8" T cell responses; thus, the generation of DCs
fully competent for antigen presentation is pivotal for the generation of protective long-
lasting immune responses; help provided by CD4" T cells is among the critical factors
that modulate DC activation. Cognate CD4" T cell help occurs when both CD8" and
CD4" T cells concomitantly recognize an antigen presented by the same DC [95]; CD4"
help in this context operates through the activation of DCs via interaction of CD40 with
its ligand CD40L, which is upregulated on activated CD4" T cells. This interaction
renders DCs fully competent (enhanced expression of CD80, CD86, CD70, 1L-12) for
activating CD8" T cells, a process known as “licensing” [84, 96]. Transient upregulation
of CD40L directly on DCs induced by viral infections or some TLR ligands can
circumvent the need for CD4" help and allow DCs to prime CD8" T cells in a CD4-
independent manner [97]. The induction of CD70 on DC, the ligand for CD27, is another
prominent result of DC “licensing”; in fact, blocking CD70-CD27 interactions can

compromise memory development [98, 99]. Thus, for CD8" T-cell based vaccines,

15



mimicking CD4" help via CD40-CD40L interactions, or by including epitopes that can
concomitantly activate CD4" T cells, represent one of the main strategies being
implemented in modern vaccinology aimed towards improving CD8" T cell memory
induction [94]. In addition, CD4" T cells can also help CD8" T cells by direct interaction
(via CD40 and IL-2) or indirectly by secreting chemokines that subsequently will recruit
antigen-specific naive CD8" T cells to secondary lymphoid organs or sites of infection
where APCs bearing cognate antigens are present [100-102].

Antigen-specific memory CD8" T cells are present at higher frequencies and can
recognize antigen concentrations >50-fold lower than their naive counterparts, which
facilitates their efficient and rapid activation upon antigen reencounter [103]. Although
maintenance of long-lived memory cells is a complex process, it is generally accepted
that memory cells do not require persisting antigen to survive and that common-y-chain
receptor cytokines, specifically IL-7 and IL-15, play a prominent role in supporting the
homeostatic maintenance of memory T cells [84, 94]. This dependence is in agreement
with the high levels of expression of receptors for these cytokines observed on memory-
type cells, CD127 and CD122, respectively [94]. However, the requirement for CD4™ T
cell help for maintenance of functional memory CD8" T cells is not well understood.

Memory T cells can be divided in two main subpopulations based on the
expression of CD62L and CCR7: T central (Tcw; CD62L""CCR7™") or T effector (Tewm:
CD62L"YCCR7) memory cells. While Tcwm have superior proliferation capabilities
and are mainly located in secondary lymphoid tissues, Tem can rapidly exert effector
functions and are located in non-lymphoid tissues and mucosal sites where reencounter

with invading pathogens is more likely to occur [84]. Although there is no consensus
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about the mechanisms operating towards memory transition, it is currently accepted that a
large proportion of T cells in the memory-pools passed through a time effector phase [84,
93, 104]. Moreover, it has been reported that even under restricted inflammatory
conditions as the ones observed following immunization with peptide-coated mature
DCs, which favor transition to memory within 4-7 days after immunization, memory
CD8" T cells also pass through a condensed effector phase, suggesting that inflammation
favors the generation of effector cells at the expense of memory formation [105].

T-cell based vaccines are being designed to meet strict safety standards following the
subunit-based approach. However, compared to live attenuated vaccines, they are poor
immunogens, as they lack the PAMPS and DAMPS that shape the induction of protective
and long-lasting immunity after natural infections or immunization with live attenuated
pathogens. Overcoming this weakness without compromising vaccine safety is one of
the challenges of modern vaccinology; different strategies have been proposed to address
this need:

1. Combination of vaccine targets with adjuvants that can boost immunogenicity,

specifically aimed towards TLR, NLR and RLR systems [91, 94].

2. Inclusion of immomodulatory cytokines such as 1L-12, IL-7, and IL-15 [94].

3. Provision of costimulation with CD137L, OX40L, and CD70 [94, 84].

4. Optimization of prime and boost. This immunization strategy is based on the

repeated administration of the same antigen, some of the improvements include:
a) heterologous prime and boost, which consist of priming and repeated boosting
with different vaccine vectors carrying the same antigen to improve memory

generation (its main drawback is that repeated boosting can also deplete Tcy, an
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issue that needs to be addressed); b) rapid prime and boost, a strategy that can use
peptide pulsed or transfected mature DCs to induce rapid generation of memory-
type CD8" T cells that can be boosted 5-7 days after priming, compared to 2-3
months which is the appropriate time for optimal boosting with the usual
approach (the major drawback of this approach for human vaccination is that it
needs to be highly individualized, which renders it time-consuming and
expensive); c) cross-priming and boost, an approach that circumvents some of the
issues observed for the rapid prime and boost regime because it takes advantage
of the immune system’s ability to cross-present antigens to CD8" T cells by using
antigen coated microspheres instead of pulsed DCs for priming with the same
accelerated induction of memory CD8" T cells [106, 107].

5. Provision of efficient CD4" T cell “help” through inclusion of epitopes that
enhance CD4" help as well as addition of CD40L and/or agonist CD27 antibody
[94].

6. Use of live vector viruses as antigen carriers for immunization, which appears to
efficiently induce strong antibody and T cell responses. Among them, although
some biosafety issues still need to be addressed, modified vaccinia Ankara virus

(MVA) is a promising candidate [108].

Correlates of Cellular Immunity
Vaccines represent the most cost-effective method to avert mortality and
morbidity associated with infectious diseases; however, most current vaccines were

developed empirically without having insight on how protection was achieved [81]. The

18



failure to develop new efficient vaccines that counteract current human pathogen threats
such as HIV, Plasmodium falciparum, Mycobacterium tuberculosis, dengue virus and
hepatitis C virus, which are suspected to require the induction of strong T cell responses
to achieve protection, has stressed the need to understand and elucidate the mechanisms
that contribute to the induction of vaccine-mediated cellular protective immunity [81,
90].

Thus far, the development of effective T cell vaccines remains elusive. This is
due, in part, to the lack of reliable correlates of protection that can predict the induction
of protective T cell immunity upon vaccination [90]. Correlates of protection are specific
to the vaccine formulation being developed and tested; in general, they represent
measurable immunological readouts that have a statistically significant correlation with
protection, ideally survival, in appropriate animal models that mimic human infection.
Thus, given the strong connection of a given immune correlate with protection, the same
immunological readout can be applied to predict the protective efficacy of a candidate
vaccine [109, 110]. These measurements include some of the following: vaccine-specific
antibody titer and functionality (e.g., toxin neutralization, plaque reduction or
bactericidal/bacteriostatic activity), cytokine secretion patterns, the induction of cell-
mediated immunity with display of activation markers on immune effector cells,
proliferation or cytotoxic T-cell responses towards the vaccine antigen(s) or infected
eukaryotic cells, or protection after adoptive transfer of immune-T cells [109, 110].

Recent publications have indicated that T cells that produce multiple factors
simultaneously, multifunctional T cells (MFT), provide protection against disease

progression in HIV-1 infection and vaccine induced immunity with the anti-TB vaccine,
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AERAS- 402 [111, 112]. Furthermore, the degree of protection against Leishmania major
infection in mice is predicted by the frequency of MFT CD4" T cells simultaneously
producing IFN-y, IL-2, and TNF-a. Multifunctional effector cells generated by candidate
vaccines demonstrated to be unique in their capacity to produce high amounts of IFN-y,
indicating that the quality of CD4" T cell cytokine responses can be a crucial determinant
of whether a vaccine is protective or not, and may provide a new and useful prospective
immune correlate of protection for T cell-based vaccines [113, 114].

Since, together with the induction of protective immunity, generation of memory
is one of the goals of vaccination, instead of focusing only on the induction of effector
molecules as has been done for CD4" T cells [112, 114] definition of potential correlates
of protection for CD8" T cells also has included the assessment of a set of activation
markers that could be useful for predicting the potential of antigen-specific CD8" T cells
to become memory cells after vaccination, as well as the capability of these vaccine-
induced memory cells to mediate strong recall responses upon re-encounter with the same
antigen. These markers have been selected based on experimental data obtained from
diverse relevant mouse models including lymphocytic choriomeningitis virus (LCMV),
Listeria monocytogenes, vesicular stomatitis virus (VSV), Sendai virus, influenza and
vaccinia [92, 94, 115-117]. These markers include CD62L, CCR7, CD127 (IL-7Rw),
KLRG1, CD27, CD43 (1B11), CD122 (IL-2/ IL-15RB), CXCR3 and Bcl-2 (Table 1.2); it
has been proposed that the relative proportion CD8" T cells expressing different
combinations of these markers could be a useful predictor of vaccine efficacy [92, 94,
116, 117]. Particular attention has been given to CD127, KLRG1, CD27, and CD43

(1B11), since different combinations of these markers allow the early detection of
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memory precursors at the peak of the effector phase and enhance the predictability of the
efficacy of recall responses, circumventing some of the limitations observed when only T
central (Tcwm) or T effector (Tem) memory cells markers are used (i.e. CD62L and CCR7
homing markers). These new approaches include the early identification of memory
precursors as well as the actual capability of memory cells to mediate recall responses as
opposed to only their ability to localize in lymphoid (Tcm) or peripheral (Tgm) tissues
[92, 94].

From the pool of CD8" T cells expanding upon immunization, two populations
with potential implications for the assessment of vaccine efficacy emerge at the peak of
the effector phase: 1) CD8" T cells expressing low levels of CD127 and high levels of
KLRG1 (termed short-lived effector cells [SLECs]) [93, 118], representing terminally
differentiated effector cells with limited expansion and long-term survival capabilities
[116]; and 2) CD8" T cells that express high levels of CD127 and low levels of KLRG1
(termed memory precursor effector cells [MPECs]) [93, 118, 119], which have greater
capacity for self-renewal and differentiation towards memory; over time, the latter subset
becomes the dominant memory population able to regenerate, upon rechallenge, all
effector and memory subsets defined by this marker combination, suggesting that this
subset has “stem cell “-like properties and that the induction of large numbers of MPECs
should be one of the goals of CD8" T cell targeting vaccines [116].

It is suspected that different subpopulations of memory CD8" T cells co-exist and
that these subsets might have a specialized distribution and organization based on their
effector functions and activation status [94, 117]. The classical Tcy and Tgy Subsets are

known to mediate optimal protection in different models [120-122]; however it is not
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well understood what marker combination is the most appropriate for assessing the
efficacy of protective recall responses against diverse pathogens since only limited
insights about the activation status of the memory CD8" T cells responding upon
rechallenge can be inferred from the Tcm and Tew status [92, 117]. Thus, an alternative
classification for memory CD8" T cells based on the expression of the activation markers
CD27 and CD43 was proposed by Hikono et al [92]. This marker combination allowed
the detection of distinct memory subpopulations; upon recall, an inverse correlation
between the activation status and the proliferative potential of these subsets was
observed. In general, cells with the most “rested” phenotype, CD27"9"CD43"", mediate
the strongest recall responses and eventually become the dominant subset of the memory
pool; in fact, both the classical Tcy and Tgy Subsets appear to be encompassed in the
CD27"" subset [117]. In contrast, CD8" T cells expressing a CD27"9"CD43"" or
CD27"°"CD43"" phenotype showed an intermediate or weak proliferative response after
rechallenge, and a progressive loss of these memory subpopulations was observed [92].
Nonetheless, it was recently demonstrated, using a heterologous protection model and
adoptive transfer experiments, that CD27"°“CD43"" cells can provide optimal protective
immunity against L. monocytogenes and vaccinia despite their weak proliferative recall
responses. This CD27'°"CD43" subset was named “effector-like memory cells” as it
bears a phenotype associated with effector cells (CD27'°%, KLRG1"®", Eomes'®", T-
bet"9"): furthermore, it was suggested that cells with effector-like memory traits persist
until the memory phase can provide immediate protection against reinfection and that

their protective potential upon vaccination should be addressed [117, 123].
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Alternatively, CD127 together with CD43 also can be used to identify memory-
type (CD127"9"CD43"") and effector-type (CD127"°"CD43"9") CD8* T cells [106];
moreover, these marker combination follows a similar expression and homeostatic
proliferation pattern to the one reported for CD27 and CD43 [92].

Although the role of these activation markers (CD27, CD43, KLRG1) on memory
T cells is still not well understood, it is suspected that they represent surrogate markers of
imprinted activation states among memory subsets that can be related to memory

potential and/or recall efficiency [92, 124].

T cell Protective Antigens and Immunodominance

Vaccine antigens clearly determine the type of immune effectors that will mediate
protection, thus the first step in the development of T cell-based vaccines is the
successful identification of antigens than can mediate protective cellular immune
responses which remains a gap in the field. Protective T cell antigens are able to
stimulate complex interactions between APCs and T cells; however, there is not a “rule
of thumb” for T cell antigen identification and little is known about the features of these
antigens [125].

Immunogenicity is not randomly distributed, instead antigenic proteins
encompass T-cell epitope clusters ranging from 9 to 25 amino acids which can contain 4
to 40 MHC binding motifs [126]; however, density of MHC-binding epitopes alone does
not seem to be the decisive factor for defining a protective T cell antigen, as it has been
shown that vaccine antigens tend to contain less predicted MHC-binding epitopes;
therefore, it has been suggested that the presence of immunodominant epitopes might be

one driving factor accounting for the protective capabilities of T cell antigens [127].
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Table 1.2 Phenotypic markers associated with memory potential and vaccine efficacy”
Marker Function
CCR7 Homing to lymph nodes / Expressed by Ty CD8* but not by Tey CD8*
CD62L Homing to lymphoid tissue / Expressed by Ty CD8" but not by Tgy, CD8*
CD27 Costimulatory molecule / Expressed by memory-type CD8" T cells

CD43 (1B11)

T cell activation and trafficking / activation-associated glycoform

CD127 IL-7 receptor a chain

CD122 IL-2 receptor B chain / Critical component of IL-2 and IL-15-mediated signaling
Bcl-2 Inhibition of apoptosis

KLRG1 Inhibitory receptor / Senescence-associated marker

CXCR3 Receptor for the interferon-inducible chemokines CXCL9, CXCL10, and CXCL11

Immunodominance is the tendency of T cells to elicit responses directed only
towards a small fraction of the epitopes contained within a protein, which limits the
breadth of T cells reacting against an invading pathogen, and it has been studied in more
detail for CD4" T cell epitopes [128]. Initially, factors related to antigen-specific T cell
precursor frequency and processing of complex antigens, such as the tertiary structure,
the presence of peptide signals for protease targeting, and the presence of competing
peptides were thought to play a major role in determining immunodominance. However,

immunodominance seems to be more complex than initially anticipated. It has been

b Adapted from J. D. Ahlers and I. M. Belyakov, “Memories that last forever: strategies for optimizing
vaccine T-cell memory.,” Blood, vol. 115, no. 9, pp. 1678-89, Mar. 2010.
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demonstrated that MHC class Il interactions with dominant peptides are highly stable
with a half life of 100-200 hours; in contrast, the off-rate for cryptic or subdominant
peptides is 2-10 hours [128, 129], which is consistent with the observation that optimal T
cell activation requires 2-4 days of antigenic stimulation and that proliferation is
terminated if the encounter with the antigen is less than 20 hours [84]. Moreover, HLA-
DM seems to play a role in defining immunodominance by favoring export and cell
surface presentation of high stability peptide-MHC complexes [128].  Surprisingly,
peptide immunization, a scenario that does not require antigen processing or HLA-DM
editing, was not sufficient to overcome immunodominance; in fact, it seems that averting
immunodominance, for both CD8" and CD4" T cells, requires subdominant or cryptic
epitopes to be allowed, during vaccination, to target different DCs and dominate the
immune response spatially or temporarily in order to avoid the suppressive
microenvironment provided by IDO induction and T regulatory cells (Tregs) that
accompany T cell responses to immunodominant peptides [128, 130]. The latter is an
important observation for vaccine development since immonodominance hierarchies do
not always correlate with protection, and several models have shown that subdominant

epitopes can also mediate protective T cell responses [131-134].
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REVERSE VACCINOLOGY

Infectious diseases represent the greatest cause of mortality and morbidity around
the world and it has been estimated that pathogenic bacteria are responsible for about
50% of all infections [135]. Vaccines represent probably the most cost-effective strategy
to avert morbidity and mortality associated with infectious diseases; however, the
approaches followed to develop many of the currently licensed vaccines may not be
suitable for many of the current pathogen threats. Some of these pathogens cannot be
cultivated outside of the host (which is the case of Rickettsia), and many proteins are only
expressed transiently during the course of infection or not easily expressed in vitro in
sufficient quantities; thus, many potential vaccine candidates might be missed. Moreover,
new vaccines are required to meet higher standards of safety and physico-chemical
characterization underscoring the need to explore new approaches for vaccine discovery
[135-137]. Recent advancements in high-throughput “omics” technologies and the
accessibility to complete genome sequences for diverse pathogens have changed the time
frame and scope for the discovery of novel vaccine candidates. Reverse vaccinology is a
genomics-based in silico predictive tool with early success in the identification of
protective antigens against animal and human pathogens. This approach allows whole
ORFeome (collection of all open reading frames from an organism) analysis and
identification of potential vaccine targets independently of their abundance, phase of
expression and immunogenicity; thus, in principle, protective antigens would not be
missed and advances toward the most effective vaccine antigen formulation can be

attained by using animal models for direct in vivo testing of protection or indirectly by
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measuring correlates/surrogates of protection in serum or cells from patients or immune
animals [135, 136, 138].

Two main in silico strategies have been used for the identification of potential
vaccine targets: the prediction of MHC class-l and class-11 binding peptides for the
discovery of T cell targets or, alternatively, the identification of cell surface or secreted
proteins, subcellular locations that have been associated with immunogenicity, as
potential targets for the humoral immunity or, in the case of intracellular pathogens, as
targets for the MHC class | processing pathway [139, 125].

The reverse vaccinology approach was validated for the first time on the Gram-
negative bacteria Neisseria meningitidis serogroup B (MenB) [140]. The genome-based
approach has been applied to other pathogens like Streptococcus pneumoniae[141],
Bacillus anthracis [142], Helicobacter pylori[143], Porphyromonas gingivalis [144],
Pasteurella multocida [145], Chlamydia pneumoniae [146], Streptococcus agalactiae

[147], and Leishmania major [148].

Reverse Vaccinology and Cellular Immunity

As discussed above, one major impediment for the development of T cell-based
vaccines is the lack of reliable parameters for defining T cell protective antigens or an
efficient strategy to identify them [125]. Reverse vaccinology combines genomic and
immunological information to identify antigen targets for diagnostics or vaccine
development; thus, the prediction of epitopes recognized by CD4" or CD8" T cells could

serve as a ‘‘reverse’’ approach for identifying protective T cell antigens [149-152].
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The first step towards an effective T-cell response is the successful processing of
microbial proteins into peptides (epitopes) that can be loaded on MHC molecules to be
presented to T cells. Two separate pathways mediate this process [153]:

1. MHC class-I pathway: microbial proteins in the cytosol or the nuclear
compartment of infected cellsare cleaved by the proteasome, the resulting
peptides are transported to the ER (endoplasmic reticulum) by TAP (transporter
associated with antigen processing) and then loaded on MHC class | molecules
with the resulting MHC class-1-peptide complexes being presented on the surface
of APCs for possible interaction with the TCR of CD8" T cells for activation of
their effector functions such as cytotoxicity and cytokine secretion. Extracellular
endocytosed antigens transported to the cytoplasm, can also be presented via this
pathway, a phenomenon known as cross-presentation.

2. MHC class Il pathway: target pathogens or their proteins enter to the endocytic
pathway and are cleaved into peptide fragments by lysosome proteases, some of
these fragments bind to MHC class Il molecules to form complexes that are
recognized by CD4" T cells, which facilitate an adaptive immune response to the

pathogen by providing help to CD8" T cells and B cells.

T cell epitope prediction by in silico analysis of protein sequences has been proposed as
an alternative for rational vaccine development; however, since only a small fraction of
peptides in a given pathogen proteome are able to bind MHC molecules, the accurate and

reliable prediction of peptide-MHC binding is pivotal for the robust identification of T-
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cell epitopes and for the successful design of peptide- and protein-based vaccines (i.e.,
subunit vaccines) [82, 154, 155].

Algorithms for predicting T-cell epitopes have notably improved since first
described in the 1980s [156]. Peptides (epitopes) that bind to MHC alleles have residues
with similar properties at different positions of their primary sequences that allow them to
fit into polymorphic grooves or “pockets” by interacting with complementary residues of
specific MHC alleles, the “anchor” residues. An increasing number of bioinformatic
tools for T cell epitope prediction have been developed in recent years; methods that
predict peptide binding to MHC molecules can be divided in two main groups: sequence-
based and structure-based; the more widespread methods use the sequence based
approach and are based on experimentally determined MHC—peptide affinity binding data
[157, 158]. The most common methods are the ones using binding matrices or artificial
neural networks (ANNS). The binding matrices approach correlates residue positions in a
given peptide to binding; then, consensus scores are generated by summing, multiplying
or averaging the matrix coefficients and comparing them against a predetermined
threshold to predict peptide binders to an array of MHC class | and class 1l molecules.
ANNSs are connectionist models trained to perform classification and complex pattern
recognition tasks; using peptide features, such as amino acid composition,
hydrophobicity, volume and charge, ANNs classify peptides into binders and nonbinders
and with increasing peptide data can gradually outperform the binding matrices approach
[157].

