:\' frontiers

in Cellular and Infection Microbiology

MINI REVIEW
published: 10 February 2022
doi: 10.3389/fcimb.2022.828784

OPEN ACCESS

Edited by:

Daniel E. Voth,

University of Arkansas for Medical
Sciences, United States

Reviewed by:

Janakiram Seshu,

University of Texas at San Antonio,
United States

James Samuel,

Texas A&M Health Science Center,
United States

*Correspondence:
Carrie Mae Long
carrie.long@nih.gov

"These authors have contributed
equally to this work and share
first authorship

Specialty section:

This article was submitted to
Bacteria and Host,

a section of the journal
Frontiers in Cellular and
Infection Microbiology

Received: 03 December 2021
Accepted: 19 January 2022
Published: 10 February 2022

Citation:

Tesfamariam M, Binette P

and Long CM (2022)

Preclinical Animal Models for

Q Fever Vaccine Development.

Front. Cell. Infect. Microbiol. 12:828784.
doi: 10.3389/fcimb.2022.828784

Check for
updates

Preclinical Animal Models for Q
Fever Vaccine Development

Mahelat Tesfamariam?, Picabo Binette” and Carrie Mae Long *

Laboratory of Bacteriology, Division of Intramural Research, National Institute of Allergy and Infectious Diseases, National
Institutes of Health, Hamilton, MT, United States

Coxiella burnetii is a zoonotic pathogen responsible for the human disease Q fever. While
an inactivated whole cell vaccine exists for this disease, its widespread use is precluded by
a post vaccination hypersensitivity response. Efforts for the development of an improved Q
fever vaccine are intricately connected to the availability of appropriate animal models of
human disease. Accordingly, small mammals and non-human primates have been utilized
for vaccine-challenge and post vaccination hypersensitivity modeling. Here, we review the
animal models historically utilized in Q fever vaccine development, describe recent
advances in this area, discuss the limitations and strengths of these models, and
summarize the needs and criteria for future modeling efforts. In summary, while many
useful models for Q fever vaccine development exist, there remains room for growth and
expansion of these models which will in turn increase our understanding of C. burnetii
host interactions.
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INTRODUCTION

Coxiella burnetii is a zoonotic pathogen responsible for the human disease Q fever. Q-vax®, a whole

cell preparation of formalin-inactivated phase I C. burnetii, is the only existing vaccine approved for
use against Q fever. While this vaccine is highly effective at inducing long-lived immunity against C.
burnetii, the risk of severe local reactions in individuals with pre-existing immunity (Bell et al.,
1964) limits its widespread licensing and use. Intradermal skin testing was implemented in the late
1950s to assess prior exposure to C. burnetii, but skin testing is not completely reliable and can be
expensive and cumbersome to implement (Schoffelen et al., 2014). An equally efficacious and less
reactogenic vaccine is needed to eliminate the need for pre-screening and to broaden vaccination
efforts in light of both natural outbreaks and biodefense applications (Long, 2021).

Animal models are invaluable tools used in the preclinical evaluation of all modern vaccine
candidates. Animal models are used to evaluate vaccine safety, efficacy, route of delivery,
formulation, dose, vaccine-induced immune responses, and correlates of protection (Gerdts et al.,
2015). The complexity of vaccine-induced immune responses cannot currently be captured by any
strategy other than the use of an intact, living system. A variety of experimental animal models have
been utilized for preclinical vaccine development, with no single organism or model providing the
parameters required for a streamlined process. Indeed, the most appropriate animal models vary
depending on the causative agent of disease targeted by novel vaccines. For Q fever vaccine
development, preclinical animal testing is particularly important, given ethical considerations
precluding human C. burnetii challenge trials. Historically, human Q fever vaccine efficacy has been
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evaluated in high risk occupational groups (Marmion et al,
1984). Currently, any novel Q fever vaccine seeking United
States Food and Drug Administration (FDA) approval will
likely have to satisfy the conditions of the FDA Animal Rule
(FDA 21CFR601.90). These conditions include the performance
of rigorous animal studies in multiple predictive species
resulting in well-understood mechanisms of toxicity and
pharmacodynamics for dose selection. The first vaccine to be
approved under this rule was the BioThrax Anthrax Vaccine
Adsorbed, which received approval for a new indication in 2015
(Beasley et al., 2016). Fortuitously, several preclinical surrogate
animal models have been employed for Q fever vaccine
development including mice, guinea pigs, and non-human
primates (Bewley, 2013). Additional species have served as
models for Coxiellosis vaccine development, including
livestock (Lisak, 1989) and deer (Gonzalez-Barrio et al., 2017).