Although the accuracy of computer algorithms for prediction of T cell epitopes

has notably improved in recent years, some drawbacks persist. In general, CD8" T cell
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epitope predictions outperform those for CD4" T cells; it has been estimated that current
algorithms can provide over 75% and 50% of correct predictions for MHC class-1 and
class-11 binding, respectively [82, 154, 155]. These differences are explained in part by
the nature of the binding groove, which is closed in MHC class-I, allowing only 8-10
amino acids, and open at both ends in MHC class-I1, allowing peptides ranging from ~9-
22 residues for which the 9 amino acids that represent the binding core are frequently
unknown; moreover, there are also difficulties in predicting antigen processing and
peptide loading in the MHC class-11 pathway due to the participation of several proteases
with no well defined specificities for protein cleavage [138, 158, 159]. In addition,
underestimation of the epitope breadth has been observed for CD8" T cell epitopes [160].
Despite these drawbacks, the current algorithms can still assist and facilitate T cell
epitope discovery in a cost-effective manner, compared to traditional approaches such as
proteolytic fragmentation, derivation of genetic constructs, MHC-peptide complex
elution or epitope mapping which are expensive and labor-intensive [159]. It is expected
that adjustments in the parameters on how the algorithms are “trained” could improve
epitope predictions, especially for CD4" T cells [125, 158, 159]. However, antigen
discovery across entire proteomes still is a challenge for complex pathogens which have
large genomes and express hundreds of proteins, since only about 2% of all epitopes
generated will have the right amino acid conformation for successful MHC-binding, and
from those only a small fraction will elicit protective cellular immune responses [125,
161]. Thus, to address specific pathogen-related challenges, it has been proposed that in
silico approaches should be combined and adapted to meet pathogen- and study-specific

requirements [162], and for large-genome organisms, protein-based approaches, instead
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of overlapping peptides, have been suggested as a cost-effective strategy for T cell
antigen discovery [125].

Computational approaches that combine prediction of antigen processing with
MHC-peptide binding activity and presentation have been used to identify T cell-specific
epitopes from vaccinia, which turned out to be highly conserved across the poxvirus
family, including variola, the causative agent of smallpox; such data suggest that this
strategy might be useful for developing a new generation of smallpox vaccines [163]. T
cell epitope prediction tools have also been successful in identifying epitopes from

Dengue virus [164], L. major [148], and Plasmodium falciparum [165].

Methods for Measuring Protective Cellular Immunity

There is an increasing interest in vaccine research to elucidate the mechanisms of
protection induced by licensed vaccines and new vaccine candidates [166]; early
identification of immune activity could represent a way to prioritize vaccine targets for
further characterization and potential clinical evaluation [167]. Screening of vaccine
candidate-induced cellular immune responses can be performed using T cells from
exposed individuals (human or mouse), and the time point at which T cells are obtained is
important in order to define the potential challenges and limitations of the screening
process [125]. If cells are collected at the peak of the primary encounter with the
pathogen or vaccine antigens, robust responses can be observed and immune profiles will
correspond to primary T cells; however, exceptions should be considered when special
immunization protocols that can accelerate memory development are used, i.e. rapid

prime and boost [106], in which case memory-type T cells can be detected at the peak of
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the primary encounter with the antigen. Nevertheless, interrogation of memory T cells
causes concerns about having sufficient numbers of antigen-specific cells; thus,
frequently, T cells must be expanded either in a non-specific manner using anti-CD3
antibodies and cytokines such as IL-2, IL-7 and IL-15 or in an antigen-specific manner
using APCs that have been pulsed with an specific antigen or pathogen [125]. Both
methods have drawbacks; the former will expand a large number of cells that will not
react to the antigen of interest, while the latter might not reflect accurately the epitope
breadth generated in vivo. Another important aspect is that the memory approach is
biased by immunodominance, thus revealing only a narrow range of antigen-specific
responses. Alternatively, for MHC class | screening, APCs can be transfected to express
candidate antigens in the cytosol and target them for proteasome processing; however,
not all pathogen antigens can be successfully expressed by mammalian cells and codon
optimization might be required for efficient expression [125].

Detection of relevant T cell responses recognizing vaccine antigens can be
performed using three types of validated assays: peptide-MHC tetramer staining, the
enzyme-linked immunospot (ELISpot), and intracellular cytokine staining (ICS) [167].
Peptide-MHC tetramer staining allows direct enumeration of circulating epitope-specific
T cells by binding fluorescent tetrameric peptide-MHC complexes to their respective
TCR [168]; however, well characterized T cell epitopes are not always available,
especially at the first stages of antigen discovery. ELISpot is highly sensitive and
reliable; it offers an alternative for enumerating T cells secreting cytokines, such as IFN-
Y, upon antigen encounter, but it has limitations related to the number of cytokines that

can be detected simultaneously. In contrast, ICS allows simultaneous detection of
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cytokines and cell markers which can provide information about distinctive patterns of T
cell subsets that correlate with protection; moreover, it can be combined with peptide-
MHC tetramer staining offering a highly specific tool for tracking T cell responses. This
aspect can be particularly informative when monitoring possible epitope loss or escape,
which is important in vaccination against highly variable pathogens [138, 166, 167].
These assays, together with direct in vivo readouts such as survival or pathogen load, are
expected to offer insights about the quality and quantity of the protective immune
responses induced by T cell-based vaccines, and assist in the selection of the best vaccine

formulations and immunization protocols [167].
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CHAPTER 2: Validation of a Reverse Vaccinology Approach for the Discovery

of Protective Rickettsia prowazekii Antigens Recognized by T cells®

ABSTRACT

R. prowazekii has been tested for biological warfare due to the high mortality that
it produces after aerosol transmission of very low numbers of rickettsiae. A vaccine to
prevent epidemic typhus would constitute an effective deterrent to the weaponization of
R. prowazekii; however, an effective and safe vaccine is not currently available. Due to
the cytoplasmic niche of Rickettsia, CD8" T cells are critical effectors of immunity;
however, the identification of antigens recognized by these cells has not been
systematically addressed. To help close this gap, | used empirical antigen discovery data
to formulate a reverse vaccinology strategy to improve correlations with empirical data.
The resulting method highlights the importance of combining proteasome-processing as

well as MHC class-I-binding predictions.

°A significant portion of this chapter has been previously published in the journal PloS ONE. PloS ONE does not
require copyright permission as long as proper citation is given. The citation for this article is: Gazi M, Caro-Gomez E,
Goez Y, Cespedes MA, Hidalgo M, Correa P, Valbuena G. 2013. Discovery of a Protective Rickettsia prowazekii
Antigen Recognized by CD8" T Cells, RP884, Using an In Vivo Screening Platform. PLoS ONE 8(10): e76253.
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INTRODUCTION

Epidemic typhus is one of the most lethal infections known to humans; mortality
can be as high as 60% without antibiotic treatment [169]. The etiologic agent, R.
prowazekii, is an obligately intracellular bacterium transmitted by the human body louse
in nature, but it also has the potential for intentional aerosol transmission; indeed, R.
prowazekii remains on CDC’s list of biothreat select agents because of its high mortality,
history of development as a bioweapon, transmissibility by aerosol, prolonged infectious
stability in louse feces, and IDs of fewer than 10 organisms [6, 7]. Prophylactic vaccines
are not currently available to prevent this lethal disease or any of the other rickettsioses.
This is a public health priority because clinical diagnosis of rickettsioses is very difficult
due to the non-specific initial clinical presentation and the lack of commercially available
diagnostic tests that can be used during the acute stage when antibiotic intervention is
helpful. To address this need, it will be more cost-effective to produce a cross-reactive
vaccine that can also protect against at least the other member of the typhus group
rickettsiae, including R. typhi, the agent of flea-borne murine typhus. This is a prevalent
and underdiagnosed infectious disease that is more frequent in rat-infested locations [5].
Although it is clinically milder than epidemic typhus, it causes considerable morbidity.

Until recently, antigen identification for vaccine development was almost
exclusively biased towards the humoral immune response. This bias was partly due to the
effectiveness of antibodies in protection against almost all of the currently approved
vaccines for human use, the relative technical simplicity of working with serum and
antibodies, and the methodological challenges of working with T cells. Presently, the

barriers to identify potent vaccine antigens recognized by T cells need to be addressed
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because most of the vaccines that remain to be produced require a strong T cell
component to afford significant protection. In particular, there is an urgent need to
develop appropriate techniques to identify antigens recognized by T lymphocytes because
antigen discovery is the most important aspect of any vaccine development project;
without appropriate antigens, a vaccine is unlikely to succeed.

Given the evidence that CD4" T cells and CD8" T cells target different antigens
[170, 171], antibody-based screening methods are not always suitable to identify antigens
recognized by CD4" T cells or, particularly, CD8" T cells. Several approaches to more
directly identify antigens recognized by T-cells have been used; many of them rely on
reverse vaccinology [138], a branch of systems biology that analyses entire microbial
genomes to predict immunogenic proteins based on predefined rules derived from the
analysis of large empirical datasets. This predictive in silico tool allows the identification
of antigens with defined immunogenic, structural or functional criteria; this approach has
had early success in the identification of protective antigens against animal and human
pathogens. On the other hand, empirical methods for identification of antigens
recognized by T cells rely on cells from animals or individuals that are immune to the
pathogen. Those memory T cells had been selected during the physiological immune
response to persistent infection and recognize a limited number of antigens (i.e.,
immunodominant antigens). Thus, methods that use memory T cells for antigen
identification are more likely to miss potentially protective subdominant antigens. One
strategy for T-cell antigen identification that is not biased towards immunodominant
antigens is genomic immunization or Expression Library Immunization (ELI) [172].

Although ELI has been successfully used [173], it has its own problems as it relies on a
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DNA immunization strategy; thus, antigen expression is not guaranteed in all cases.
Accordingly, it is not possible to know which pathogen genes were not screened validly;
a negative response can be due to lack of an immunological response or to failed
expression of the microbial gene.

Herein, | describe the use of empirical antigen discovery data in the formulation
of an in silico analysis strategy for the discovery of antigens with immunogenicity
potential towards CD8" T cells; this novel in silico analysis strategy is based on the
identification of proteins that contain predicted high-affinity proteasome-derived MHC

class I-binding peptides [174].

MATERIALS AND METHODS

Bacteria

R. typhi (Wilmington strain) is a clinical reference strain with an unknown
number of passages. R. typhi working stock was produced in a CDC-certified biosafety
level 3 (BSL3) laboratory by cultivation in specific pathogen free embryonated chicken
eggs. Yolk sacs were pooled and homogenized in a Waring blender, diluted to a 10%
suspension in sucrose-phosphate-glutamate buffer (SPG; 0.218 M sucrose, 3.8 mM
KH2PO4, 7.2 mM K2HPO4, 4.9 mM monosodium L-glutamic acid, pH 7.0) and
centrifuged at low speed (200 x g, 10 minutes). The supernatant was aliquoted and
stored at -80°C. Rickettsia present in the stock was quantified by plaque assay [175], and

the LDs was determined experimentally in C3H/HeN mice.
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Animal Model

The mouse model of endothelial-target typhus group rickettsioses consisting of
C3H/HeN mice infected intravenously through the tail vein (i.v.) with R. typhi, which is
phylogenetically closely related to R. prowazekii, the other member of typhus group
rickettsiae, has been previously described in detail [35]. Briefly, C3H/HeN mice
(Charles River Laboratories, stock 025) were housed in an animal biosafety level-3
(ABSL3) facility and infected i.v. with 3 or 6 LDz, of R. typhi in a volume of 300 ul of
phosphate-buffered saline (PBS). We followed the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. Our
experimental protocol was approved by the Institutional Animal Care and Use Committee

(IACUC) of the University of Texas Medical Branch (protocol number: 0903026).

Antigen Discovery Platform

Thirty-six ramdomly selected R. prowazekii antigens were empirically tested
using the discovery platform illustrated in figure 2.1. Importantly, this methodology is
not biased by immunodominance because T-cells from immune animals are not used to
select antigens; an aspect potentially important for discovery of vaccine targets because
subdominant or cryptic antigens have been shown to elicit protective immune responses
in other systems [130, 132, 176]. The idea behind this platform is to produce APCs
expressing individual open reading frames (ORFs) from a sequenced pathogen and use
them for immunization of naive mice. Immunization with pooled APCs containing 3 to 5
pathogen’s ORFs is followed by challenge with live virulent R. typhi and measurement of

an indicator of protection such as decreased bacterial load. Once protective pools are
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identified, each member of the pool is tested individually (deconvolution) to identify
ORF(s) responsible for a protective immune response. This platform, which verifies
pathogen ORF expression, can potentially screen a pathogen’s entire ORFeome; it also
allows testing for cross-protective responses by immunizing with the ORFs of one

pathogen (R. prowazekii in this case) and challenging with a related agent (i.e., R. typhi).

Immunoinformatic Analysis

For the computational analysis, protein sequences from R. prowazekii strain
Madrid E (Gene Bank ID AJ235269.1) were analyzed for the prediction of 9 mer peptides
binding the MHC class-1 mouse allele H-2K¥ using the following publicly available

Servers: NetMHCpan (http://www.cbs.dtu.dk/services/NetMHCpan/), IEBD-ANN

http://tools.immuneepitope.org/main/html/tcell tools.html), and SYFPEITHI

(http://www.syfpeithi.de/). NetMHCpan and IEBD-ANN use artificial neural networks

and have been reported to outperform other servers in the prediction of known MHC
class-1 binding epitopes and in predicting MHC binding [177-179]. Only proteins
containing peptides predicted to be strong binders (ICso values < 50) were considered for
further analysis. SYFPEITHI uses the binding matrix approach for generating the S-
score, which indicates how well a peptide sequence matches the canonical MHC class-I
binding motifs [180]. Only peptides with an S-score of 21 and higher were further
analyzed. This score was arbitrarily chosen; it represents 70% of the S-score for the
influenza A matrix protein epitope GILGFVFTL. RANKPEP

(http://imed.med.ucm.es/Tools/rankpep.html) a predictive algorithm that allows

performing protein sequence analysis using a proteasome filter that combines MHC
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class-1 binding affinity and proteasome processing for mouse alleles was also used [181].
This server uses position-specific scoring matrices (PSSM) for epitope prediction; for
assessment of rickettsial proteins only the percentage of the optimal score value (%OPT)
was considered, this value is calculated by dividing the individual peptide score by the
optimal score value of a consensus sequence, for H-2K¥ binding the consensus sequences
is PENRWEHGI and its optimal score value is 52.472. RANKPEP was used to analyze
peptides predicted by NetMHCpan, IEBD-ANN and SYFPEITHI for their likelihood to

be derived from the proteasome.

(3]

Nucleofect different recombinant
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Figure 2.1 Diagram of the methodology to discover antigens recognized by T-cells. The
steps involved are numbered as follows: 1) selection of appropriate antigen presenting cells
(APCs) based on MHC class-1 expression, 2) transfer of R. prowazekii gene clones to an
eukaryotic expression vector, 3) expression vector transfer to APCs, 4) visual screening to verify
expression of rickettsial gene, 5) APC-based immunization of naive mice using pools of 3-5
different APCs expressing rickettsial genes, 6) challenge with R. typhi and determination of
bacterial load as indicator of protection, and 7) identification of protective rickettsial genes by

deconvolution of protective pools.
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Subcellular Localization Prediction
Subcellular localization prediction of selected proteins was performed using

PSORTD 3.0.2 (http://www.psort.org/psortb/), a multicomponent approach that generates

likelihood scores for the localization of proteins in each of the five Gram-negative
localization sites (cytoplasm, cytoplasmic membrane, periplasm, outer membrane and
extracellular space). In order to generate a final prediction, the results of each module are
combined and assessed; a probabilistic method and 5-fold cross validation are used to
assess the likelihood of a protein being at a specific localization given the prediction of a
certain module. If one of the sites has a score of 7.5 or greater, this site and its score are

returned as the final prediction [182].

Immunization Protocol

Selected Rickettsia genes were cloned into the eukaryotic expression vector
pDEST-M1 as recently described [174]. Briefly, pDEST-M1 was assembled in four
cloning steps. The ptdTomato-N1 plasmid (Clontech Laboratories) was used as a
backbone. First, the Destabilization Domain (DD) from the pDD-tdTomato plasmid
(Clontech Laboratories) was cloned into ptdTomato-N1 linearized with Nhel and Bglll.
The second component, Ubiquitous Chromatin Opening Element (UCOE), a generous
gift from Dr. Michael Antoniou, was added upstream of the CMV promoter using the
Asel site. The third component was the ampicillin resistance gene, which replaced the
kanamycin-neomycin resistance gene originally present in the ptdTomato-N1 backbone;
it was cloned into the expression vector using BspHI for linearization which also
removed the original kanamycin-neomycin resistance gene. The fourth step was to insert

the Gateway system (Invitrogen) cassette using HindlIII.
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This plasmid vector directs the expressed protein towards presentation through
the MHC class-1 pathway because the DD sequence expressed on the N-terminus of the
cloned rickettsial gene leads to rapid proteasomal degradation [183]. Naive C3H/HeN
mice were immunized with APCs expressing rickettsial proteins as follows, SVEC4-10
cells were used as antigen presenting cells; this is an endothelial cell line derived from
C3H mice, obtained from the American Type Culture Collection (ATCC), that expresses
high levels of MHC class-1 and that was further modified in our laboratory to express the
costimulatory molecules CD80 and CD137L through lentiviral transduction. Rickettsial
proteins were nucleofected into these cells using the Amaxa SE Cell Line 96-well
Nuclefector kit (Lonza). The success of the nucleofection procedure was corroborated by
assessing the expression of the tdTomato fluorescent protein using an inverted
fluorescence microscope (Olympus I1S71) equipped with a TRITC filter. Cells
expressing RP884 were detached with Accumax™ (Millipore) and washed twice with
PBS; each mouse received 300 ul of cell suspension i.v. (4x10° cells). Four days later,
mice received the same dose of cells intraperitoneally (i.p.); 10 days after the second
immunization, mice were infected i.v with 3 or 6 LDs, of R. typhi and euthanized 7 days

post-infection.

Flow Cytometry

Spleens were collected and disaggregated in HBSS containing 2%BGS, 3mM
HEPES, Golgi Plug™ and Golgi Stop™ (BD Biosciences), at the concentrations
specified by the manufacturer. Mononuclear cells were purified by density gradient

centrifugation (Lympholyte™-M, Cedarlane Laboratories) and stained with Live/Dead
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Fixable Blue (Life Technologies), APC-Alexa Fluor 750-conjugated anti-CD8 (clone
5H10), FITC-conjugated anti-CD3 (clone YCD3-1), BD Horizon V500-conjugated anti-
CD44 (clone IM7), PE-Cy5 anti-CD127 (clone A7R34), PE-Cy7-conjugated anti-1FN-y
(clone XMGL1.2) and Alexa Fluor 647-conjugated anti-Granzyme B (clone 16G6).
CountBright™ Absolute Counting Beads (Life Technologies) were added to each sample
prior to acquisition. All samples were acquired on a LSRII Fortessa cytometer (BD
Biosciences); 500,000 events were captured and data were analyzed using FlowJo 9.5.3
software (Tree-Star Inc.). All analyses were performed on live CD3'CD8" cells.
Thresholds for positivity were determined with fluorescence-minus-one (FMO) control

stains. Gating stratregy is shown in the appendix as Figure Al.

Measurement of Rickettsiae by Quantitative Real-Time PCR (Q-PCR)
Approximately 10 mg from each collected organ were placed into 2 ml
microcentrifuge tubes (Eppendorf) together with one stainless steel grinding ball (5/32”,
Fisher Scientific). Samples were homogenized in a TissueLyser Il, and the homogenate
was processed for DNA isolation using DNeasy Blood & Tissue Kit (QIAGEN). Primers
and probes were designed using Visual OMP and ThermoBLAST software
(DNAsoftware). The DNA sequences of mouse L-lactate dehydrogenase A-like 6B
(Idhal6b) gene and rickettsial citrate synthase (glt-A) genes were obtained from GenBank
database  (http://www.ncbi.nlm.nih.gov/genbank/).  For rickettsial glt-A  gene
quantification, a 97-bp fragment was amplified using forward primer gltA-F (5’-
GCTATGGGTATACCGTCGCA-3), reverse primer gltA-R (5’-

CAGGATCTTCGTGCATTTCTTTCC-3), and TagMan MGB (minor groove binder)
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glt-A-probe labeled with 5’-FAM (5’FAM- GCCATCCAACCTACGGTTCTTGC-3").
For quantification of the mouse ldhal6b gene, a 102-bp fragment was amplified using
forward primer M-ldhal6b-F (5’-TCGGGCAGAGGCTTGGGATC-3), reverse primer
M-Idhal6b-R (5’-CGGCGATGTTCACACCACTC-3’), and TagMan MGB M-Idhal6b-
probe labeled with 5°-VIC (5’VIC-CCACCCGTGGCAGCTTTCAGAGT). Primers were
obtained from Integrated DNA Technologies and probes from Applied Biosystems (Life
Technologies). Real-time PCR reactions were run using a 7900HT Fast Real-Time PCR

device (Applied Biosystems).

Statistics
The proportion of surviving animals was analyzed with the Log-rank (Mantel-
Cox) test. Mean absolute counts of T-cell subpopulations were compared using unpaired

t-tests (GraphPad Prism, version 6).

RESULTS

Validation of a New Platform for the Discovery of Rickettsial Protective Antigens
Previous work with Rickettsia has focused on surface proteins for the discovery of
epitopes recognized by CD8" T-cells [73-76]. However, there is evidence that the
antigens recognized by antibodies (e.g., surface antigens), which are similar to the ones
recognized by CD4" T cells, tend to be different from the ones mediating CD8" T cell
responses [170, 171, 184, 185]. Also, any protein encoded by a microbial genome,

independently of its physical location in the microbial cell, can theoretically be processed
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for presentation through the class | pathway. Thus, as a proof-of-principle, 36 rickettsial
genes available in our collection of R. prowazekii genes were randomly selected to test
this platform (Fig. 2.1).

APCs expressing high levels of rickettsial proteins encoded by the 36 randomly
selected rickettsial gene clones were combined into 8 random pools (Table 2.1). Eight
groups of C3H/HeN mice (H2-K¥) were immunized with the pools of MHC-
haploidentical APCs expressing R. prowazekii proteins and challenged as described in the
methods section. Control groups included one group that was immunized with APCs
expressing a control gene from Arabidopsis thaliana and one group that did not receive
any immunization treatment (naive control). Fourteen days after initial immunization, all
animals were terminated, and rickettsial load in liver and lungs, two critical target organs,
was determined using Q-PCR. One group of mice with a significantly lower load of
Rickettsia was identified (Figure 2.2A).

To identify the individual rickettsial component(s) that were triggering protection,
separate groups of naive mice were immunized with nucleofected APCs expressing each
individual rickettsial gene from the positive pool (RP884, RP703, RP778, and RP655)
and repeated the challenge procedure as above. The new bacterial load analysis showed
that RP884 was the rickettsial gene triggering the protective immune response of the
original pool as assessed by a significant decrease in rickettsial load and increased
survival; 60% of the RP884-immunized animals survived while 100% of control animals
succumbed to the rickettsial infection (Fig. 2.2B and C). RP884 is annotated in the R.
prowazekii genome as a ferrochelatase (hemH), an enzyme that participates in protoheme

biosynthesis. This protein is highly conserved among the Rickettsiaceae and it is 95%
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identical to that of R. typhi. Outside the Rickettsiales, the maximum protein sequence

identity using BLASTp was 44%.
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Figure 2.2 In vivo identification of rickettsial antigens. (A) Thirty-six APC lines
expressing high levels of individual R. prowazekii ORFs were randomly combined into 8 pools.
Eight groups of mice (4 mice per group) were immunized with pools of APCs expressing 4 or 5
different R. prowazekii proteins (see table 2.1). As a control, one group of mice was immunized
with APCs expressing a gene from A. thaliana. One group without any manipulation (blank
control) was also included. Fourteen days after immunization, all mice were challenged with 3 x
LDs0f R. typhi. At day 7 post-infection, all animals were terminated, and rickettsial load in liver
and lungs (not shown) was determined using quantitative real-time PCR targeting the rickettsial
gene gltA and the mouse gene Idhal6b. One group of mice showed a significantly lower load of
Rickettsia. (B) This group was deconvoluted by immunizing mice with the individual constructs
following a similar strategy as the one above. One protective rickettsial antigen was found in this
group, RP884. (C) Naive mice immunized with APCs expressing either RP884 or an A. thaliana
gene (control) were challenged with 3x LDs, of R. typhi and followed in time to determine
survival; 60% of RP884-immune animals survived while none of the control animals did

(p<0.0001). Individual data points, mean, and standard error of the mean (SEM) are shown.
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Table 2.1

Pool assignment of Rickettsia prowazekii proteins used for antigen screening and

predicted characteristics according to PSORTb 3.0*.

; : Subcellular
R'Cke.ttS'al Annotated function localization FElRIY A
protein S score number
prediction
RP042 cell cycle protein MESJ (mesJ) Cytoplasmic 9.97 1
RP058 SOJ protein (soj) Cytoplasmic 8.96 1
RP189 DNA polymerase 111 subunit delta | Cytoplasmic 8.96 1
RP199 Adrenodoxin Cytoplasmic 8.96 1
RP221 threonyl-tRNA synthetase Cytoplasmic 10.00 1
UDP-N-acetylmuramoyl-L-alanyl- .
RP410 D-glutamate)gynthetasg y Cytoplasmic 9.97 2
RP531 translation initiation factor IF-3 Cytoplasmic 10.00 2
reprotein translocase subunit Cytoplasmic
RP585 [\)(aj% M):atm%rane 9.82 2
RP688 hypothetical protein Cytoplasmic 8.96 2
RP718 lipid A biosynthesis lauroyl Cytoplasmic 8.96 2
acyltransferase
RP045 hypothetical protein Cytoplasmic 8.96 3
16S ribosomal RNA .
RP168 methyltransferase RsmE Cytoplasmic 8.96 3
. . Cytoplasmic
RP192 hypothetical protein M):atm%rane 9.82 3
RP226 hypothetical protein Unknown - 3
RP875 hypothetical protein &f&%lf:rzzlc 9.82 3
RP227 DNA topoisomerase 1V subunit B Cytoplasmic 9.97 4
RP336 hypothetical protein Cytoplasmic 8.96 4
RP403 hypothetical protein Cytoplasmic 8.96 4
RP485 scaffold protein Cytoplasmic 9.26 4
RP511 hypothetical protein Cytoplasmic 8.96 4
RP482 hypothetical protein Cytoplasmic 9.97 5
branched-chain alpha-keto acid .
RPS30 dehydrogenase sulFJ)unit E2 Cytoplasmic 9.97 5
RP548m DNA repair protein RecO Cytoplasmic 8.96 5
RP572 excinuclease ABC subunit C Cytoplasmic 9.97 5
RP627 co-chaperonin GroES Cytoplasmic 9.26 6
RP803 FOF1 ATP synthase subunit alpha Cytoplasmic 9.97 6
RP839 hypothetical protein Unknown - 6
RP848 hypothetical protein Cytoplasmic 8.96 6
RP655 30S ribosomal protein S19 Cytoplasmic 9.26 7
cytochrome C-type biogenesis Cytoplasmic
RP703 p}r,ctnein CCMF ()::F():mF) ) M)gm%rane 10.00 !
RP778 DNA polymerase 111 subunit alpha | Cytoplasmic 9.97 7
RP884 Ferrochelatase Cytoplasmic 9.97 7
RP374 protein transport protein SEC7 Cytoplasmic 8.96 8
(sec7)
RP498 cell surface antigen (sca4) Cytoplasmic 8.96 8
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Predictive Power of Immunoinformatic Tools

Since our strategy for antigen discovery was entirely empirical, 1 wanted to
compare our results to those generated with publicly available bioinformatic systems that
predict the immunogenicity of proteins toward CD8" T-cells. The algorithms supporting
each system are different; thus, each one produces a different ranking. | used the
individual scores generated by each server and also ranked R. prowazekii proteins using
two different scoring systems that | developed: a) Single peptide score (SpS) and b)
overall protein score (OpS). For SpS, rickettsial proteins were ranked according to the
inverse 1Csq value of the predicted peptide with highest affinity in each protein so that the
rickettsial protein containing the peptide with the lowest 1Csy value was ranked first; only
NetMHCpan and IEBD-ANN were used since both servers can generate 1Cso values. The
SpS score resulted from averaging the rank generated with each one of the two servers.
This score only included proteins with high-affinity MHC class-1-binding peptides
regardless of the number of potential binding peptides predicted in each protein.

The purpose of the OpS score was to rank rickettsial proteins according to the
number of MHC class-I binding peptides that can potentially be generated from each one.
First I produced a protein score (pS) for each server from the inverse of the average of the
ICso values (for NetMHCpan or IEBD-ANN) and the S-Score (for SYFPEITHI) of all
peptides predicted to bind to H-2K* from each rickettsial protein divided by the number
of predicted binding-peptides in the same protein. The OpS score was calculated from the
average of the three pS ranks.

As shown in table 2.2, RP884 ranked rather low with all systems used, suggesting

that individual scores from these servers or the calculated SpS and OpS scores were not
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optimal predictors. To overcome this problem, | redefined our analysis strategy as
follows: First, we used NetMHCpan, IEBD-ANN, and SYFPEITHI to generate a
database of high-affinity MHC class-I binding peptides for each protein. Then, | used
RANKPEP to query the top 5 proteasome-derived peptides among all the MHC class-I
binding peptides predicted for each protein. With this information, | generated a manually
curated database that included only proteasome-derived peptides with their respective
RANKPEP scores (calculated by dividing the individual peptide scores by the optimal
score value, expressed as %OPT). With this information, a new rickettsial protein score
was obtained by multiplying the number of proteasome predicted peptides found among
all the predicted MHC class-I peptide-binders in each protein by the average of the
RANKPEP scores for each protein. After performing these modifications to the in silico
analysis strategy, RP884 emerged as a top-ranked in silico-defined vaccine candidate
(New modified score, Table 2.2). These results highlight the importance of combining
proteasome-processing as well as MHC class-1 binding predictions for in silico

approaches aimed at discovering CD8" T cell antigens.

T Cell Priming

The immunization strategy for antigen discovery was designed to be biased
towards MHC class-1 presentation because the antigens are rapidly delivered to the
proteasome as a consequence of the fusion of the rickettsial protein to a destabilization
domain. To explore the role of class | presentation, the effector functions in T-cell

subpopulations from immunized animals were analyzed. | used an ex vivo method that
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Table 2.2 Immunoinformatic analysis and immunogenicity ranking of R. prowazekii

proteins

Rank of positive pool genes among all | Rank of positive pool genes among those
Predictors R. prowazekii proteins (834) tested in this study (36)

RP655 RP703 RP778 RP884 RP655 RP703 RP778 RP884
NetMHCpan | 790 185 11 650 34 16 2 32
IEBD-ANN | 795 135 35 197 35 16 6 18
SYFPEITHI | 624 308 15 311 33 26 2 24
SpS score 807 48 173 358 35 3 16 18
OpS score 781 169 10 392 35 20 1 26
New score 518 129 38 4 35 10 8 3

provides direct information about the response of T cells in vivo because T cells are
stained and analyzed immediately after their extraction without further in vitro
stimulation [186, 187]. Mice were injected with brefeldin A and monensin, two
substances that stop secretory processes, four hours before retrieval of the spleen in order
to detect cytokines that were being secreted by T cells at the time of the injection. Ex vivo
analysis of CD3"CD8" cells from animals immunized with SVEC4-10 cells expressing
RP884 showed increased numbers of CD44™M%" cells among CD8" T-cells. Since CD44 is
a surface marker expressed by antigen-experienced T-cells, its increased expression
suggested that RP884 immunization efficiently primed CD8" T cells
(CD3*CD8"'CD44""cells, figure 2.3A). Furthermore, this subset also produced increased
levels of IFN-y after rickettsial challenge compared to control animals immunized with
SVEC4-10 cells expressing an irrelevant antigen (control gene, figure 2.3B) increased
production of Granzyme B was also observed in RP884 immune animals, although it was
not statistically significant (data not shown, p = 0.058). Effector-type CD8" T-cells

(CD44""CD127"") and memory-type CD8" T cells (CD44™"CD127"%") were also
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increased in RP884-immune animals (Fig. 2.4A and B), and significantly larger numbers

of IFN-y producing cells were observed among these subpopulations (Fig 2.4C and D).
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Figure 2.3 RP884 immunization induced increased expression of IFN-y in antigen
experienced CD8" T cells. RP884-immune animals and mice immunized with the A. thaliana
control gene were challenged with 6 x LDs, of R. typhi and sacrificed 7 days later (4 hours after
i.p. injection of brefeldin A and monensin) to obtain splenocytes for flow cytometric analysis. (A)
Number of antigen-experienced CD8" T-cells (CD3"'CD8'CD44™®"). (B) IFN-y expression in
CD3'CD8'CD44"" cells. (C) IFN-y expression in CD3"CD4*CD44"" cells.  Differences were
statistically significant (p=0.0003 for panel A and p=0.001 for panel B). Individual data points

and mean +SEM are shown.

On the other hand, the IFN-y response of antigen-experienced CD4" T cells
(CD3*CD4"'CD44"%") was not significantly different (Fig 2.3C). These data indicate the
development of an anti-RP884 CD8" T-cell response in immunized animals, and supports
the concept that our antigen discovery strategy functions through stimulation of CD8" T-

cell responses as expected.
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Figure 2.4 Increased effector and memory CD8" T-cells in mice immunized with

RP884. RP884-immune animals and mice immunized with the A. thaliana control gene were
challenged with 6 x LDs, of R. typhi and sacrificed 7 days later to obtain splenocytes for flow
cytometric analysis. The proportion of antigen-experienced CD8" T-cells with an effector (A) or
memory (B) phenotype was determined based on the expression of CD127.

among effector-type (C) and memory-type (D) cells was also determined. Individual data points

and mean +SEM are shown.
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DISCUSSION

Despite the many efforts to develop a vaccine against R. prowazekii [63], an
effective vaccine has not been produced; the production of the most recent vaccine was
stopped due to its significant variability in antigenicity and potency [64]. More recent
work was aimed at the development of a subunit vaccine using the rickettsial surface
proteins OmpA [73, 74] and OmpB [75, 76] as potential targets for CD8" T-cells.

In this proof-of-principle study, a new platform with the potential to discover
relevant antigens for vaccine development independently of their ranking in the natural
hierarchy of immunodominance, which expands the universe of possible antigens, is
described. This platform also has the capability of identifying multiple antigens from a
pathogen, which can then be used as components of a cross-protective subunit vaccine.
Indeed, these results demonstrate that a single antigen from R. prowazekii, the product of
the RP884 gene, can stimulate CD8" T-cells and immunize mice against a challenge with
R. typhi (Fig. 2.2 and 2.3). The resulting effector- and memory-type CD8" T-cells (Fig.
2.4) produced IFN-y, a known critical effector of the anti-rickettsial immune response
[35, 41, 188].

The fact that the empirically-discovered protective antigen RP884 was not ranked
highly by several different immunoinformatic programs (Table 2.2) is not necessarily
surprising since the predicting power of those immunoinformatic strategies has not been
directly compared against an empirical approach testing all ORFs (the ORFeome) of a
pathogen. Moreover, at least for bacterial proteins, known protective antigens actually

have less predicted epitopes than randomly selected bacterial protein sets used as a
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control [139] . Thus, empirical approaches could contribute to the refinement of the in
silico strategies for antigen discovery. Here, | used empirical antigen discovery data to
formulate a reverse vaccinology strategy that better matched the empirical findings. The
present results highlight the importance of combining proteasome-processing as well as
MHC class-1 binding predictions for in silico approaches aimed at discovering CD8" T
cell antigens.

The discovered antigen, RP884, is highly conserved among members of the
family Rickettsiaceae and it is 95% identical to that of R. typhi, which is consistent with
the finding of cross-protection. The feasibility of a subunit vaccine that triggers T cell-
mediated cross-protection against typhus group Rickettsia is further supported by the
following: 1) T cell cross-reactivity is favored by the T cells themselves since the T cell
receptor is multispecific due to structural flexibility and interactions with only a few
residues within the presented peptides [103, 189]; 2) T cell-mediated cross protection has
been demonstrated between organisms as genetically distant as Aspergillus and Candida
[190] or as diverse as influenza virus [191]; 3) T cells are critical for effective immune
responses against all Rickettsia, which is congruent with their intracellular cytoplasmic
niche [37, 38]; 4) the anti-rickettsial T cell response is sufficient for protection as
demonstrated through T cell transfer studies [37, 38]; and 5) these T cell responses are
naturally cross-protective within the two major rickettsial groups (typhus and spotted
fever groups) [40] and, even between those major groups [44].

Together these results represent a step forward toward the development of a

subunit vaccine against typhus group Rickettsia, and suggest that by combining the
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reverse vaccinology and in vivo screening approach described here, relevant protective

antigens could be identified in the future.
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CHAPTER 3: Discovery of Novel Cross-Protective Rickettsia prowazekii T cell

Antigens Using a Combined Reverse Vaccinology and In Vivo Screening Approach®

ABSTRACT

T cells can mediate cross-protective immunity between typhus and spotted fever
group Rickettsia, a finding consistent with the remarkable similarity among rickettsial
genomes. However, protective Rickettsia T cell antigens remain unidentified. In the
present study, | report the use of an in silico algorithm that allowed me to identify and
validate four novel R. prowazekii vaccine antigen candidates recognized by CD8" T cells.
The novel rickettsial vaccine candidate antigens, RP778, RP739, RP598, and RP403,
protected mice against a lethal challenge with R. typhi and R. conorii, which is indicative
of cross-protective immunity within the two major groups of pathogenic Rickettsia,
typhus and spotted fever group Rickettsia. Together, these findings validate a reverse
vaccinology approach as a viable strategy to identify protective rickettsial antigens and
highlight the feasibility of a subunit vaccine that triggers T cell-mediated cross-protection

between phylogenetically distant Rickettsia.

A significant portion of this chapter has been accepted for publication in the journal Vaccine. Vaccine does not require
copyright permission as long as proper citation is given. The citation for this article is: Caro-Gomez E, Gazi M, Goez
Y, Valbuena G. Discovery of novel cross-protective Rickettsia prowazekii T-cell antigens using a combined reverse
vaccinology and in vivo screening approach. Vaccine. 2014 Jul 7. pii: S0264-410X(14)00901-3.
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INTRODUCTION

R. prowazekii, a louse-borne obligate intracellular bacterium, is the agent of
epidemic typhus, which is one of the most lethal pathogens known to humans [6]. Due to
lethality as high as 60% and its prior use as a bioweapon [6, 7, 169], it is classified as a
category B priority pathogen and a CDC select agent. Unfortunately, an effective
vaccine, a deterrent to its weaponization, is not currently available for this or any of the
other rickettsial diseases. In addition, the potential impact of vaccines against these
pathogens is highlighted by two facts: 1) there are no commercial methods for the acute
diagnosis of rickettsioses, and 2) all rickettsial diseases present with non-specific initial
clinical symptoms.

In appropriate animal models, CD8" T cells are critical effectors of protective
anti-Rickettsia immunity [35, 37, 38]; moreover the critical role of CD8" T cells over
CD4" T cells in resistance to rickettsial infections has been demonstrated in depletion and

adoptive-transfer experiments [3, 35, 38]. Nevertheless the activation of a Th1l cytokine

profile in anti-Rickettsia CD4" T cells is thought to contribute to CD8" T cell memory
development, as well as to the generation of protective antibodies [3]. Therefore, the
presence of antigens able to induce CD4" T cell-help in an anti-Rickettsia vaccine is
desirable.

Previous work explored rickettsial surface proteins OmpA and OmpB as potential
targets for CD8" or CD4" T cells [72—76]; however, the selection of these proteins for
testing was based on the fact that they are immunodominant for the humoral immune

response, which now is known is not a good predictor of antigens recognized by CD8" T
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cells [170, 171]. No other antigens that trigger T cell-mediated protective immunity have
been identified since. To address this gap, our laboratory developed an in vivo screening
approach to identify antigens recognized by CD8" T cells as published [174] and
described in chapter 2. Herein, | extended this work through refinement of our screening
platform and the identification of novel R. prowazekii T cell antigens that stimulate a
cross-protective response against the closely related R. typhi, the agent of flea-borne
murine typhus, which is the most prevalent and neglected of the rickettsioses [5]. The
entire R. prowazekii ORFeome (834 proteins) was analyzed in silico in order to identify
and prioritize potential targets for CD8" T cells. From a set of twenty-two top-ranked T-
cell antigenic targets, we identified and validated four novel cross-protective vaccine

candidates.

MATERIALS AND METHODS

Bacteria

R. typhi (Wilmington strain) and R. conorii (Malish 7 strain) working stocks were
produced in a CDC-certified BSL3 laboratory by cultivation in specific pathogen free
embryonated chicken eggs. Rickettsia present in the stock was quantified by plaque assay

[175], and the LDso was determined experimentally in C3H/HeN mice.

58



In silico Prediction of R. prowazekii Proteins Encompassing Peptides Recognized by
CD8" T cells.
834 protein sequences from R. prowazekii strain Madrid E (Gene Bank ID

AJ235269.1) were analyzed for the prediction of 9-mer peptides restricted to MHC class-

| mouse allele H-2K¥ using the following servers: NetMHCpan
(http://www.cbs.dtu.dk/services/NetMHCpan/), IEBD-ANN
(http://tools.immuneepitope.org/main/html/tcell_tools.html), and SYFPEITHI

(http://www.syfpeithi.de/) [177-180]. Only proteins containing peptides predicted to be

strong binders were considered for further analysis. For predictions performed using
NetMHCpan and IEBD-ANN, only peptides with ICsy values < 50 nM were considered,;
for SYFPEITHI, only peptides with an S-score of 21 and higher were included,; this score
was arbitrarily chosen and it represents 70% of the influenza A matrix protein epitope
GILGFVFTL S-score. Rickettsial proteins were further analyzed using RANKPEP
(http://imed.med.ucm.es/Tools/rankpep.html), which combines MHC class-I-binding
affinity and proteasome processing [181]. We used RANKPEP to evaluate the likelihood
of peptides predicted by NetMHCpan, IEBD-ANN and SYFPEITHI to be generated via
proteasome-processing as we previously described [174]. Servers used for the in silico

analysis are summarized in table 3.1.