VACCINE-CHALLENGE MODELING

Vaccine-challenge models serve to evaluate the efficacy of
vaccine candidates and assist in dose ranging (Golding et al.,
2018). Generally, physiologically relevant routes of vaccination
and infectious challenge are desired to best recapitulate eventual
use of the vaccine candidate in humans. For Q fever vaccine
development, ideal test systems would be comprised of
physiologically relevant animal species paired with C. burnetii
challenge via the aerosol route. However, models utilizing
alternate species and routes of exposure are not without merit
and may serve as accessible, informative model systems.

Mice

Mice have been used in many C. burnetii infection and
vaccination studies likely due to their size, reagent availability,
and accessibility. Mice are not generally regarded as optimal
models of C. burnetii infection due to the absence of a robust
febrile response in immunocompetent strains (Theodore and
Bengtson, 1942; Franti et al., 1974; Ochoa-Reparaz et al., 2007).
Despite this, murine models have been used to evaluate the
efficacy of various Q fever vaccine candidates, including the
chloroform-methanol residue (CMR) vaccine (Waag et al., 1997)
and an lipopolysaccharide peptide mimic vaccine (Peng
et al,, 2012).

Perhaps one of the most important considerations when
using mice to model disease is strain selection. A large-scale
evaluation of the susceptibility of inbred mouse strains to C.
burnetii infection revealed several strains susceptible to clinical
disease, including the BALB/c and A/] strains (Scott et al., 1987).
Accordingly, the BALB/c, C57Bl/6, and A/] strains have been
widely used in C. burnetii infection and vaccine challenge models
(Bewley, 2013). Indeed, BALB/c strains generally show signs of
infection when inoculated with C. burnetii; however, they do not
display high mortality rates compared to other susceptible inbred
strains (Scott et al., 1987). Thus, they have been frequently utilized
in infection and vaccine-challenge studies (Scott et al., 1987; Zhang
et al., 2007; Schoffelen et al., 2015; Melenotte et al., 2016).

Importantly, BALB/c substrain variation may lead to divergent
clinical outcomes following infection (Melenotte et al., 2016).
C57Bl/6 strains are commonly favored in mechanistic studies
because of the widespread ability to access congenic strains
(Gregory et al., 2019). While C57Bl/6 strains typically do not
exhibit overt signs of clinical illness after intraperitoneal
C. burnetii inoculation (Scott et al.,, 1987), this these strains
have been used in C. burnetii infection modeling (Leone et al.,
2007) and Q fever vaccine development studies (Xiong et al.,
2016; Kumaresan et al., 2021). Of all inbred strains evaluated,
the A/] strain displayed the highest mortality rates when
injected intraperitoneally with the virulent Nine Mile I strain
of C. burnetii (Scott et al., 1987). Recently, Reeves, et al. utilized
HLA-DR transgenic mice (B/6 background with expression of
a human MHC-II allele) to robustly profile the host
immune response in a vaccine-challenge model (Reeves et al.,
2020). In addition to strain variation, mouse age has been
recognized as a factor related to disease severity in the C57Bl/6
infection model (Leone et al, 2007). Clearly, murine strain
selection and individual host factors are important
considerations when this organism is used for Q fever vaccine
development studies.

Additionally, route of vaccine administration and infectious
challenge are both important considerations when evaluating Q
fever vaccine candidates. Mice have been vaccinated via
intraperitoneal, intratracheal, and subcutaneous routes and
challenged via aerosol, intranasal, and intratracheal routes
(Marrie et al., 1996; Waag et al., 1997; Feng et al., 2019;
Gregory et al,, 2019; Hu et al, 2019; Reeves et al., 2020).
Bacterial distribution and tissue pathology appear to be
affected by route of infectious challenge; thus, proper
interpretation of experimental outcomes based on routes of
vaccination and infection are important when using
these models.