In silico Prediction of R. prowazekii Proteins Encompassing Peptides Recognized by
CD4" T cells.
834 protein sequences from R. prowazekii strain Madrid E (Gene Bank ID

AJ235269.1) were analyzed for the prediction of 9 mer peptides binding the mouse MHC
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http://www.syfpeithi.de/

class-Il  allele  I-A, Predictions were performed using RANKPEP

(http://imed.med.ucm.es/Tools/rankpep.html) and SYPEITHI (http://www.syfpeithi.de/);

which allowed the prediction of T cell epitopes restricted to the 1-A* allele. Only proteins
encompassing peptides predicted to be strong binders were considered for further
analysis. For RANKPEP, only peptides with a %OPT value > 30% were included
(binding to the I-AX consensus sequence DFWCWECCC has an optimal score value of
39.9). In the case SYFPEITHI only proteins encompassing peptides with an S-score > 20
were considered for further analysis. Additionally, with the aim of enhancing the
probability of selecting proteins with protective potential, the immunodominance filter
from RANKPEP was also used [181]. R. prowazekii proteins were ranked according to a
score obtained by multiplying the number of peptides predicted by the averaged score of
all predicted MHC class-Il binding peptides for each protein; this step was performed
independently for each server. Only the top 100 proteins from each server were further
analyzed. Instead of using a single combined RANKPEP-SYPEITHI score for defining
the top vaccine targets, the following criteria were used: The first set of selected proteins
included only those predicted by both algorithms. Next, proteins ranked among the top
30 and predicted by only one server were added to the vaccine target list. Finally, in
order to include a higher number of potential vaccine targets, a new score was calculated
and applied only to RANKPEP predictions as described above; however, this time, only
peptides predicted as after applying the immunodominance filter (%OPT value > 35.5%)
were considered. New proteins ranked among the top 30 after applying the RANKPEP

immunodominance score were also included in the final target list.
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Table 3.1  Servers used for the in silico prediction of R. prowazekii MHC class-I and MHC

class-11 binding peptides.

Parameter NetMHCpan IEBD-ANN SYFPEITHI RANKPEP

Prediction ANNSs ANNs Binding Binding matrix

method matrix

Training Immuneepitope  Immuneepitope  SYFPEITHI MHCPEP

dataset

Output ICso ICso S-score % of optimal score value

from consensus peptide

Justification  Performance Performance High quality Proteasome filter

database Immunodominance filter

Generation of Antigen Presenting Cells (APCs) for Immunization

For immunization with the selected targets, we used a recently described platform
with some modifications [174]. Briefly, SVEC4-10 cells modified to express the
costimulatory molecules CD80 and CD137L were used as APCs. For this study, the
original pDEST-M1 vector was modified as follows: the expression cassette was flanked
by PiggyBac inverted terminal repeats and the tdTomato gene was replaced by a fused
hygromycin/GFP gene preceded by a 2A peptide (it allows dissociation into component
proteins on translation so that the rickettsial gene is not fused) and an HA tag (which is

fused to the rickettsial protein to aid in identification). The new vector, pDEST-M2 was
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nucleofected, together with an expression plasmid encoding the PiggyBac transposase,
into APCs using the Amaxa SE Cell Line 96-well Nucleofector kit (Lonza). With this
new vector system, cell lines stably expressing selected ORFs from R. prowazekii
through transposition were generated. Success of nucleofection was corroborated by

assessment of EGFP expression and hygromycin selection.

Screening and Validation of In Silico Vaccine Targets

We used an established mouse model of typhus [35] consisting of C3H/HeN mice
infected i.v. with R. typhi, which is phylogenetically closely related to R. prowazekii, the
other member of the typhus group rickettsiae. C3H/HeN mice were housed in an ABSL3
facility. For immunization, we followed a short immunization protocol that enhances
CD8" T cell responses [106]. Changes to the immunization scheme described in the
previous chapter were performed after a set of imaging experiments designed to track
SVEC4-10 cells that were transduced to express the luciferase gene (Luc2); these
experiments showed that, although after i.v. inoculation the signal rapidly declined
(probably because it was not concentrated in a single anatomical site), it persisted for up
to 6 days after i.p. or intramuscular (i.m.) inoculation [174]. Consequently, each mouse
received 4.5x10° cells of cell suspension i.v. and i.m.; 5 days later, mice received the
same dose of cells i.m. and i.p. Seven days after the second immunization, mice were
infected i.v. with 5 or 6 LDsg of R. typhi. Animals were monitored for clinical symptoms
and mortality for 21 days or euthanized after 7 days for rickettsial load assessment in the
lungs. Rickettsiae were measured by quantitative real-time PCR using a validated assay

previously described [174]. We followed the recommendations in the Guide for the Care
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and Use of Laboratory Animals of the National Institutes of Health. Our experimental
protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of

the University of Texas Medical Branch (protocol number: 0903026).

Flow Cytometry

We used an ex vivo approach that provides direct information about the response
of T-cells in vivo since staining and analysis are performed after their extraction without
further in vitro stimulation[186, 187]. Four hours prior to sacrifice, mice were injected
i.p. with brefeldin A (250 pg/mouse) and monensin (500 pg/mouse). Mononuclear cells
from spleens were purified by density gradient centrifugation (Lympholyte™-M,
Cedarlane Laboratories) and stained with Live/Dead Fixable Blue (Life Technologies),
APC-Alexa Fluor 750-conjugated anti-CD8 (5H10), FITC-conjugated anti-CD3 (17A2),
BD Horizon V500-conjugated anti-CD44 (IM7), PE-Cy5 anti-CD127 (clone A7R34),
and PE-Cy7-conjugated anti-IFN-y (XMG1.2). CountBright™ Absolute Counting Beads
(Life Technologies) were added to each sample prior to acquisition. All samples were
acquired on a LSRII Fortessa cytometer (BD Biosciences); ~400.000 events were
captured and data were analyzed using FlowJo 9.5.3 software (Tree-Star Inc). All
analyses were performed on live CD3"CD8" cells. Thresholds for positivity were
determined with fluorescence-minus-one (FMQO) control stains. Gating strategy is shown

in the appendix as Figure Al.
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Statistics

The proportion of surviving animals was analyzed with the Log-rank (Mantel-
Cox) test. Mean absolute counts of CD8" T-cell subpopulations were compared using
one-way analysis of variance (ANOVA) followed by Dunnett’s correction for multiple

comparisons (GraphPad Prism, version 6).

RESULTS

Rank of Proteins Encompassing MHC Class-1-Binding Peptides.

In chapter 2 and a recent publication, we described an in silico analysis strategy
for the discovery of antigens with immunogenicity potential towards CD8" T-cells based
on the identification of proteins encompassing predicted high-affinity proteasome-derived
MHC class I-binding peptides [174]. In the present study, this in silico approach was
extended to the entire R. prowazekii ORFeome (Fig. 3.1). A total of 834 R. prowazekii
protein sequences were analyzed, and rickettsial proteins were ranked according to the
described algorithm, which includes information about the number of predicted peptides
per protein, their likelihood of being generated by the proteasome, and their predicted
affinity for MHC class-1 (H-2K¥). Analysis of the relative frequency of high-affinity
proteasome-derived MHC class I-binding peptides among rickettsial proteins showed the
following: 21.5% (179/834) of all R. prowazekii proteins did not include any peptide that
fulfilled our inclusion criteria; 30% (250/834) contained one; 25% (209/834) contained
two; 14.9% (124/834) contained three; 6.8% (57/834) contained four; and 1.9% (16/834)

contained five proteasome-derived peptides.
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Prediction of 9-mer peptides restricted to MHC class-I mouse allele H-2Kk using:
NetMHCpan and IEBD-ANN (IC,,<50) and SYFPEITHI (S-score 21)

Construction of datab containing the sequences of H-2KK-restricted peptides
for each protein according to inclusion criteria

Analysis of each protein using Rankpep proteasome filter:
Look for top 5 proteasome -derived peptides among peptides predicted by
NetMHCpan, IEBD-ANN and SYFPEITHI

N

Rank proteins:
Average of the RANKPEP scores x number of proteasc derived pef

Select proteins with orthologs in R. typhi, R. rickettsii and R. conorii (BLASTp)

.

Exclude proteins with significant human and mouse similarity
(http://www.violinet.org/vaxign)

=

Calculate HLA cl I-binding score for r ining proteins

Nucleofection of APCs with MHC class-l in silico-defined vaccine candidates

e

Immunization of naive C3H/HeN mice with pooled candidate proteins and lethal
challenge with R. typhi

.

didat

Deconvolution of protective pools and selection of best

s

Test selected protective antigens for cross-protection against SFG rickettsia:
lethal challenge with R. conorii

g -
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Figure 3.1 Flow diagram of the discovery process for antigens recognized by

CDS8" T cells.

Rank of Proteins Encompassing MHC Class-11-Binding Peptides.

CD4" T cell epitopes are suspected to play an important role in the induction of
protective immune responses, given that the help provided by CD4" T cells is crucial for
the generation of strong and long lasting humoral and cytotoxic CD8" T cell responses
[184, 192]. Thus, one could speculate that proteins encompassing peptides that have a
significant chance to bind MHC class-11 molecules, i.e. proteins containing high-affinity

CD4" T cell epitopes, might contribute to elicit significant immune responses.
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R. prowazekii protein sequences were analyzed and ranked according to the
described algorithm; 86% of all R. prowazekii proteins were found to encompass high-
affinity I-A* allele-binding peptides. After analyzing the top 100 ranked proteins for each
server, a final list of 85 top ranked vaccine targets was generated as follows: 54 proteins
were predicted by both servers SYFPEITHI and RANKPEP; among them, 68.5% (37/54)
were predicted to encompass immunodominant epitopes, 22 proteins were predicted only
by one algorithm, and 9 additional proteins become top-ranked after applying the

RANKPEP immunodominace-based score.

Selection of In Silico-Defined Antigen Candidates

Further in silico analysis was restricted to the top 100 and top 85 rickettsial
proteins predicted to encompass MCH class-I1 or MHC class-1l high-affinity binding-
peptides, respectively. Protein length among predicted vaccine targets was variable;
overall, proteins predicted to encompass MHC class-Il binding peptides were longer
(mean length MHC class-1 candidates=488.1 aminoacids vs. mean length MHC class-II
candidates=769.7 aminoacids). Interestingly, 41% of rickettsial proteins ranked among
the top 100 proteins for MHC class | had only 2 or 3 proteasome-derived peptides,
indicating that both number of peptides and binding affinity contributed to the position in

the final ranking (Fig. 3.2).
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Figure 3.2 Number of proteasome-derived peptides. (A) Number of proteasome-derived

peptides and rank position. (B) Relative frequency of proteasome-derived peptides among top

100 in silico- defined MHC class-I antigen candidates.

To limit the number of proteins to be tested as vaccine candidates with potential for
cross-protection, | first used BLASTp (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to search
for the presence of orthologs in other pathogenic Rickettsia species: R. typhi strain
Wilmington, R. conorii strain Malish 7 and R. rickettsii strain 'Sheila Smith'. Proteins
with a query coverage > 60% and sequence identity > 60% were considered orthologs to
R. prowazekii proteins. In the case of MHC class-I targets, four proteins were excluded,
one protein did not meet these inclusion criteria, and three others were absent in spotted
fever group (SFG) Rickettsia. From the MHC class-11 group, five proteins were excluded
because they were absent in the SFG Rickettsia.

Subsequently, the subcellular localization of the remaining R. prowazekii proteins

was predicted using PSORTb 3.0.2 (http://www.psort.org/psortb/) [182]. Although

subcellular localization is not critical for T cell mediated responses, this analysis revealed

that Rickettsia proteins encompassing high-affinity MHC calss-1 binding-peptides were
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preferentially predicted as cytoplasmic: 68.8 % (66/96) vs. 55% (44/80) for MHC class-
Il. In contrast, proteins located in the cytoplasmic membrane, outer membrane or
extracellular proteins were mainly predicted to contain MHC class-11 binding-peptides:
31.25% (25/80) vs. 19.79% (19/96) for MHC class-1 (Fig. 3.3A). In terms of potential
function, most of the proteins were annotated as hypothetical or metabolism related,

followed by proteins involved in DNA synthesis, repair, transcription, and replication

(Fig. 3.3B).
Extracellular- Cell cycle related proteins:
Structu
OuierMemhrane-I
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transcription, replication
Cytoplasmic Membrane+
— N
ypothetical proteins
e Metabolm
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Figure 3.3 Subcellular localization and annotated function. (A) Subcellular localization

predicted by PSORTb 3.0.2, and (B) Annotated function of in silico-predicted MHC class-1 and
MHC class-1l vaccine targets with orthologs in the SFG Rickettsia.

Next, proteins with similarities to human and mouse proteins were excluded. This
component of the analysis was performed using Vaxign, available through the Vaccine

Investigation and Online Information Network (VIOLIN, http://www.violinet.org/).

Forty-five and thirty proteins with homology to mouse or human were found among
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MHC class-1 and MHC class-11 predicted targets, respectively; since the area of
homology for some of these proteins (MHC class-1 n=8 and MHC class-11 n=11) was of
only 16 amino acids or less (with 4 or fewer regions like this per protein), these proteins
were also included in our final testing list; the rationale was that, if they are protective,
the epitopes conferring protection might be outside the regions of homology, and it would
not preclude their further use as part of a subunit vaccine.

Until this point of the analysis, in silico vaccine targets were defined based on: 1)
the presence of proteasome-derive peptides that are also strong binders to the MHC class-
| mouse allele H-2K*, and 2) the presence of high-affinity MHC class-11 I-A* allele
binding peptides. In a final step, a corresponding HLA class-1 or HLA class-1I binding
score was assigned to the 63 MHC class-1 or 61 MHC class-I1 in silico-defined vaccine
targets. This new score incorporated the capability of peptides derived from the selected
proteins to bind HLA alleles; the score resulted from dividing the number of HLA class-I
or HLA class-11 epitopes predicted by Vaxitope from VIOLIN, regardless of the allele or
binding affinity, by the number of amino acids in the rickettsial protein (length
adjustment). For MHC class-I predictions, compared to the original ranking, which was
only mouse-based, several proteins had striking changes in their ranking positions when
binding to HLA class-1 alleles was incorporated (Table 3.2). When RANKPEP
immunodominance-based score was applied to MHC class-1l1 binding predictions
performed by this server, for some proteins, the new position in the ranking was not so
distant compared to the original RANKPEP rank; however, some others showed
significant differences indicating that these proteins contained a large number of peptides

either below or above the immunodominance binding affinity threshold (Table 3.3).
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Also, it was interesting to note that after applying the HLA class-11 binding score, 43.3%
of the top 30 proteins (13/30) were not predicted by SYFPEITHI compared to 6.6%

(2/30) that were not predicted by RANKPEP.
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Table 3.2  Antigens from R. prowazekii predicted in silico to encompass MHC class-I-binding

peptides.

Predicted HLA Proteasome
. . Number of
Rickettsial Annotated subcellular class I- H2Kk
. . o . L proteasome
protein function localization* binding binding .
- peptides
score score

RP216 cytochrome D ubiquinol oxidase subunit | (cydA)  Cytoplasmic 1 45 3
Membrane

RP739" ADP,ATP carrier protein Cytoplasmic 2 21 4
Membrane

RP047 hypothetical protein RP047 Cytoplasmic 3 51 4
Membrane

RP403* hypothetical protein RP403 Cytoplasmic 4 2 5

RP884 Ferrochelatase Cytoplasmic 5 1 4

RP718 lipid A biosynthesis lauroyl acyltransferase Cytoplasmic 6 58 3

RP876 Lipoyltransferase Cytoplasmic 7 42 5

RP734! ATP-dependent nuclease subunit A (addA) Cytoplasmic 8 55 3

RP329 hypothetical protein RP329 Cytoplasmic 9 27 4
Membrane

RP027 hypothetical protein RP027 Cytoplasmic 10 47 2

RP042° cell cycle protein MESJ (mesJ) Cytoplasmic 11 7 4

RP339 minor teichoic acids biosynthesis protein ggab  Cytoplasmic 12 31 3

(ggab) Membrane

RP864 hypothetical protein RP864 Cytoplasmic 13 39 4

RP540? primosome assembly protein PriA Cytoplasmic 14 28 4

RP0062 hypothetical protein RP006 Cytoplasmic 15 16 4

RP512 ribonucleotide-diphosphate  reductase  subunit  Cytoplasmic 16 60 3

beta

RP120 hypothetical protein RP120 Unknown 17 56 3

RP804 FOF1 ATP synthase subunit delta Cytoplasmic 18 62 3

RP2462 hypothetical protein RP246 Cytoplasmic 19 41 4
Membrane

RP731 dephospho-CoA kinase Cytoplasmic 20 4 5
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RP048 putative inner membrane protein translocase Cytoplasmic 21 24
component YidC Membrane
RP598° transcription-repair coupling factor Cytoplasmic 22 12
RP778° DNA polymerase 11 subunit alpha Cytoplasmic 23 23
RP849 glycyl-tRNA synthetase subunit beta Cytoplasmic 24 38
RP029 recombination protein F Cytoplasmic 25 14
RP431° hypothetical protein RP431 Cytoplasmic 26 17
RP572° excinuclease ABC subunit C Cytoplasmic 27 34
RP758 hypothetical protein RP758 Cytoplasmic 28 37
RP367 hypothetical protein RP367 Cytoplasmic 29 29
Membrane
RP559° hypothetical protein RP559 Unknown 30 40
RP622 3-demethylubiquinone-9 3-methyltransferase Cytoplasmic 31 49
RPO71 transcriptional activator protein CZCR (czcR) Cytoplasmic 32 44
RP170 acriflavin resistance protein D Cytoplasmic 33 18
Membrane
RP531° translation initiation factor IF-3 Cytoplasmic 34 57
RP441 hypothetical protein RP441 Cytoplasmic 35 54
RP014 hypothetical protein RP014 Periplasmic 36 11
RP822 hypothetical protein RP822 Cytoplasmic 37 5
Membrane
RP203 excinuclease ABC subunit B Cytoplasmic 38 9
RP635 DNA-directed RNA polymerase subunit alpha Cytoplasmic 39 20
RP492 pyruvate phosphate dikinase Cytoplasmic 40 10
RP146* hypothetical protein RP146 Cytoplasmic 41 30
RP505 arabinose-5-phosphate isomerase Cytoplasmic 42 8
RP753 aspartate kinase Unknown 43 61
RP404 hypothetical protein RP404 Cytoplasmic 44 43
RP589 inorganic pyrophosphatase Cytoplasmic 45 22
RP306 tRNA  (5-methylaminomethyl-2-thiouridylate)-  Cytoplasmic 46 26
methyltransferase
RP320 ATP-dependent protease ATP-binding subunit Cytoplasmic 47 32
RP030 hypothetical protein RP030 Cytoplasmic 48 53

72



RP314° alkaline protease secretion protein Aprg Cytoplasmic 49 52 3

Membrane
RP848° hypothetical protein RP848 Cytoplasmic 50 33 4
RP341 hypothetical protein RP341 Cytoplasmic 51 19 3
Membrane
RP347 outer membrane assembly protein (asmA) Unknown 52 48 3
RP858* RNA polymerase sigma factor RpoD Cytoplasmic 53 13 3
RP627° co-chaperonin GroES Cytoplasmic 54 6 5
RP522 cytidylate kinase Cytoplasmic 55 46 3
RP300 outer membrane antigenic lipoprotein B precursor ~ Unknown 56 63 3
(nlpD)
RP391 hypothetical protein RP391 Periplasmic 57 35 4
RP228 tail-specific protease precursor (CTP) Unknown 58 36 3
RP226* hypothetical protein RP226 Unknown 59 50 4
RP498° cell surface antigen (sca4) Cytoplasmic 60 25 3
RP704 cell surface antigen (sca5) Outer Membrane 61 3 4
RP585° preprotein translocase subunit YajC Cytoplasmic 62 15 4
Membrane
RP763° acyl carrier protein Cytoplasmic 63 59 5

* Subcellular localization was predicted using PSORTb 3.0.2 (http://www.psort.org/psortb/); *R. prowazekii proteins in pool #1; 2R.

prowazekii proteins in pool #2; *R. prowazekii proteins in pool #3; “R. prowazekii proteins in pool #4; °R. prowazekii proteins in pool
#5; ®R. prowazekii proteins in pool #6
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Table 3.3 Antigens from R. prowazekii predicted in silico to encompass MHC class-I1-binding
peptides.

Predicted HLA RANKPEP
Rickettsial ~ Annotated subcellular class I1- SYPEITHI  RANKPEP  Immuno-
protein function localization*  binding binding binding dominance
score score® score® score®
QRP246 hypothetical protein RP246 Cytoplasmic 1 45 NP NP
Membrane
QRP739 ADP,ATP carrier protein Cytoplasmic 2 NP 64 88
Membrane
RP346 protoheme IX farnesyltransferase Cytoplasmic 3 15 NP NP
Membrane
QRP403 hypothetical protein RP403 Cytoplasmic 4 36 79 44
RP465 alkaline phosphatase synthesis sensor  Cytoplasmic 5 NP 22 10
protein PhoR Membrane
RP620 acylglycerophosphoethanolamine Cytoplasmic 6 40 17 93
acyltransferase Membrane
RP093 VAC] lipoprotein precursor Unknown 7 NP 12 67
RP281 protease Il Unknown 8 70 7 8
QRP042 cell cycle protein MESJ (mesJ) Cytoplasmic 9 NP 16 7
RP535 uperoxide dismutase (sodB) Periplasmic 10 NP 6 6
RP107 hypothetical protein RP107 Cytoplasmic 11 5 4 3
Membrane
RP106 hypothetical protein RP106 Cytoplasmic 12 NP 5 4
Membrane
RP478 hypothetical protein RP478 Unknown 13 NP 45 14
RP678 hypothetical protein RP678 Cytoplasmic 14 NP 18 25
Membrane
RP593 ATP-dependent DNA helicase RECG  Cytoplasmic 15 78 51 83
(recG)
RP784 VIRB4 protein precursor (virB4) Cytoplasmic 16 18 29 22
Membrane
RP859 DNA primase Cytoplasmic 17 20 60 55
QRP006 hypothetical protein RP006 Cytoplasmic 18 NP 41 37
RP239 extragenic suppressor protein SUHB  Cytoplasmic 19 NP 97 18
(suhB)
RP780 hypothetical protein RP780 Cytoplasmic 20 24 38 77
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RP674 hypothetical protein RP674 Outer 21 44 8 26
Membrane
RP558 hypothetical protein RP558 Unknown 22 90 30 100
QRP540 primosome assembly protein PriA Cytoplasmic 23 NP 72 24
RP565 penicillin-binding protein (pbpAl) Cytoplasmic 24 NP 23 23
Membrane
QRP512 ribonucleotide-diphosphate Cytoplasmic 25 14 69 95
reductase subunit beta
QRP734 ATP-dependent nuclease subunit A Cytoplasmic 26 30 24 28
(addA)
QRP849 glycyl-tRNA synthetase subunit beta ~ Cytoplasmic 27 76 61 60
RP785 hypothetical protein RP785 Outer 28 21 3 5
Membrane
QRP758 hypothetical protein RP758 Cytoplasmic 29 8 11 96
RP293 type IV secretion system component Cytoplasmic 30 NP 86 17
VirD4 Membrane
@ RP598 transcription-repair coupling factor Cytoplasmic 31 4 21 31
RP807 penicillin-binding protein 1A (mrcA) Cytoplasmic 32 54 53 73
Membrane
RP108 hypothetical protein RP108 Cytoplasmic 33 7 63 92
Membrane
RP349 hypothetical protein RP349 Unknown 34 NP 27 68
RP720 NAD-dependent DNA ligase LigA Cytoplasmic 35 60 25 29
RP513 ribonucleotide-diphosphate  reductase  Cytoplasmic 36 58 65 94
subunit alpha
QRP559 hypothetical protein RP559 Unknown 37 25 10 59
RP326 DNA topoisomerase | Cytoplasmic 38 57 85 76
QRP146 hypothetical protein RP146 Cytoplasmic 39 67 50 98
QRP778 DNA polymerase 111 subunit alpha Cytoplasmic 40 27 13 48
RP840 heat shock protein 90 Cytoplasmic 41 48 56 33
RP575 preprotein translocase subunit SecA Cytoplasmic 42 26 NP NP
RP822 hypothetical protein RP822 Cytoplasmic 43 75 NP NP
Membrane
RP614 nitrogen regulation protein NTRY Cytoplasmic 44 53 NP NP
(ntrY) Membrane
RP511 hypothetical protein RP511 Cytoplasmic 45 6 34 45
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RP104 hypothetical protein RP104 Cytoplasmic 46 14 NP NP

Membrane
QRP492 pyruvate phosphate dikinase Cytoplasmic 47 77 37 75
RP602 patatin B1 precursor (patl) Cytoplasmic 48 43 9 9
RP835 excinuclease ABC subunit A Cytoplasmic 49 19 70 86
RP373 malic enzyme Cytoplasmic 50 52 47 40
RP103 type IV secretion system ATPase VirB4  Cytoplasmic 51 12 NP NP
Membrane
QRP347 outer membrane assembly protein  Unknown 52 NP 15 34
(asmA)
RP760 hypothetical protein RP760 Unknown 53 NP 32 13
QRP203 excinuclease ABC subunit B Cytoplasmic 54 28 33 27
RP451 cell surface antigen (sca3) Outer 55 1 1 1
Membrane
QRP858 RNA polymerase sigma factor RpoD  Cytoplasmic 56 66 NP NP
RP563 hypothetical protein RP563 Extracellular 57 22 19 84
QRP704 cell surface antigen (sca5) Outer 58 2 2 2
Membrane
QRP226 hypothetical protein RP226 Unknown 59 61 43 20
Q@RP498 cell surface antigen (sca4) Cytoplasmic 60 9 NP NP
RP017 hypothetical protein RP017 Unknown 61 17 87 32

*Subcellular localization was predicted using PSORTb 3.0.2 (http://www.psort.org/psorth/); ¢ Ranking among initial 85 top proteins;
NP not predicted; @ R. prowazekii proteins predicted as in silico vaccine targets for both MHC class-1 and MHC class-I1.
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Identification of Novel Protective Antigens

Although it has been proposed that CD4" and CD8" T cells target a different set of
antigens[170, 171], it was interesting to observe that among all R. prowazekii T cell
predicted vaccine targets, 21 rickettsial proteins were predicted to contain both MHC
class-1 and MHC class-11 binding-peptides (Table 3.3). Twelve out of 21 proteins from
this set of vaccine targets were tested in vivo. The rationale behind first testing rickettsial
proteins predicted as vaccine targets for both MHC class-1 and MHC class-11 systems was
that the presence of CD4" and CD8" T cell epitopes in the same protein could provide
enhanced protection. These proteins were selected to represent the range of immunogenic
potential predicted after applying the HLA class-I-binding score. Thus, six proteins were
ranked among the top 20 and the rest were ranked at position 22 or below; tested R.
prowazekii ORFs are shown in Table 3.2. For the identification of protective antigens,
proteins were tested in a context biased towards CD8" T cell recognition as recently
published and also described in chapter 2 [174]. Mice were immunized with APCs
expressing individual ORFs (1.5x10° APCs per ORF/mouse), pooled in sets of three.
Reduction of Rickettsia load at 7dpi was used as surrogate measure of protection (Fig.
3.4A); although no statistically significant differences between control and immunized
groups were observed, two potentially protective pools were suspected based on the mean
value of the Rickettsia load in lungs (pool #1 and pool #3). These pools were
deconvoluted in order to identify ORF(s) responsible for this potential protective effect.
Mice were immunized with 4.5 x 10° APCs individually expressing RP739, RP403,
RP734, RP598, RP778 or RP559, and challenged as described. None of the tested ORFs

induced significant reduction of Rickettsia load; yet, remarkable differences in the
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clinical status of mice in different immunization groups at the time of sacrifice to procure
samples for bacterial load determination at 7 dpi were observed: some animals were
found dead, some others were moribund (unresponsive to stimuli), while others were
active. In figure 3.4B, individual mice were labeled accordingly to show that the
rickettsial load was not a predictor of clinical behavior. For example, some moribund
control mice had rickettsial loads as low or lower than the loads of immunized mice that
were active, and some active mice had rickettsial loads that were higher than the load of
any control mice; indeed, 6 out of 7 mice from the RP739 vaccinated group were active
and clinically healthy. These observations made us reconsider the effectiveness of
Rickettsia load reduction as readout for screening vaccine targets; thus, we tested whether
survival would be more informative. We performed a survival analysis of those vaccine
targets shown in figure 3.4B with more active mice and lower mean values of Rickettsia
load among mice classified as moribund (RP739, RP403, RP734, RP598); RP778, a

vaccine target that did not meet these criteria, was also included.
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Figure 3.4 In vivo testing of in silico-defined vaccine targets. (A) APCs individually

expressing selected R. prowazekii ORFs were combined in 4 pools as follows: Pool 1 (RP739,
RP403, RP734), Pool 2 (RP540, RP006, RP246), Pool 3 (RP598, RP778, RP559), and Pool 4
(RP146, RP858, RP226). Mice were immunized with pooled APCs expressing R. prowazekii
proteins (8 mice per group) or an irrelevant protein (luciferase, 5 mice per group). Seven days
after immunization, mice were challenged with 6 x LDsq of R. typhi. At 7 dpi, animals were
terminated and rickettsial load in the lungs was measured using quantitative real time PCR (Q-
PCR) targeting the mouse gene Idhal6b and the rickettsial gene gltA. Although no significant
reduction of Rickettsia load was observed, pools 1 and 3 showed lower mean values. (B) R.
prowazekii ORFs in pool 1 and 3 were individually tested as described above. No significant
differences in the rickettsia load were detected after the deconvolution step; however, differences
in clinical findings were observed among groups; they were active, moribund, or dead. We show

individual data points with mean + SEM.
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Figure 3.5 Survival analysis allowed the identification of novel R. prowazekii protective
antigens. (A) Mice immunized with APCs expressing luciferase (control, n=8) or selected
rickettsial proteins (n=8) were challenged with 5 x LDs, of R. typhi and followed for 21 days to
determine survival. 100% of RP739-immune mice (p<0.0001); 62.5% of RP403-immune mice
(p=0.0014); 37.5% of RP598-immune mice (p=0.0413); and 25% of RP734-immune mice
(p=0.0015) survived the lethal challenge while none of the control animals did. (B) RP778 was
separately tested (because it did not meet our initial criteria for selection from analysis of the
pools) as in (A) (12 mice per group); 100% of RP778-immune mice survived while only 8.3% of
control animals did (p<0.0001).

In silico-Defined Vaccine Candidates Confer Protection Against a Lethal Challenge
and Stimulate CD8" T Cell Responses

Mice were immunized with RP739, RP403, RP734, RP598 or RP778 and
challenged with 5LDsg of R. typhi. Animals were monitored for signs of illness (lethargy,
hunchback posture, ruffled hair and paralysis) and death for 21 days. As shown in figure
3.5A and 3.5B, 92% to 100% of control mice succumbed to the rickettsial infection by
day 9; in contrast, all tested ORFs decreased mortality and provided significant protection
against a R. typhi lethal challenge. RP778 and RP739 provided 100% protection while

RP403 protected 62.5% of mice; immunization with RP598 or RP734 resulted in 37.5%
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and 25% survival, respectively, which is still significant. Thus, it appears that bacterial
load at a fixed time point (Fig. 3.4) is not always sufficiently informative as a surrogate
for protection.

Since the in silico approach used for identification of potential targets and the
immunization strategy were designed to be biased towards MHC class-I presentation, I
analyzed CD3'CD8" cells from animals immunized with APCs expressing RP739,
RP403, RP734, RP598 or RP778 at 7 dpi. Antigen-experienced CD8" T cells
(CD3*CD8*CD44"™ from immunized animals showed increased expression of IFN-y
(Fig. 3.6A), ~ 1.5 fold-increase or higher, after Rickettsia challenge compared to control
animals immunized with APCs expressing an irrelevant antigen (luciferase); however,
this change was only statically significant for RP778 (p<0.01) (Fig. 3.6B). Memory-type
CD8" T-cells (CD44M"CD127"") were also increased, particularly in RP778-immune
mice (Fig. 3.6C), and significantly larger numbers of IFN-y-producing cells were
observed for this subpopulation (Fig. 3.6D and E). Although tested in a context that
favors CD8" T cell responses, RP778 also induced significant IFN-y expression in

antigen-experienced CD4 T cells (CD3"'CD4*CD44"") (Fig . 3.7).
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Figure 3.6 Novel rickettsial protective antigens are recognized by CD8" T cells. Mice
immunized with APCs expressing luciferase or R. prowazekii proteins were challenged with 5 x
LDs, of R. typhi and sacrificed at 7dpi (4 hours after i.p. injection of brefeldin A and monensin) to
obtain splenocytes for flow cytometric analysis. Cells were stained with CD3, CD8, CD44,
CD127, and IFN-y to determine (A) the frequency and (B) the number of antigen experienced
CD8" T cells producing IFN-y ex vivo. (C) Number of memory-type (CD127"CD44"™) CD8" T
cells. (D) Number of memory-type CD8" T cells producing IFN-y. (E) Hlustrative density plot of
CD127 vs. CD44 expression with IFN-y expression overlaid on the plot (black dots). Data in (B),
(C), and (D) is presented as mean + SEM from five mice per group. p values for comparisons

against control mice are represented as follows: **p<0.01.
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Figure 3.7 Immunization with novel protective antigens induced IFN-y expression in

antigen experienced CD4" T cells. Mice immunized with APCs expressing luciferase or R.
prowazekii proteins were challenged with 5 x LDsy of R. typhi and sacrificed at 7dpi (4 hours
after i.p. injection of brefeldin A and monensin) to obtain splenocytes for flow cytometric
analysis. Individual data points and mean £SEM are shown. p values for comparisons against

control mice are represented as follows: *p<0.05.

Based on these promising results, a new set of 10 proteins was tested for survival
as described; this new set mainly included proteins predicted to encompass MHC class-I-
binding peptides (n=8), and only 2 proteins predicted to contain MHC class-1 and MCH

class-11 binding peptides were included (Table 3.2; pools #5 and #6). The idea behind
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this experiment was to test if the presence of MHC class-1 and MHC class-11 epitopes on
the same protein correlates with the protective potential of the in silico-defined targets.
As shown in figure 3.8 none of these pools conferred significant protection against a R.

typhi lethal challenge.
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Figure 3.8 Immunization with a new set of R. prowazekii antigens did not protect

against a lethal challenge. APCs individually expressing selected R. prowazekii ORFs were
combined in 2 pools as follows: Pool 5 (RP042, RP431, RP572, RP531, RP314); Pool 6 (RP848,
RP627, RP498, RP585, RP763). Mice were immunized with pooled rickettsial proteins (n=10) or
with APCs expressing luciferase (control, n=8), challenged with 5 x LDs, of R. typhi and
followed for 21 days to determine survival. Although 20% of Pool 6-immune mice survived the
lethal challenge while none of the control or Pool 5-immune animals did, differences were not

statistically significant.
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Novel R. prowazekii antigens are cross-protective beyond the typhus group.

Intrinsically, the strategy for discovery of protective antigens used here allows for
the detection of cross-protective responses since the rickettsial proteins used for
immunization are derived from R. prowazekii but mice are challenged with R. typhi, the
other member of the typhus group Rickettsia. Next, | asked whether the cross-protection
conferred by these novel protective antigens could be extended to the other group of
Rickettsia that includes pathogenic members, the spotted fever group. Based on the lethal
challenge survival results, survival rate , mice were immunized with a pool of the best
candidates found in the present study, RP778, RP739, RP403 and RP598, together with
RP884, a protective antigen reported in the previous chapter [174]. Animals were then
challenged with 5LDsy of R. typhi or 5LDsy of R. conorii, the agent of Mediterranean
spotted fever, which produces a disease that models Rocky Mountain spotted fever in
mice. After 21 days of observation, 62.5% of mice challenged with R. conorii were

protected (Fig. 3.9).
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Figure 3.9 Novel R. prowazekii vaccine targets are cross-protective against a SFG

Rickettsia lethal challenge. APCs expressing the novel protective antigens discovered in the
present study (RP778, RP739, RP598, and RP403) plus RP884, a protective antigen described in
the previous chapter, were pooled (1 x 10° APCs per rickettsial protein) to immunize mice.
Control mice received the same total number of cells expressing luciferase. Mice were
challenged with 5 x LDs, of R. typhi or 5 x LDs, of R. conorii, a clinically-relevant representative
of the spotted fever group (SFG) Rickettsia. 62.5% of mice immunized with pooled proteins
survived either challenge, while only 8.3% of control mice challenged with R. typhi (n=12,
p=0.009) and 12.5% of control mice challenged with R. conorii did (n=8, p=0.0295).
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DISCUSSION

This study describes the first application of a reverse vaccinology approach [138]
to the discovery of protective Rickettsia antigens that are recognized by T cells. The
entire R. prowazekii ORFeome (834 proteins) was analyzed for the identification of
proteins encompassing high-affinity MHC class | and MHC class 1l-binding peptides.
From 63 top-ranked proteins with MHC class-1 peptides and 61 proteins with MHC class-
Il peptides (Tables 3.1 and 3.2), 21 rickettsial proteins were predicted to encompass high-
affinity binding peptides for both MHC class-1 and MHC class-II; a subset of 12 of these
proteins were tested in a CD8-biased context as vaccine targets, and four novel protective
antigens were identified (RP778, RP739, RP403, RP598). The critical role of CD8" T
cells in the recovery from rickettsial infections has been previously demonstrated in
murine models [35, 37, 38]. Since CD8" T cells play a key role in protective immunity
against many intracellular pathogens, including respiratory viruses, CMV, HIV,
Plasmodium spp., and M. tuberculosis, among others [193-199], it has been proposed
that the rational design of the next generation of vaccines should include T cell epitopes
[200]. However, finding an efficient approach to identify protective T cell antigens
remains one major challenge in the development of T cell-based vaccines [125, 200]. In
our laboratory we began to address this challenge by combining in silico predictions with
an in vivo screening method recently published in discussed in chapter 2 [174]. To
achieve this goal, | used our empirical antigen discovery data to formulate an in silico
strategy that better matched that empirical data. The resulting method highlights the
importance of combining proteasome-processing as well as MHC class-1-binding

predictions. In agreement with this concept, 7 out of 16 rickettsial proteins containing all
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5 of the top 5 proteasome-derived peptides predicted by RANKPEP were included in the
final list of MHC class-I predicted antigen targets (Table 3.2). This observation is also
reinforced by the fact that all rickettsial protective antigens identified thus far (RP884,
RP778, RP739, RP403, and RP598) have at least 4 predicted proteasome-derived
peptides. To further support the potential relevance of the selected antigens for human
application, we added another layer of information to our in silico analysis by
incorporating human MHC (HLA class-1 and HLA class-11) binding data. In this regard,
RP739, one of our best candidates as assessed by survival (Fig. 3A), provides an
interesting scenario as its position in the protein rank changed drastically when the HLA
class I-binding score was introduced, moving from position 21 in the mouse-only ranking
to position 2 in the mouse-human combined ranking (Table 3.2). This finding suggests
that, notwithstanding target vaccine proteins are being tested using a relevant mouse
model of rickettsiosis [35], the inclusion of HLA binding data not only seems to help
refine the predictive power of the algorithm, but could also contribute to the prioritization
of in silico-defined vaccine targets that may be more readily applicable to humans.
Although the accuracy of computer algorithms for prediction of T cell epitopes
has notably improved in recent years, some drawbacks persist such as the difficulties to
predict antigen processing and peptide loading in the MHC class-Il pathway [138, 139,
158, 159], underestimation of the epitope breadth which has been demonstrated for CD8"
T cell epitopes [160], and the fact that antigen discovery across entire proteomes using
overlapping peptides is not feasible for all pathogens, especially those with large
genomes [138]. Whole-protein-based approaches for T cell antigen discovery have been

proposed as a cost-effective alternative[125], and the strategy used here is in line with
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this proposal. The novelty of this approach lies in the use of in silico predictions of MHC
class | or MHC classlI-binding peptides for the selection of target antigens to be tested as
whole proteins using APCs modified to stably express candidate proteins. In the present
study, 22 of 63 MHC class-1 in silico predicted vaccine targets were tested, and 4 novel
protective antigens were identified (RP778, RP739, RP403, RP598). The present results
suggest that vaccine targets with immunogenicity potential towards CD8" T cells that
encompass both MHC class-I and class-1l binding-peptides might offer superior
protective capabilities. From 8 R. prowazekii tested proteins predicted as MHC class-I
targets, none of them offered significant protection; in contrast, from 14 targets
encompassing both MHC class-I and class-11 binding-peptides 4 protective antigens were
identified (RP778, RP739, RP403, RP598). This finding is in agreement with previous
studies showing that the presence of CD4" and CD8" T-cell epitopes within the same
protein might enhance CD8" T cell responses and protection against infection [201-203].

Even though immunodominance does not necessarily translate to protection, it has
been suggested that it might play a role in protective immune responses mediated by
CD4" T cells [128, 158]. High-affinity binding to MHC class-11 has been proposed as
one on the factors contributing to the immunodominance of CD4" T cell epitopes, and the
in silico analysis strategy used here was designed to be biased towards the selection of
rickettsial proteins encompassing high-affinity MHC class-11 binding peptides;
interestingly, all novel protective antigens (RP403, RP598, RP739, RP778) were
predicted to include immunodominant epitopes, although none of them was top ranked
(Table 3.3). Despite the linkage that has been described between CD4" T cell help and

induction of antibody responses towards the cognate protein [184], antibodies against
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protective antigens were not detected when assessed by indirect immunofluorescence
(IFA; data not shown). Although, the mechanism by which our immunization strategy
results in T-cell priming and protection is yet to be addressed, we hypothesize that our
platform is allowing the APC’s intrinsic cellular machinery to process and select the
antigenic determinants to be presented to T cells, which is in agreement with the concept
that the actual array of critical antigenic determinants driving protective T cell responses
might be revealed only if antigens are naturally processed [200].

Our strategy also allowed the identification of antigens mediating cross-protective
immunity within the two major groups of Rickettsia, SFG and typhus group. R.
prowazekii, R. typhi, and R. conorii genomes share 775 genes[9, 10]; the similarity of the
R. prowazekii protective antigens with their orthologs in R. conorii is significant: 90% for
RP884, 89% for RP778, 93% for RP739, 73% for RP403, and 88% for RP598; outside
the Rickettsiales protein similarity is low (maximum protein sequence identity observed
using BLASTp was 45%). When tested as a pool, these R. prowazekii antigens provided
protection against a lethal challenge with R. conorii that was similar to that observed
when animals were lethally challenged with R. typhi (Fig. 3.9). Interestingly, the
protection of the pool against R. typhi was less than that afforded by RP778 or RP739 by
themselves. This difference may be explained by changes in immunodominance of the
most protective antigen when other antigens are also present.  Still, the present data
supports the feasibility of a subunit vaccine that triggers T-cell-mediated cross-protection

among phylogenetically distant Rickettsia.
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CHAPTER 4: Phenotype of the Anti-Rickettsia CD8" T cell Response as a Guide for

the Assessment of the Protective Potential of Novel Protective Antigens®

ABSTRACT

The identification and validation of correlates of protective cellular immunity
against rickettsial infections, an important step towards vaccine validation, remains a gap
in this field. Here, | show that after a primary challenge with Rickettsia typhi in the C3H
mouse model, the peak of anti-Rickettsia CD8" T cell-mediated responses occurs around
7 days post-infection (dpi), which coincides with the beginning of rickettsial clearance.
At this time point, both effector-type and memory-type CD8" T cells are present,
suggesting that 7 dpi is a valid time point for the assessment of CD8" T cell responses of
mice previously immunized with protective antigens following a rapid prime and boost
protocol. Based on these results, four correlates of protection against R. typhi infection
in animals immunized with protective rickettsial antigens are suggested: 1) production of
IFN-y by antigen experienced CD3"CD8"CD44"%" cells, 2) production of Granzyme B by
CD27"°"CD43"" antigen-experienced CD8" T cells, 3) generation of memory-type CD8"
T cells [Memory Precursor Effector Cells (MPECs), as well as CD127""CD43""  and
CD27""CD43"" CD8" T cells], and 4) generation of effector-like memory CD8" T cells
(CD27"°"CD43""). Moreover, | propose that these correlates could be useful for the early
assessment and validation of the quality of the CD8" T cell immune response induced by

novel antigens with potential use in a vaccine against Rickettsia.

®A significant portion of this chapter has been accepted for publication in the journal Vaccine. Vaccine does not require
copyright permission as long as proper citation is given. The citation for this article is: Caro-Gomez E, Gazi M,
Cespedes MA, Goez Y, Teixeira B, Valbuena G. Phenotype of the anti-Rickettsia CD8" T cell response suggests
cellular correlates of protection for the assessment of novel antigens. Vaccine. 2014 Jul 17. pii: S0264-410X(14)00958-
X.
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INTRODUCTION

Currently, there are no prophylactic vaccines available for preventing any of the
rickettsial diseases. Although antibodies were the protective mechanism and correlate of
protection identified in prior killed Rickettsia vaccines [65, 70], it is also known that,
antibodies do not play a role in recovery from a primary infection [39], and they do not
exhibit cross-protective capability among phylogenetically distant Rickettsiae [40]. On
the other hand, T cells can mediate cross-protection between rickettsiae as distantly
related as R.typhi and R. conorii [44], suggesting that a T cell-mediated mechanism is
partly responsible for the induction of long lasting cross-protective immunity and that T
cell antigens should be included in the next generation of rickettsial vaccines. To achieve
this, the identification and validation of correlates of protective cellular immunity against
rickettsial infections is a critical step that has yet to be addressed, and a particular focus
on CD8" T cells is necessary since their critical role over CD4" T cells in resistance to
rickettsial infections has been experimentally demonstrated [37, 38].

Recently, it was proposed that memory CD8" T cells mediating strong recall
responses display a “rested” phenotype consisting of CD127"%" CD43"", CD27"" and
KLRG1"™: and different combinations of these markers were proposed to be useful for
the assessment of vaccine efficacy [92, 94, 116]. It was also proposed that the relative
proportion of the CD127/KLRG1 subsets among antigen-specific CD8" T cells could be a
valuable predictor of vaccine efficacy; specifically, the induction of large numbers of
memory precursor effector cells (MPECs), defined as CD127"%" KLRG1"", could be
pivotal [116].

Although recovery from a natural or experimental rickettsial infection confers

long-lasting protective immunity, little is known about the phenotypic changes that
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correlate with the transition of the responding CD8™ T cells towards memory. Here, |
explored the development of memory CD8" T cells after a challenge with R. typhi by
analyzing the expression of activation markers that have been linked to the development
of long-lasting protection after vaccination in other models and asked whether these
memory-type subsets could serve as potential correlates of T-cell immunity for the

validation Rickettsia T-cell vaccine antigen candidates.

MATERIALS AND METHODS
Bacteria

R. typhi (Wilmington strain) and R. conorii (Malish 7 strain) working stocks were
produced in a CDC-certified BSL3 laboratory by cultivation in specific pathogen free
embryonated chicken eggs. Yolk sacs were pooled and homogenized in a Waring
blender, diluted to a 10% suspension in sucrose-phosphate-glutamate buffer (SPG; 0.218
M sucrose, 3.8 MM KH2PO4, 7.2 mM K2HPO4, 4.9 mM monosodium L-glutamic acid,
pH 7.0). Rickettsiae present in the stock were quantified by plaque assay [175], and the

LDso was determined experimentally in C3H/HeN mice.

Animal Model

The mouse model of endothelial-target typhus group rickettsioses has been
previously described in detail [35]. Briefly, C3H/HeN mice (Charles River Laboratories,
stock 025) were housed in an ABSL3 facility and infected i.v. through the tail vein with
sublethal (0.3 LDsp) or lethal (5 or 10LDsp) doses of R. typhi in a volume of 300 ul of

phosphate-buffered saline (PBS). We followed the recommendations in the Guide for the
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Care and Use of Laboratory Animals of the National Institutes of Health. Our
experimental protocol was approved by the Institutional Animal Care and Use Committee

(IACUC) of the University of Texas Medical Branch (protocol number: 0903026).

Adoptive Transfer Experiments

Mice previously immunized through sublethal infection with R. typhi received
3LDs to boost the immune response 2-3 weeks before harvesting immune spleens; CD8"
T cells from immune donors were negatively selected (StemSep™ Mouse CD8+ T Cell
Enrichment Kit, STEMCELL Technologies), labeled with 5uM CFSE (Life
Technologies) and transferred into naive recipients in the presence or absence of immune
serum. CD8" T cells and serum from naive donors, or serum alone from immune donors,
were transferred into naive recipients and used as adoptive transfer controls. Each
mouse received 8x10°> CD8" T cells and/or 300 pl of serum i.v.; 24 hours after transfer,
animals were challenged i.v. with 10 LDs, of R. typhi. Mice were injected i.p. with BFA
(250 pg/mouse) and monensin (500 pg/mouse) ~40 hours post infection; 4 hours later,
they were euthanized to obtain tissues for assessment of Rickettsia load by Q-PCR as
described in previous chapters and for assessment of recall responses in transferred CD8"
T cells by multicolor flow cytometry. The gating stratregy is shown in the appendix as

Figure A2.
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Flow Cytometry

To analyze CD8" T cell responses after Rickettsia challenge, we used an ex vivo
method as described in previous chapters. On the day of sacrifice, mice were injected
intraperitoneally (i.p.) with BFA and monensin, four hours later spleens were collected
and homogenized to a single-cell suspension in HBSS containing 2%BGS, 3mM HEPES,
and Golgi Plug™ and Golgi Stop™ (BD Biosciences) at concentrations recommended by
the manufacturer. Subsequently, mononuclear cells were purified by density gradient
centrifugation with Lympholyte™-M (Cedarlane Laboratories). In order to minimize
variability introduced by processing and flow cytometry acquisition, all cells were frozen
in 90% fetal calf serum with 10% DMSO and subsequently processed and acquired at the
same time. For assessment of the CD8" T cell response, mononuclear cells were stained
with Live/Dead Fixable Blue (Life Technologies), APC-Alexa Fluor 750 anti-CD8 (clone
5H10), FITC anti-CD3 (clonel7A2), BD Horizon V500 anti-CD44 (clone IM7), PE-Cy7
anti-IFN-y (clone XMG1.2), Alexa Fluor 647 anti-Granzyme B (clone 16G6), PE-Cy5
anti-CD127 (clone A7R34), PE anti-CD43 (clone 1B11), PerCP-eFluor 710 KLRG1
(clone 2F1), eFluor 450 CD11a (clone M17/4), PE-Cy7 anti-CD62L (clone MEL-14) or
BD Horizon V450 anti-CD27 (clone LG.3A10). In addition to these markers, for recall
responses, T cells were also stained with PE anti-IL-2 (clone JES6-5H4) or eFluor 450
anti-TNF-y (clone MP6-XT22), and/or Alexa Fluor 660 anti-Ki67 (clone SolA15). All
antibodies and reagents were purchased from BD Biosciences, eBioscience or Biolegend.
CountBright™ Absolute Counting Beads (Life Technologies) were added to each sample
prior to acquisition. All samples were acquired on a LSRII Fortessa cytometer (BD

Biosciences); 500.000 events were captured and data were analyzed using FlowJo 9.5.3
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software (Tree-Star Inc). All analyses were performed on live CD3"CD8"single cells.
Thresholds for positivity were determined with fluorescence-minus-one (FMO) control

stains. The gating stratregy is shown in the appendix as Figure Al.

Immunization with Protective Antigens

For immunization with the protective antigens (RP884, RP778, RP739, RP403
and RP598), | used our published platform [174] modified as described in chapter 3.
Each mouse received 4.5x10° cells i.v. and i.m.; 5 days later, mice received the same
dose of cells i.m. and i.p.; seven days after the second immunization, mice were infected
i.v. with 5 LDs of R. typhi and euthanized after 7 days for flow cytometry experiments

and assessment of Rickettsia load by Q-PCR as described in chapter 2.

Statistics

Statistical significance analysis was performed using GraphPad Prism version
6.00, (GraphPad Software). Groups were compared by unpaired multiple t-tests followed
by Holm-Sidak correction for multiple comparisons, or one-way analysis of variance
(ANOVA) followed by Sidak’s or Dunnett’s multiple comparisons test. Pearson’s
correlation coefficient was used to calculate the correlation between Rickettsia load and

the number of CD8" T cells expressing a given activation trait.
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RESULTS

CD8" T Cell Response After a Primary Sublethal Challenge with R. typhi.

Informative time points were selected based on the dynamics of the
CD44""CDE2L"Y effector subpopulation. The expression pattern of these two markers
suggested that sublethal infection with R. typhi induces a biphasic effector phase that
peaks at 7 and 11 dpi (Fig. 4.1). Subsequently, we analyzed CD8" T cell responses at 3,
5, 7,11, and 14 dpi; 60 dpi was also included in order to capture the phenotype of resting
memory CD8" T cells. In agreement with the systemic nature of rickettsial infections, R.
typhi load showed comparable patterns in liver, lung and spleen, peaking at 5 dpi (Fig
4.2). At 14 dpi, Rickettsia became undetectable by gPCR, indicating that C3H/HeN mice
had cleared the infection.

Due to the lack of tetramers to follow Rickettsia-specific CD8" T cell responses, |
focused on the study of antigen-experienced cells expressing the CD3*CD8"'CD44""
phenotype, CD44 is an adhesion molecule that mediates binding to the extracellular
matrix via hyaluronic acid and whose expression is upregulated on naive T cells after
TCR engagement and steadily maintained at high levels on antigen-experienced and
memory T cells [204, 205]; all analyses were performed on this population. Since, it has
been proposed that both memory precursors and terminally differentiated effector cells
are present at the peak of CD8" T cell-mediated immune responses [104], critical time
points of the anti-Rickettsia CD8" T cell response were determined by exploring the

expression of the activated isoform of CD43 (1B11), which discriminates quiescent from
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activated T cells, and KLRG1, a marker for terminally differentiated effector cells [92,
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Figure 4.1

Kinetics of effector CD8" T cells. Naive mice were infected with 0.3 LDs, of R.

typhi and sacrificed 0, 3, 5, 7, 8, 9, 10, 11, 12 and 14 days post-infection (dpi). Splenocytes for
flow cytometric analysis were stained with antibodies against CD3, CD8, CD44 and CD62L. (A)

Representative density plots of the frequency of CD3"CD8" cells expressing CD44 and CD62L.
(B) Number of effector CD44""CD62"" CD8" T cells. Means + SEM from three mice per time

point are shown.
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Rikettsia typhi load

40,000+

30,000

20,000+

10,000

gltA copy number / 10° copies of M-ldhaléb

T T .
0 3 5 7 1 14 60
Days post-infection (dpi)

® Lung A Liver O Spleen

Figure 4.2 Rickettsial load Kinetics. Naive mice were infected with 0.3 LDs, of R. typhi
and sacrificed 0, 3, 5, 7, 11, 14 and 60 dpi. Liver, lung, and spleen tissue fragments were
processed to determine the rickettsial load using quantitative real-time PCR targeting the
rickettsial gene gltA and the mouse gene Idhal6b. Means + SEM from five mice per time point
are shown.

After a sublethal challenge with R. typhi, effector CD8" T cells (CD43""
KLRG1"9") were present from 7 to 14 dpi and the peak of expression occurred at 7 dpi
(Fig. 4.3 A and B); compared to uninfected controls, both markers remained high until 14
dpi and returned to basal conditions at 60 dpi. This pattern was further confirmed with an
approach that relies on the synchronized downregulation of the CD8a. chain and
upregulation of the integrin CD11a (LFA-1a chain), which is driven by contact with
antigens, but not by by-stander inflammation; thus, cells with the CD8c/'**CD11a™%"
phenotype are considered authentic antigen-experienced CD8" T cells as opposed to
naive cells which are CD8o™"CD11a'°" [206, 207]. This approach revealed an activation

pattern similar to the one described for KLRG1, which is consistent with the concept that
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not only inflammation but also TCR signaling are required for the induction of KLRG1
expression on effector CD8" T cells [208]. The peak of expression for the
CD8a'™CD11a"%" subset also included both 7 and 11 dpi (Fig. 4.3C and D). To confirm
the effector potential of the highly activated cells identified at 7 and 11 dpi, IFN-y and
Granzyme B expression was measured. Interestingly, compared to uninfected controls,
significant expression of IFN-y was only observed at 7, 11 and 14 dpi (Fig. 4.3E and F);
Granzyme B was not detected in the experimental animals but it was detected in positive
controls (data not shown). The expression of IFN-y at 11 dpi could be related to
elimination of residual bacteria since low copy numbers of Rickettsia were still detectable
in some animals at this time point in spleen (mean=17.2; 0-59 gltA copies/10° copies of
M-1dhal6b) and lung (mean=144.2; 0-640 gltA copies/10° copies of M-ldhal6b).

Based on the data above and the elimination of rickettsiae beginning at 7 dpi, |
concluded that this time point represents the peak of effector CD8" T cells responding to
a primary R. typhi infection. This timepoint is a critical window for the functional
assessment, tracking, and potential identification of anti-Rickettsia CD8" T cells induced

by infection or vaccination.
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Figure 4.3

CD8" T cell activation after a primary sublethal challenge.
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Figure 4.3 CD8" T cell activation after a primary sublethal challenge. Naive
mice were infected with 0.3 LDs, of R. typhi and sacrificed at 0, 3, 5, 7, 11, 14 and 60 dpi (4
hours after i.p. injection of BFA and monensin) to obtain splenocytes for flow cytometric
analysis. (A) Number of antigen experienced CD3'CD8CD44""cells expressing CD43 and
representative histograms showing CD43 expression. (B) Number of CD3"CD8"'CD44"%"cells
expressing KLRG1 accompanied by illustrative histograms. (C). Representative density plots
showing the kinetics of antigen experienced CD8" T cells as assessed by the CD8o/**CD11a"%"
phenotype. (D) Number of CD80*“CD11a™" cells at the indicated time points. (E)
Representative density plots of the frequency of CD3"CD8"cells expressing CD44 and IFN-y. (F)
Number of CD3"CD8"cells co-expressing CD44 and IFN-y. Data is presented as the mean + SEM
from five mice per time point; each data point represents the mean value per 10°CD8" T cells. p

values for comparisons against O dpi are represented as follows: **p<0.01; ***p<0.001;

****p<0.0001, non-significant (ns).

Assessment of CD8" T Cell Memory Potential Following a Challenge with R. typhi

Previous studies showed that the adoptive transfer of memory CD8" T cells
protects against a Rickettsia lethal challenge [37, 38]; however, the phenotypic changes
associated with transition towards memory or the activation pattern of memory CD8" T
cells upon a secondary Rickettsia encounter have not been described. Relevant CD8" T
cell phenotypes studied in this chapter are summarized in table 4.1.

Based on the analysis of CD127 vs. KLRG1 or CD127 vs. CD43 populations, |
studied the effector- and memory-type CD8" T cell subsets generated after a primary R.
typhi challenge. At early time points, compared to uninfected controls, lower numbers of

CD127"%" cells were observed; this downregulation of CD127 is consistent with the
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instauration of the effector phase (Fig. 4.4). The peak of the effector cells, defined by the
CD44""CD127"°"CD43"" phenotype, was observed at 7 dpi, returning to basal numbers
by the end of the experiment on day 60 (Fig. 4.4A and B). Over time, | was expecting to
observe enrichment of the CD44""CD127""CD43"" subset, a phenotype representing
memory CD8" T cells [106]; however, compared to uninfected controls, lower numbers
for this subpopulation in the spleen remained even at 60 dpi. Interestingly, a ~2-fold
increase in the CD44""CD127°“CD43"" subset was observed at 60 dpi. Analysis of
CD127 and KLRG1 co-expression (Fig. 4.4C and D) indicated that after an initial
decrease following R. typhi infection, MPECs (CD127""KLRG1"") increased by 7 dpi;
similarly, the peak for short-lived effector cells (SLECs), defined as CD127"°“KLRG1"%",
was observed at 7 and 11 dpi. In fact, equivalent numbers of memory (MPECs) and
effector (SLECs) type CD8" T cells were observed at 7 and 11 dpi. In addition, increased
numbers of early effector cells (EECs), a subset suspected to have the potential for
generating all effector lineages and defined as CD127"°"KLRG1"" [116], were also
observed beginning at 7 dpi remaining high until the end of the experiment. Moreover,
compared to uninfected controls, significantly higher numbers of SLECs, MPECs and
EECs were observed at 60 dpi. The observed enrichment of MPECs, a subset that has
been proposed to predict CD8" T cell long-term memory potential, is very significant
because the production of these cells has been proposed as one of the goals for vaccines

targeting CD8" T cells [116].
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Figure 4.4 Kinetics of CD127 vs. CD43 and CD127 vs. KLRG1 subsets among antigen experienced CD3*CD8"'CD44"" cells.
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Figure 4.4 Kinetics of CD127 vs. CD43 and CD127 vs. KLRGL1 subsets among antigen
experienced CD3"CD8'CD44"%" cells. Naive mice were infected with 0.3 LDs, of R. typhi and
sacrificed at 0, 3, 5, 7, 11, 14 and 60 dpi (4 hours after i.p. injection of BFA and monensin) to
obtain splenocytes for flow cytometric analysis. (A) Based on the expression of CD127 and
CD43, four different subpopulations were identified: CD127"" CD43"", CD127""CD43"",
CD127"°"CD43"" and CD127°"CD43""; each data point represents the mean value per 10°
CD8" T cells from 5 mice per time point with the standard error of the mean. (B) Representative
flow cytometry plots showing the frequency of the same subsets. (C) Numbers of cells expressing
different combinations of CD127 and KLRG1: CD127""KLRG1"°", CD127""KLRG1"?",
CD127"" KLRG1"®" and CD127°“KLRG1""; each data point represents the mean value per 10°
CD8" T cells from 5 mice per time point with the standard error of the mean. (D) Illustrative flow
cytometry plots of the frequency of cells co-expressing CD127 and KLRG1.

Next, | explored the activation pattern of memory CD8" T cells upon a secondary
Rickettsia encounter. Rickettsia-immune mice were challenged at ~60 dpi with 10LDs of
R. typhi_and the changes induced on antigen experienced CD3"'CD8*CD44"%" cells by a
secondary rickettsial infection after 0, 6, 24, 72, and 120 hours postinfection (hpi) were
explored. In addition to the memory subsets defined by CD127 vs. CD43 or CD127 vs.
KLRG1, the subsets defined by CD27 vs. CD43 were also included because they may be
more informative than the classical central (Tcy) and effector memory (Tem) phenotypes
for the assessment of CD8" T cell recall responses [92]. Upon a secondary Rickettsia
encounter, compared to resting immune mice (0 hpi), a rapid decrease of the
CD127""KLRG1"" and CD127""CD43"" memory subpopulations was observed at 6
and 24 hpi (Fig. 4.5A and B). In contrast, a slight increase in the CD27""CD43""
subset, about ~1.2-fold, which represents the dominant memory pool, was observed at 24
and 72 hpi (Fig. 4.5C). No major changes in the KLRG1"9" or CD43"%" effector subsets
were detected and no significant changes in the production of Granzyme B, TNF-o or
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IFN-y were identified; only increased expression of IL-2 was observed at 72 and 120 hpi
(Fig 4.6). Unexpectedly, after a secondary Rickettsia challenge, increased numbers of the
CD127°"CD43"" CD127"°"KLRG1"" and CD27"°“CD43"" subpopulations (72 hpi),
which have been described as having suboptimal recall capabilities [92], were observed,;
the significance of these findings is unclear given that mice were healthy and Rickettsia
load was undetectable after a secondary challenge (data not shown). Similar to other
models [92, 117], our results suggest that CD27 and CD43 are informative markers for

the assessment of anti-Rickettsia memory CD8" T cells.
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Table 4.1 Relevant CD8" T cell phenotypes

Memory —type CD8" T cells

“Memory pool” CD27 / CD127""CD43""

MPECs CD127""KLRG1""

Memory-like CD44""cp127"e"

Tewm cD44M"cp127"e cDe2L M p27hioh

Effector —type CD8" T cells

Effector-like CD27 / CD127""Ccp43hio
CD27/ CD127"°"CD43""
CD127""KLRG1M"

SLECs CD127°"KLRG1Mo"

Tem CD44""cp127Mdh cDG2L'“C D27

Effector —like memory CD8" T cells

CD27"°"CD43""
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Figure 4.5 Dynamics of CD8" T cell subpopulations after a secondary challenge with R.
typhi. Rickettsia-immune mice were challenged with 10LDs, at ~60 dpi and sacrificed at 6, 24, 72
and 120 hours post-infection (hpi) to obtain splenocytes for flow cytometric analysis; animals
were injected with BFA and monensin 4 hours prior to sacrifice. 0 hpi was included as resting
immune control mice. Expression of CD127 vs. CD43 (A), CD127 vs.KLRG1 (B), and CD27
vs.CD43 (C) among CD3"CD8'CD44""cells was analyzed. Each data point represents the mean

value per 10°CD8" T cells = SEM from three mice per time point.
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Figure 4.6 Expression of IFN-y, Granzyme B, TNF-a, and IL-2 after a secondary challenge with R. typhi. Splenocytes were obtained as
described in figure 4.5. Numbers of CD3"'CD8"CD44"®" cells expressing IFN-y (A), Granzyme B (B), TNF-a (C) and IL-2 (E). Illustrative flow
cytometry plots of the frequency of cells co-expressing CD44 and IL-2 are shown in (D). Each data point represents the mean value per 10° CD8"

T cells + SEM from three mice per time point. p value for comparisons against 0 hpi (resting-immune mice) for IL-2 expression at 72 and 120 hpi

was * p<0.05.
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Minimal CD8" T Cell Activation After a Secondary Lethal Challenge

It has been suggested that prompt generation of effector cells as well as efficient
secondary proliferation upon secondary antigen exposure of memory CD8" T cells would
explain, at least in part, their protective capabilities [209]. Since increased numbers of
CD27""CD43™ CD8" T cells, which represents memory pool cells, and
CD27"°"CD43"" cells, which probably represents effector-like memory cells [117], were
observed, | was interested in confirming these changes using more classical markers such
as CD44 and CD127. Upon recall, memory-type (CD127""CD44"% and effector-type
(CD127°“CD44"%") cells followed the same pattern described for the CD27 vs. CD43
subsets (Fig. 4.7A). Next, | focused on the CD127""CD44"9" subset and explored Tcwm
and Tgw status of these cells, and found that they were mainly Tcy cells following the
same pattern observed with the other marker combinations (CD27 vs. CD43 and CD127
vs. CD44) (Fig. 4.7B).

Although a peak of effector-type T cells was observed at 72 hpi, expression of
effector molecules such as Granzyme B, TNF-a, or IFN-y was not detected (Fig 4.6).
Interestingly, 1L-2 production was mainly associated with CD8" T cells expressing the
CD127""CD44"" memory phenotype (data not shown). Next, | asked whether the
increase in Tcm cells was related to redistribution of the memory pool after a secondary
Rickettsia encounter or if these cells were actually proliferating. Hence, | investigated
the expression of Ki67, a marker of mitotic activity, and found that at 24 and 72 hpi the
expression of this proliferation marker among cells with a central memory-like phenotype
(CD44""CDB2L""CD27"9" was not different from resting immune mice (data not

shown), suggesting that increased numbers of memory-type cells might be related to
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redistribution of the memory pool. Although increased numbers of CD8" T cells with a
central memory phenotype were observed, fully activated cells expressing effector
markers (CD43 and KLRG1), effector mediators (Granzyme B, TNF-a or IFN-y), or
markers of cell cycling were not observed, despite the fact that rickettsiae were

undetectable in liver and lung at all tested time points (data not shown).
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Figure 4.7 Dynamics of memory CD8" T cell subpopulations after a secondary

challenge with R. typhi. Rickettsia-immune mice were challenged with 10LDs, at ~60 dpi and
sacrificed at 6, 24, 72 and 120 hours post-infection (hpi) to obtain splenocytes for flow cytometric
analysis; animals were injected with BFA and monensin 4 hours prior to sacrifice. 0 hpi were
included as resting immune control mice. The dynamics of effector-type (CD127°"CD44"¥") and
memory-type (CD127""CD44"%") subpopulations (A), and Tem (CD27""CD62L"") and Tgy
(CD27""CD62L"") subsets gated on CD127"9"CD44"" CD8" T cells (B) were studied. Each

data point represents the mean value per 10° CD8" T cells + SEM from three mice per time point.
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Interference of Anti-Rickettsia Antibodies with CD8" T Cell Activation Upon a
Secondary Challenge.

Since recovering from rickettsial infections induces long lasting and cross-
protective immunity [40, 44], a sublethal infection could be considered as the
experimental paradigm for developing a vaccine for Rickettsia; thus, one could argue that
in delineating the protective memory T cell responses is the key towards the discovery
and validation of protective antigens; this is the reason why the paucity of CD8" T cell
recall responses was puzzling. Although anti-Rickettsia antibodies are unlikely to play a
role during primary infection, since protective antibodies appear around 12 dpi, it has
been demonstrated that they are protective against reinfection [39] through Fc-dependent
and opsonic mechanisms that result in phagolysosomal killing of rickettsiae [21, 77]. On
the other hand, to what extent antibodies and CD8" T cells cooperate to protect against
re-infection is unknown. In this study, anti-R. typhi antibodies were detected starting at 5
dpi (IFA titer 1:64) and they were still detectable at 60 dpi (IFA titer 1:4,000) (data not
shown). Given the minimal phenotypic changes reflecting CD8" T cell activation after a
secondary Rickettsia challenge, | hypothesized that antibodies might be interfering with
the CD8" T cell recall responses; hence, | performed adoptive transfer and heterologous
challenge experiments in order to determine if CD8" T cells would exhibit a fully
activated phenotype upon Rickettsia reencounter in the absence of anti-R. typhi
antibodies. As expected, mice that received immune serum, either alone or together with
immune CD8" T cells were fully protected against reinfection (Fig. 4.8A). Rickettsia
were detectable only in the lungs of mice receiving serum and CD8" T cells from naive

donors or only CD8" T cells from immune donors; however, when mice received immune
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CD8" T cells, the bacterial loads were much lower than those from mice receiving naive
CD8" T cells. Furthermore, Rickettsia was detected in 66.7% of controls compared to
28.6% of mice receiving immune cells, confirming that memory CD8" T cells are
protective against reinfection.

The activation status of the transferred immune CD8" T cells labeled with CFSE
was also assessed through restricted analysis of the CFSE™ population. As expected,
higher numbers of memory-type CD8" T cells, either CD127""CD44"" or
CD44""CD27""CD43" were observed among mice that received immune cells
compared to those that received naive cells (Fig. 4.8B and C); however, the absence of
anti-Rickettsia antibodies did not induce further significant changes (including cytokine
expression) on the behavior of any of these subpopulations upon Rickettsia reencounter in
naive mice that received immune CD8" T cells. In contrast, significantly increased
numbers of effector-type cells defined by the CD127°“CD44"%" phenotype were
observed in the absence of anti-Rickettsia antibodies, compared to mice that received
both CD8" T cells and serum from immune mice (Fig. 4.8B). In agreement with this
finding, a small increase in the expression of IFN-y and Granzyme B was observed in
CD44""CD8" T cells with an effector phenotype among recipients of immune T cells

without immune serum, a ~1.4-fold increase (data not shown).
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Figure 4.8 Adoptive transfer of immune serum and CD8" T cells. Serum and/or CD8* T
cells labeled with CFSE from naive or Rikettsia-immune mice were adoptively transferred into
naive C3H/HeN mice. Twenty-four hours after transfer, recipient mice were challenged with 10
LDs, of R. typhi. Forty hours after challenge, mice were injected with BFA and monensin, i.p.,
and 4 hours later they were sacrificed to obtain splenocytes for flow cytometric analysis and
tissues for assessment of rickettsial load. (A) Rickettsial load was measured on blood, spleen and
lung by Q-PCR. (B) Effector-type (CD127"°“CD44"" and memory-type (CD127"9"CD44"9")
subpopulations of transferred CD8" T cells. (C) Analysis of the expression of CD27 and CD43
among transferred CD44"™" CD8" T cells. Data represents mean + SEM from three mice
(receiving CD8" T cells and serum from naive donors) or seven mice (receiving serum and/or

CD8" T cells from immune donors) per group.

114



Next, the Tcyw and Tgy status of the transferred cells, as well as their proliferative
response to a secondary Rickettsia encounter was explored. In agreement with our
previous results, upon recall, higher numbers of Tcm cells were detected in the spleen of
mice that received immune cells; similarly, increased Ki67 expression was observed for
both Tcm and Tem subsets; however, the absence of anti-Rickettsia antibodies did not

significantly improve the activation status of memory CD8" T cells (Fig 4.9).
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Figure 4.9 Dynamics of Tcw and Tgy subsets, and Ki67 expression on adoptively

transferred CD8" T cells in the presence or absence of immune serum. (A) Numbers of Tey
(CD27""CD62L"") and Tey (CD27""CD62L"") subsets gated on CD127""CD44"" CD8* T
cells. (B) Expression of Ki67 on the Tcy and Tgy subsets. Mean + SEM from three mice or seven
mice per group are shown; each data point represents the mean value per 2 x 10* CFSE" cells. No

statistically significant differences were observed.
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On the contrary, when heterologous challenge experiments were performed, a
slightly different scenario was observed. The rationale behind this experiment was that if
anti-R. typhi antibodies are interfering with activation of quiescent memory CD8" T cell,
and considering that antibodies are not cross-protective between phylogenetically distant
Rickettsia groups (R typhi and SFG Rickettsia), we reasoned that the challenge of R.
conorii immune mice (SFG Rickettsia) with R. typhi (typhus group Rickettsia) would
allow CD8" T cells to become fully activated. As shown in figure 4.10, when R. conorii
immune mice were challenged with 10LDs, of R. typhi and terminated 40 hpi, although
not statistically significant, increased numbers of memory-type cells (CD127""CD44""
MPECs and Tcm) were observed compared to the homologous challenge scenario (R.
typhi immune mice challenged with 10LDs, of R. typhi). In agreement with what was
observed in the adoptive transfer experiments, an increase in CD8"CD44"CD43" effectors
was also observed in mice heterologously challenged (data not shown). Efficiency of
memory T cells in mediating Rickettsia clearance upon a secondary heterologous
challenge is further supported by the rickettsia load results: compared to naive animals,
R. conorii immune mice significantly reduced Rickettsia load in the lungs, although less
than R. typhi immune mice did. These data further supports the concept of T-cell
mediated cross-protection (Fig 4.10D).

Although memory CD8" T cells are proven protectors against reinfection, our
results showed that significant phenotypic changes (as assessed by the markers used here)
are not detectable in memory CD8" T cells even in the absence of specific antibodies.
This situation, at least for now, precludes the use of recall experiments for the validation

cellular responses elicited by rickettsial protective antigens. My results might be
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explained, at least in part, by our direct ex vivo approach without any in vitro re-
stimulation, which reveals the tightly regulated and rapid kinetics of memory CD8" T
cells in vivo. It is also quite possible that Rickettsia-infected endothelial cells respond
very rapidly to circulating memory CD8" T cells to kill rickettsiae through oxidative
stress- and IDO-related mechanisms [210], thus ceasing the antigenic stimulation for anti-

Rickettsia CD8" T cells.
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Figure 410  Dynamics of memory CD8" T cell subsets after heterologous challenge. R.
conorii or R. typhi immune mice were challenged with 10 LDs, of R. typhi. Forty hours after
challenge, mice were injected with BFA and monensin, i.p., and 4 hours later they were sacrificed
to obtain splenocytes for flow cytometric analysis and tissues for assessment of rickettsial load.
(A) Effector-type (CD127°“CD44"™") and memory-type (CD127""CD44"") subsets. (B)
Numbers of MPECs (CD127""KLRG1"™) and SLECs (CD127°"KLRG1"™") among
CD3'CD8'CD44"™" antigen experienced cells. (C) Numbers of Tcy (CD27""CD62L"") and
Tem (CD27"™"CD62L"") subsets gated on CD127""CD44™" CD8" T cells. (D) Rickettsia load in
the lungs. Each data point represents the mean value per 10° CD8* T cells + SEM from two

(naive) or three mice per time point. p values are represented as follows: * p<0.05; **p<0.001.

118



Induction of IFN-y and Memory-Type CD8" T Cells Correlate with Protection
against R. typhi Infection in Mice Immunized with Novel Protective Rickettsial
Antigens.

Altogether, the data above indicate that the assessment of CD8" T cell responses 7
days after challenge provide the most appropriate time point for validation of the
protective potential of those vaccine targets, firstly because rickettsiae are still detectable,
and reduction of bacterial load can be used as a measure of protection, and secondly
because this time point represents the peak of the CD8" T cell response after a first
encounter with R. typhi including effector- and memory-type CD8'T cells. Assessment
at this time point after primary challenge is relevant because our platform for the
discovery of rickettsial protective antigens involves a rapid prime and boost
immunization followed shortly thereafter by a lethal challenge; further, this immunization
strategy is known to result in the production of memory-type CD8" T cells within 5 to 7

days after immunization [106, 107].

To determine whether immunization with rickettsial protective antigens was
inducing memory- and/or effector-type subsets, | studied CD8" T cell responses 7 days
after a lethal challenge (5LDsp) with R. typhi in mice immunized with individual (RP778,
RP739, RP403, and RP598) or pooled R. prowazekii protective antigens (RP884, RP739,
RP403, and RP598); as controls, mice were immunized with an irrelevant protein
(luciferase) or a weakly-protective rickettsial antigen (RP734). To confirm that
immunization conferred protection, | measured the Rickettsia load in lung and liver. As
shown in figure 4.11, mice immunized with the protective antigens showed reduced

bacterial loads.
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Figure 4.11  Assessment of protection after immunization with rickettsial protective
antigens. Mice were immunized with APCs individually expressing selected R. prowazekii
protective antigens RP778, RP739, RP598 or RP403 or pooled Rickettsia proteins (RP739,
RP598, RP403 and RP884). Animals immunized with an irrelevant protein (luciferase) or with a
weakly-protective rickettsial antigen (RP734) were used as controls. Seven days after
immunization, mice were challenged with 5 x LDs R. typhi. At 7 dpi, animals were terminated
and rickettsia load in the lungs (A) and liver (B) was determined using quantitative real time PCR
targeting the mouse gene Idhal6b and the rickettsial gene gltA. Individual data points with mean +
SEM are shown. p values for comparisons against control mice are represented as follows:
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; non-significant (ns).
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Compared to mice immunized with non-protective proteins (luciferase or RP734),
mice that received protective antigens had increased numbers of memory-type CD8" T
cells (CD44""CD127""CD43"") and reduced numbers of effector-type CD8" T cells
(CD44"INCD127"°"CD43"M): however, this differences were only statistically significant
for RP778 (Fig. 4.12A and B). Memory-type CD8" T cells also had increased IFN-y
expression; at least a ~2-fold change was observed in mice immunized with RP778,
RP403, or pooled protective antigens (Fig. 4.12C). In contrast, IFN-y expression on
effector-type cells was not different between groups (data not shown). In an independent
experiment with only RP884, we observed a similar pattern (Fig. 4.13). For the most
protective antigen, RP778, the CD127 vs. KLRG1 and CD27 vs. CD43 analyses also
showed increased memory-type (CD127""KLRG1"" or CD27""CD43"") CD8" T cells
(Fig. 4.12D-F). Interestingly, similarly to my observations in recall responses, mice
immunized with protective antigens also had increased numbers of CD27"°"CD43"Vand
CD127"°"CD43'" cells but without an increase in the CD127"°""KLRG1'" subpopulation
(Fig. .14A-C). In fact, increased IFN-y production in groups immunized with protective
antigens, particularly those receiving RP778, RP403, or pooled protective antigens, was
also observed in CD27"°CD43"" and CD127°“CD43"" cells (Fig. 4.14D and E). Since
effector-like memory CD27"°“CD43"" cells express Granzyme B, are cytolytic, and
protect against Listeria [92, 117], we assessed Granzyme B expression in our model and
observed increased expression in CD27°“CD43'" cells from mice immunized with

protective antigens (Fig. 4.14F).
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Figure 4.12  Increased numbers of memory-type but not of effector-type CD8" T cells are induced in mice immunized with protective
rickettsial antigens.
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Figure 4.12  Increased numbers of memory-type but not of effector-type CD8" T cells are
induced in mice immunized with protective rickettsial antigens. Mice were immunized with
APCs individually expressing selected R. prowazekii protective antigens RP778, RP739, RP598
or RP403 or pooled Rickettsia proteins (RP739, RP598, RP403 and RP884). Animals immunized
with an irrelevant protein (luciferase) or with a weakly-protective rickettsial antigen (RP734)
were used as controls. Seven days after immunization, mice were challenged with 5 x LDsg R.
typhi. At 7 dpi, animals were sacrificed to obtain splenocytes for flow cytometric analysis. All
analysis were performed on antigen experienced CD3'CD8'CD44"®"cells. (A) Memory-type
CD127""CD43"" cells. (B) Effector-type CD127°“CD43"" cells. (C) IFN-y expression in
memory-type CD127""CD43" cells. (D) Memory precursor effector cells (MPECs,
CD127""KLRG1"™). (E) Short-lived effector cells (SLECs, CD127°“KLRG1"®"). (F) Memory-
type CD27""CD43"" cells. Individual data points with mean + SEM are shown. p values for
comparisons against control mice are represented as follows: *p<0.05; **p<0.01; ***p<0.001;
Hxx0<0.0001.
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Figure 4.13  Number of CD8" T cells expressing different phenotypes in the CD127 vs.
CD43 analysis, and expression of IFN-y in the same subpopulations from RP884-immune
mice. Splenocytes for flow cytometric analysis from RP884-immune animals and control mice
were obtained as previously described. (A) Number of CD127""CD43"" CD127"°*CD43"%" and
CD127"°"CD43"" cells among CD3"CD8" CD44"®" cells. (B) Expression of IFN-y in the same
subsets. Each bar represents the mean value + SEM per 10° CD8'T cells from five mice per

group. p values for comparisons against control mice are represented as follows: *p<0.05.
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Figure 4.14

CD27"°“CD43"" and CD127"°"CD43'"" subsets, but not CD127"°"KLRG1'" cells, are increased in mice immunized with
protective rickettsial antigens.

cD27°CD43"
A
40,000+
sk
30,000+ Ay
2
g +
Q
-
+Eza,uuu- . L
Y " v
] * o
-
b 10,0004 _% T:E [ v _:E E
.
Control RP734 Pooled RP778 RP403 RP598 RP739
D CD27°CD43° FN-y*
25,000~
A
20,000
»
o
© 15,000+
-
to
=]
o
w_ 10,000
[=]
e
-
5,000 -
+ . 3
= o
Sogyn oA um N WA = ==
Control RP734 Pooled RP778 RP403 RP598 RP739

CcD127°CD43"

B
20,0001
-
A
15,000+
2
]
o
[
+
©o 10,000+ L]
a
(&
o
e * ak M o
soe] o l =+ %
S T " v 5
Control RP734 Pooled RPT78 RP403 RP598 RP739
E CD127'°CD43° FN-y*
6,000+
il
N
2 4,000
[ N
Q
-
g
Q
by
o
~ 2,000
=
-
e 2
-
Sever tept 5 N -
l:nn.trnl RP‘?:M Pa:lnd RP:HB RPIIOI! RFISSH RP73%9

125

CD127°KLRG1"

c
5,000
.
4,000 .
. -
0
° hd v
© 3,0001 M
= -
tu .t A o
)
L]
Sl 2 =l T
- v
- = v o
.I
1,000 .
Control RP734 Pooled RP778 RP403 RP598 RP739
E Granzyme B
15,000 Wl CD27"CD43®
- [Z] cp27°cD4aP
% 10,000
Pt
+
[--]
o
o
“
[=]
= 5,000
o I I i E
Control RP734  Pooled RP778  RP403  RP598  RP73




Figure 4.14  CD27"°"CD43"" and CD127°“CD43"" subsets, but not CD127""KLRG1""
cells, are increased in mice immunized with protective rickettsial antigens. Mice were
immunized and challenged with 5 x LDsq R. typhi as described. At 7 dpi, animals were sacrificed
to obtain splenocytes for flow cytometric analysis.  All analyses were performed on antigen
experienced CD3'CD8'CD44""cells. (A) CD27°"CD43"" cells. (B) CD127"°“CD43"" cells.
(C) CD127""KLRG1"" cells. (D) IFN-y expression in CD27°"CD43"" cells. (E) IFN-y
expression in CD127°"CD43"" cells. (F) Granzyme B expression in CD27"" and CD27""
memory-type cells. Individual data points with mean + SEM are shown. p values for comparisons

against control mice are represented as follows: **p<0.01; ***p<0.001; ****p<0.0001.

| then asked if the level of protection achieved after immunization with protective
antigens (as assessed by rickettsial load) would correlate with the number of memory-
type cells, and/or the number of cells producing IFN-y or Granzyme B (Fig. 4.15).
Calculation of Pearson’s correlation coefficient showed statistically significant
correlations between reduction in Rickettsia load and the number of CD3*CD8*CD44""
cells producing IFN-y, or the number of cells with any of the following phenotypes:
CD127""CD43"" CD127°“CD43"" CD127""KLRG1"" (MPECs), CD27""CD43'"
and CD27°“CD43"", as well as with Granzyme B expression by CD27"°"CD43"" cells.
In contrast, the induction of effector subsets such as CD127'°“CD43"%" and

CD127"°"KLRG1"" (SLECs) was correlated with increased Rickettsia loads.
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Figure 4.15  Induction of memory-type CD8" T cells and CD27"°“CD43"" cells, and
expression of IFN-y correlate with protection against rickettsia challenge in mice
immunized with protective antigens. Mice were immunized and challenged with 5 x LDsg R.
typhi as described. At 7 dpi, animals were sacrificed to obtain splenocytes for flow cytometric
analysis. All analysis were performed on antigen experienced CD3"CD8'CD44"¥"cells. The
protective effect of immunization with rickettsial vaccine targets was assessed as reduction of the
Rickettsia load. (A) CD44""IFN-y* cells. (B) CD44"""GZMb* cells. (C) CD27"°“CD43"°"GZMb*
cells. (D) CD127""CD43" cells. (E) CD127°"CD43"™" cells. (F) CD127°"CD43"" cells. (G)
CD127""KLRG1™ cells. (H) CD127°“KLRG1"" cells. (I) CD27""CD43"" cells. (J)
CD27"°"CD43"" cells. Pearson’s correlation between rickettsial load (gltA copy number/10°
copies of M-Idhal6b) and number of positive cells for each subset per10° CD8" T cells is shown.
(O) Mice immunized with control protein (luciferase). (<>) Mice immunized with weakly-

protective rickettsial antigen RP734. (@) Mice immunized with protective antigens.
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DISCUSSION

CD8" T cells are critical effectors of immunity against rickettsial infections in
pertinent mouse models that mimic the pathophysiology of severe human rickettsioses
[35]; mice that survive a rickettsial infection become solidly immune against subsequent
lethal challenges [40, 44]. In consequence, the definition and validation of potential
correlates of protection for validation and testing of vaccine antigen candidates in these
models is, in my opinion, justified. Although previous studies have examined anti-
Rickettsia CD8" T cell responses [37, 38], there is still a large gap in the identification of
antigens that provide strong protective T cell-mediated immunity and in the systematic
definition of correlates or surrogates of protection in rickettsial diseases.

In this study, | analyzed the expression of activation markers and effector
molecules that have been linked to the achievement of long-lasting protection after
vaccination. First, | studied the kinetics of primary and memory CD8" T cell responses
with the aim of identifying a combination of markers of cellular protective immunity that
could be used for the validation of vaccine antigen candidates against Rickettsia. Then, |
asked whether this marker combination could serve as an immune correlate of protection
in mice immunized with protective antigens. The detailed kinetic analysis presented here
showed that after a primary challenge with R. typhi, the peak of anti-Rickettsia CD8" T
cell-mediated responses occurs at 7 dpi (Fig. 4.3 and 4.4). Interestingly, although memory
CD8" T cells were effective in controlling Rickettsia infection upon a secondary
challenge, direct ex vivo recall responses were rather discrete (Fig. 4.5, 4.6 and 4.7); only

a small increase in the CD27""CD43"", Tcw subsets, and IL-2 production, without
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changes in the expression of the proliferation marker Ki67 or the expression of the
effector molecules IFN-y and Granzyme B, was observed. The results from adoptive
transfer and heterologous challenge experiments suggest that anti-Rickettsia antibodies
might be playing a role in the paucity of recall responses by interfering with the
activation of memory CD8" T cells (Fig. 4.8, 4.9 and 4.10). Another non-exclusive
alternative explanation for this phenomenon is that memory immune responses mediated
by CD8" T cells upon re-encounter with R. typhi are very efficient, tightly controlled, and
self limited in vivo. In addition, the present study only interrogated memory CD8" T
cells present in the circulating memory pool and there is a growing number of studies
supporting the concept that tissue resident memory cells represent a distinct subset with
functional properties different from those residing in lymphoid tissues [211, 212]; thus, it
will be interesting to test if memory cells isolated from target organs such as liver and
lung will show a different activation pattern upon recall. Since our laboratory
experimental approach is aimed to directly measure what is occurring in vivo without
further in vitro restimulation steps, other immunological tools, such as transgenic TCR
mice or tetramer staining, which are not currently available for Rickettsia, will be
required to further dissect the kinetics and breadth of the memory CD8" T cell responses
against Rickettsia.

Thus, the present results support 7 dpi as a valid time point for assessing CD8"
T cell responses in mice immunized with rickettsial vaccine antigens for two reasons: 1)
both memory precursors and terminally differentiated effector cells can be detected at the
peak of CD8" T cell responses in other models [104], and we observed this phenomenon

here (Fig. 4.4); and 2) we are following a rapid immunization protocol that generates
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memory-type CD8" T cells within 5 to 7 days after immunization [106, 107]. Based on
the analysis of the anti-R. typhi CD8" T cell response, | propose four correlates of
protection against R. typhi infection in animals immunized with novel protective
rickettsial antigens: 1) production of IFN-y by antigen experienced CD3*CD8*CD44"%"
cells, 2) production of Granzyme B by CD27"°"CD43"" antigen-experienced CD8" T
cells, 3) generation of memory-type CD8" T cells (CD127""CD43'"" MPECs, and
CD27""CD43"), and 4) generation of effector-like memory CD8" T cells
(CD27"°"CD43"") (Fig. 4.15). These findings support the concept that protective
antigens identified through our platform are good inducers of memory-type cells with
appropriate relevant phenotypes. Interestingly, despite the lack of correlation between the
number of cells producing Granzyme B among all antigen experienced cells
(CD3'CD8'CD44"%") and reduction of Rickettsia load, we observed a correlation
between decreased rickettsial load and increased expression of Granzyme B on effector-
like memory CD8" T cells (CD27"°"CD43""). This finding is aligned with the concept
that memory CD8" T cell subsets might have a specialized organization and distribution
based on their effector functions and activation status [117].

It has been shown that the number of memory-type T cells generated after
infection or vaccination strongly correlates with the degree of protection to subsequent
challenge [107]. This study supports this correlation since the most protective antigen, as
assessed by survival and rickettsial load (RP778), produced the largest increase in IFN-y
expression and generated the largest number of memory-type CD8" T cells. Moreover,
when antigens that were not as strong individually were pooled (RP884, RP739, RP403

and RP598), they provided an overall superior protection in terms of reduction of the
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Rickettsia load (Fig 4.11) and the induction of memory-type CD8" T cells (Fig. 4.12 and
4.13), suggesting that some degree of synergy was achieved. Interestingly, mice
immunized with protective antigens had increased numbers of CD27'°“CD43"" and
CD127°"CD43"" but not of CD127°"KLRG1"" antigen experienced CD8" T cells.
Although CD27"°"CD43"" effector-like memory CD8" T cells were initially associated
with inferior recall proliferation responses when compared to the CD27"" pool [92], it
was recently demonstrated that this subset efficiently protects against Listeria and
vaccinia infection [117]. Even though it is currently unknown if protection provided by
the CD27"°“CD43"" memory pool can be extended to other double negative memory
CD8'T cell subsets (such as CD127'°CD43'" cells), the fact that a solid memory T cell
response is generated after experimental sublethal infection with Rickettsia together with
the findings presented here would support the speculation that rapid induction of the
CD127"°"CD43'" or CD27°“CD43"" subsets could mediate protection against Rickettsia
infection in immunized animals. In fact, it has been proposed that CD27'°"CD43"" cells
could represent the potential source of protection induced in rapid prime-boost
vaccination approaches, which was used here, and that persistence of effector-like
memory cells might account for immediate protection against acute infection [117, 123].
More studies are required in order to assess the protective capability of the
CD27"°"CD43"" subset upon recall compared to the classical Tcw and Tew or the
CD27""CD43"" memory subsets that are known to mediate optimal protection in other
models [92, 120-122].

In summary, this is the first report of a comprehensive characterization of the anti-

Rickettsia CD8" T cell immune response with implications for the identification of
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correlates of T cell-mediated protective immunity. Our findings provide useful
paradigms for the validation of vaccine antigen candidates recognized by CD8" T cells
and for the general assessment of the quality of the immune response induced by novel

vaccine targets.
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CHAPTER 5: Summary and Future Directions

In the present study, a reverse vaccinology approach for the identification of T
cell rickettsial antigens was applied for the first time. Analysis of the complete R.
prowazekii ORFeome allowed the identification of five novel protective antigens, namely
RP884, RP778, RP739, RP598, and RP403. All, except for RP884, were predicted to
encompass both MHC class-1 and MHC class-Il epitopes. RP884 was predicted to
encompass only MHC class-I epitopes.

We implemented a CD8" T cell biased platform for antigen discovery because
CD8" T cells are critical effectors of immunity against experimental rickettsial infections
[37, 38], and CD8" T cells from patients that recovered from endemic typhus can
recognize rickettsial antigens [75]. Mouse SVECA4-10 endothelial cells were modified to
express the costimulatory molecules CD80 and CD137L, and transfected with rickettsial
genes for stable expression of in silico-selected rickettsial proteins. Rapid proteasome
processing of rickettsial proteins was induced by fusion to a destabilization (DD) domain;
these endothelial cell lines were used as APCs in a rapid prime and boost immunization
protocol [106], which resulted in CD8" T cell stimulation as expected. Although the aims
of this study did not include determining which antigen presentation pathway(s) were
involved in T cell priming, survival of SVEC4-10 cells expressing Luc2 inoculated into
C3H/HeN mice was tested to determine whether these cells could function as direct
APCs in vivo. Although i.v. injection produced rapid dilution and re-distribution of the
cellular inoculum and the signal was not detectable, the injection of Luc2- expressing

cells into a single anatomical space, namely i.p or i.m. injection, produced a signal that
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was detectable and stable for 6 days. This result indicated that SVEC4-10 cells
expressing a foreign antigen can persist up to the time when activated effector T-cells
would start to emerge, indirectly suggesting that direct antigen presentation by the
synthetic APCs used in this study was at least possible [174]. Future experiments using
adoptively transferred naive CD8" T-cells into MHC class I-deficient mice will directly
address if direct antigen presentation is the mechanism of T-cell priming for this antigen-
screening platform.

One interesting finding was that 4 protective rickettsial antigens out of 14 tested
antigens (28.6%) discovered in the present study were predicted to encompass both MHC
class-1 and MHC class-11 epitopes; in contrast, only 1 protective antigen was discovered
when we tested 9 (11.1%) antigens predicted to encompass only MHC class-I epitopes.
This suggests that antigens predicted to have both types of epitopes might have superior
protective capabilities; future in silico studies will address if these protective antigens
contain overlapping CD4" and CD8" T cell epitopes. Although not tested in the present
study, it is tempting to speculate that the presence of CD4" T cell epitopes might improve
antigen immunogenicity by providing help to CD8" T cells; if that is the case, two
scenarios mediating CD4" T cell activation are possible: one involves the uptake of
SVEC4-10 cells expressing rickettsial antigens by other APCs, probably DCs, to be
further processed via the endocytic pathway; the other involves the potential upregulation
of MHC class-11 molecules on the SVEC4-10 cells for direct antigen presentation, which
is possible given that MHC class-I1 upregulation on these cells can be induced in the
presence of IFN-y [213]. Future studies involving CD4" depletion might help elucidate

the contribution of CD4" T cells to the protective mechanism of rickettsial antigens
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encompassing both MHC class-1 and MHC class-11 epitopes. In addition, immunization
with nonviable or fragmented SVEC4-10 cells expressing rickettsial antigens could
provide insights about the role of these cells in direct antigen presentation for T cell
priming.

Interestingly, the position in the ranking of the novel protective antigens after
applying the HLA binding score for both MHC class | and class Il did not exactly
correlate with their protective capabilities. RP778, the strongest candidate of this set of
proteins, was ranked in the middle (position 23 and 40 for MHC class | and MHC class
I, respectively) for both systems; however, when only MHC class-I binding data is taken
into consideration, all candidates found thus far are among the top 23 ranked proteins,
suggesting that the HLA class | binding score applied here could indeed provide a very
important component for the prioritization of CD8" T cell vaccine targets; testing of the
remaining 40 in silico-defined vaccine candidates is required in order to further support
this notion.

Considering that the C3H mouse model mimics the pathophysiology of severe
human rickettsioses, the sublethal rickettsial infection in this model, which confers long-
lasting cross-protective immunity, can be regarded as the paradigm for the definition of
potential correlates of cellular immunity and for the validation of vaccine candidates. In
this study, the kinetics of primary and memory CD8" T cell responses was analyzed from
the perspective of activation markers and effector molecules expression with the aim of
identifying CD8" T cell activation patterns that could be useful for the validation of

rickettsial vaccine candidates.

136



Even though mice remained healthy and Rickettsia was undetectable at all tested
time points (6-120h) after a secondary lethal challenge, the paucity of the CD8" T cell
memory response was puzzling. In light of the prominent role of antibodies in protection
against a secondary encounter with homologous Rickettsia, the interference of anti-
Rickettsia antibodies with memory CD8" T cell activation was hypothesized as a
potential explanation for this scenario. Even though, a series of experiments were
performed in order to rule-out this possibility, such as adoptive transfer of immune CD8"
T cells into naive mice and heterologous challenge of R. conorii immune mice with R.
typhi, the results obtained, although suggestive, did not fully support the antibody-
interference hypothesis since the differences were small and not statistically significant.
As opposed to the adoptive transfer, the heterologous challenge experiments showed a
more consistent activation trend among different memory-type subsets suggesting that
this approach could be useful for elucidating the role of anti-Rickettsia antibodies on the
paucity of recall responses and that a new set of experiments increasing the number of
animals per group might be informative. Also, in the future, when immunological tools
that allow tracking of antigen-specific T cell responses become available for Rickettsia, a
more detailed insight about recall responses could be attained. The capacity to assess and
track anti-Rickettsia T-cell recall responses would be pivotal for further validation of the
identified protective antigens since memory generation is one of the ultimate goals of
vaccination and the T-cell component, mediator of cross-protection in rickettsial
infections, will be critical for the development of a universal anti-Rickettsia vaccine.

On the other hand, the CD8" T cell response after a primary challenge with R.

typhi was most informative from the perspectives of identifying critical time points and
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marker combinations that could be used to evaluate the ability of the newly discovered
protective antigens to induce protective CD8" T cell responses and for providing a
rational for the prioritization of the novel candidates for further characterization. In the
present study, four potential correlates of protective cellular immunity were identified
when CD8" T cell responses were assessed 7 days after R. typhi challenge: 1) production
of IFN-y by antigen experienced CD3"CD8*CD44"%" cells, 2) production of Granzyme B
by CD27"°"CD43"" antigen-experienced CD8" T cells, 3) generation of memory-type
CD8" T cells [Memory Precursor Effector Cells (MPECs), as well as CD127""CD43'"
and CD27"9"CD43"°" CD8" T cells], and 4) generation of effector-like memory CD8" T
cells (CD27°"CD43'°"). The next step towards the further validation of this potential
correlates of cellular immunity will be performing adoptive transfer of the specific
memory-type subsets to test protection, which in turn will also contribute to the initial
assessment of the immunological mechanisms involved in the protection conferred by the
recently identified protective antigens.

The next question that needs to be addressed is whether these novel protective
antigens can induce long-term memory; as discussed, the immunization strategy
definitely will play a role in answering this question and long term experiments involving
Rickettsia lethal challenge several months after immunization will be required. In our
current strategy, immunophenotyping of CD8" T cells is performed after vaccination and
challenge with virulent Rickettsia. An alternative approach towards obtaining insights
about the capacity of the novel protective antigens to induce long-term memory might be
attained through the use of Rickettsia-immune mice in order to establish if antigen-

specific recall responses against protective antigens can be detected. One potential
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drawback from this approach will be that antigens identified thus far might not be
immunodominant, and consequently memory cells recognizing a given antigen might be
absent or at low frequency; however, some preliminary data generated for RP884 support
the viability of this approach: the i.v administration of APCs expressing RP884 to R.
typhi immune mice followed by overnight in vitro re-stimulation with the same cells
allowed the  detection of increased frequencies of MPECs and
CD8""CD11a""CD44""IFN-y* cells (Fig. 5.1). Although these preliminary results
suggest that this approach could be viable, improvements to the tools available for
assessing anti-Rickettsia specific T cell responses are required; in particular the
identification of T cell epitopes that can induce robust T cell activation might be
essential.

Interestingly, when novel protective antigens were pooled to test protection
against a lethal challenge with the phylogenetically distant R. conorii, although mice
were protected from the heterologous challenge to a similar extent than the ones
challenged with R. typhi, the protection observed against R. typhi was less than the one
attained when some of these proteins were tested individually. Some possible
explanations for this observation include that one or more of the other antigens in the
pool might be triggering suppressive responses or that this discrepancy might be related
to changes in the immunodominance hierarchy of the most protective antigens when
other antigens are also present. Some preliminary data offer support to the latter
explanation since the exclusion of RP884 form the pool improved the survival (87.5% vs.
62.5%) to R. typhi lethal challenge (Fig. 5.2). Nonetheless, at this early stage of antigen

discovery, it would be premature to discard antigens that afforded protection without a
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more detailed characterization. This is an important aspect to be addressed in the future
when formulating multi-subunit vaccines for Rickettsia. This finding also suggests that
pool testing might not be the best option since antigen interactions could mask the
protective potential of the individual proteins.

Another important aspect is how protective antigens are delivered, which could,
in some cases, be as important as the antigen itself; this is why future improvements to
the vector as well as to the immunization platform are important in order to take
advantage of all the protective potential of the antigens identified. For instance, in
malaria vaccines it has been observed that the vector selected for immunization play a
role in determining if an effective cellular protective response will be generated [214].
The extrapolation of this observation to an antigen discovery approach that uses in silico
predictions could imply that if the immunization platform is not appropriate for a given
pathogen or antigen, regardless of how accurate the in silico predictions are, it might
hinder the chances of finding protective antigens. In the course of this study, we found
two scenarios that could potentially support this notion. First, RP778, which appears to be
one of the most promising protective antigens found in this study, was also part of the
original pool containing RP884; however, it failed to provide protection when APCs
transiently expressing rickettsial proteins were used for immunization. On the other hand,
when cell lines stably expressing RP778 were used for immunization, RP778 emerged as
strong protective antigen. An alternative but not exclusive explanation for this
discrepancy might be the fact that the pool containing RP884 was deconvoluted and
analyzed using reduction of the Rickettsia load as readout; we now know that this

endpoint does not always reflect the protective capabilities of rickettsial antigens and that
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any in vivo assessment of protection needs to include survival studies. Second,
preliminary results of the performance of a new vector being developed in our laboratory
suggest that RP884 could confer even superior protection against a lethal challenge with
R. typhi if the antigen is directly delivered to host DCs (Fig. 5.3). This new vector,
instead of directing proteins for proteasome degradation, targets DEC-205 on DCs, an
endocytic receptor and member of the C-type lectins family, by fusing rickettsial antigens
to anti-DEC-205 antibodies; this approach was shown to elicit potent CD8" T cells
responses [215]. Future studies will seek to address the potential advantages of this new
vector for the screening of in silico defined Rickettsia vaccine targets.

Finally, with regard to the paradigm that surface or secreted proteins are
potentially better vaccine antigens, in my studies, only 1 out 5 protective antigens have
this subcellular localization (RP739, predicted as a cytoplasmic membrane antigen); thus,
the present results are in agreement with the notion that for T cell antigens subcellular
localization is not as critical as it is for B cell antigens.

Interestingly, among in silico targets predicted to contain T cell epitopes, there are
3 sca (surface cell antigens) proteins. Sca comprises a family of genes encoding putative
outer membrane proteins; although many genes in the sca family are split, fragmented, or
absent in many rickettsial species: OmpA (sca0), OmpB (sca5), scal, sca2, and sca4, are
present in the genomes of most rickettsiae [216]. Furthermore, the predicted proteins
encoded by ompA, scal, sca2 and ompB share homology with autotransporters, a family
of proteins in Gram-negative bacteria known for including virulence factors [217, 218].
The three sca proteins predicted as potential T cell antigens are RP498 (sca 4), RP451

(sca3), and RP704 (OmpB, scab); the latter is known for mediating Rickettsia entry to
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target cells and for being an immunodominant antigen for the humoral response that also
contains T cell epitopes. Thus far, only RP498, the smallest of the three, has been tested
and found non protective using the current screening platform; the remaining two, RP451
and RP704, are large proteins that have not been tested yet due to difficulties for cloning,
transfecting and expressing them on SVEC4-10 cells; this is not unexpected since these
proteins are predicted to contain several transmembrane domains, a parameter which now
is used as an exclusion criteria for in silico approaches defining vaccine targets based on
subcellular localization [219]. Despite these difficulties, the interest in testing these
vaccine targets, especially RP704, persists in our laboratory; thus, future attempts will
divide these proteins into overlapping fragments or domains for successful cloning and
expression.

The general approach presented here might have a broader application, beyond
the Rickettsia field, for the rational discovery of T cell protective antigens and for the
assessment of the immune response and identification of markers that could serve as
correlates/surrogates of T-cell immunity in other infections for which TCR-transgenic
tools and/or tetramers are not yet available. Future experiments will seek to further
characterize the five novel rickettsial vaccine targets identified here in order to generate
tools such as MHC tetramers for tracking antigen-specific protective responses, and to
identify protective epitopes relevant to humans that may be introduced in a future safe

and effective universal T-cell-based anti-Rickettsia vaccine.
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Figure 5.1 RP884 recall response: preliminary results. R. typhi immune mice were

boosted with APCs expressing RP884 (1.5 x 10° cells i.p and 0.45 x 10° cells i.m) or with an
irrelevant protein (luciferase). Splenocytes were obtained 72 hours after boost and mononuclear
cells were obtained by gradient centrifugation. Mononuclear cells from boosted mice were
incubated overnight with APCs expressing RP884 at a 10:1 ratio. Recovered cell were stained
and processed for flow cytometric analysis. Naive mice receiving the same treatment were used
as controls. (A) Fold change of IFN-y expression gated on CD8°"CD11a""CD44"%" antigen
experienced cells. (B) Frequency of MPECs, gated on CD8"CD44"®" antigen experienced cells.
Data in (A) was calculated as the ratio between mice boosted with RP884 and those that received
the control protein; results are presented as individual data points and mean +SEM (C). Data in
(B) is presented as mean + SEM from four mice per group. p values for comparisons against

control protein are represented as follows: *p<0.05.
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Figure 5.2 Protective rickettsial antigens pool comparison. APCs lines individually

expressing selected R. prowazekii open reading frames (ORFs) were combined in 2 pools as
follows: (A) RP884, RP778, RP739, RP598, RP403, and (B) RP778, RP739, RP598, RP403.
Mice were immunized with pooled rickettsial proteins (n=8) or with APCs expressing luciferase
(control, n=8) challenged with 5 x LDs, of R. typhi and followed for 21 days to determine
survival. (A) p=0.0090 and (B) p=0.0008
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Figure 5.3 Vector comparison. Mice were immunized with APCs expressing RP884 in two
different vectors (n=8): one targeting the proteasome via fusion of the rickettsial protein to the
DD domain and other targeting DEC-205 via fusion of the rickettsial protein to anti-DEC-205
antibodies. APCs expressing luciferase were used as control. DD domain vector p=0.0005 and
anti-DEC-205 vector p=0.0002.
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