Guinea Pigs

In contrast to mice, guinea pigs are known to mimic important
symptoms of human C. burnetii infection, exhibiting a
comparable dose-fever response (Benenson and Tigertt, 1956),
splenomegaly, and weight loss as indicators of disease (Moos and
Hackstadt, 1987; Long et al, 2019). Additionally, guinea pigs
exhibit altered airway, pathological, and immunological
responses to respiratory pathogens compared to mice that are
generally considered to be more physiologically relevant to
human disease (Gregory et al., 2019). Guinea pigs are more
cumbersome and costly than mice and exhibit unique challenges
regarding lack of available reagents and difficulty in performing
procedures such as intratracheal instillation (Brewer and Cruise,
1997). Various guinea pig strains have been utilized in C. burnetii
vaccine-challenge studies, with the outbred Harley strain serving
as a popular model (Russell-Lodrigue et al., 2006; Fratzke et al.,
2021b; Long et al., 2021).

Non-Human Primates
Non-human primates (NHP) are important preclinical animal
models as they exhibit the highest physiological and genetic
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similarities with humans. Limitations related to the use of NHPs
include cost, ethical considerations, and containment
shortcomings (Gerdts et al., 2015). Historically, macaques have
served as the NHP species of choice used to model Q fever via
aerosol inoculation (Gonder et al., 1979; Waag et al., 1999). In
these studies, both cynomolgus and rhesus macaques displayed
signs of clinical illness similar to that of human disease. The
cynomolgus macaque model was utilized to evaluate the efficacy
and immunogenicity of a CMR vaccine candidate, serving as a
robust model and indicating that this vaccine could confer
protection after a variety of vaccine dose and administration
regimens (Waag et al., 2002). Recently, direct lower airway
bacterial inoculation via MicroSprayer aerosolization has been
introduced as a viable alternative to traditional NHP aerosol
exposure techniques, producing comparable disease outcomes
(Gregory et al., 2019). Additionally, the marmoset has proven to
be a suitable model for studies of the pathological response to Q
fever and will likely be a valuable tool for preclinical Q fever
vaccine development (Nelson et al., 2020). NHP models will be
particularly useful in late stages of preclinical Q fever vaccine
development due to the considerations described above.

POST VACCINATION HYPERSENSITIVITY
MODELING

While post vaccination hypersensitivity (PVH) animal modeling
has been crucial in the evaluation of emerging Q fever vaccine
candidates, both the availability of diverse models and the
understanding of immunological mechanisms underlying the
PVH response have remained largely elusive. Severe local
reactions in pre-immune individuals were first observed in the
early 1950s when Q fever vaccination programs were initially
implemented (Meiklejohn and Lennette, 1950; Bell et al., 1964).
A skin testing regime was adopted to screen individuals with pre-
existing immunity to C. burnetii and was further refined as new
methods for formulating the vaccine became available in the
early 1960s (Lackman et al., 1962; Ormsbee, 1962; Luoto
et al., 1963).

Early History

Following the development of novel methods of vaccine
purification and bacterial fractionation, the human Q fever skin
test was adapted to sensitized rabbits (Anacker et al, 1962).
Rabbits sensitized via intradermal injection of 50 ug phase I C.
burnetii whole cell vaccine (WCV) were skin tested intradermally
with increasing doses of different fractions of C. burnetii, ranging
from 0.02 to 10 pg, to determine the minimal dose needed to
recapitulate the skin reaction observed in sensitized humans. This
model was also used to evaluate the reactogenicity of various
bacterial fractions. While unsensitized rabbits experienced lesions,
these typically did not occur until at least 72 hours post skin
testing and at much larger doses (31.1x) than that of the sensitized
animals. The responses in the sensitized rabbits were hypothesized
to be delayed-type hypersensitivity (DTH) responses, but this was

not conclusively evaluated. No major modifications to the rabbit
model have been made since these studies.

Guinea Pigs

Ascher et al. introduced the first validated guinea pig PVH model
in 1983 (Ascher et al., 1983a). Here, Hartley guinea pigs were
sensitized via immunization with a 50 ug dose of phase I WCV
emulsified in either Freund’s complete (QFA) or incomplete
adjuvant (IFA) divided into the four footpads and skin tested
with a 60 ng dose of the vaccine two six weeks post sensitization
in a shaved flank. While skin test depth was not described, the
photomicrographs of skin test sites demonstrated reactions in
the deep dermis or subcutis, indicating that subcutaneous
injections were employed (Wilhelmsen and Waag, 2000).
Because data from rabbit models suggested that the PVH
reaction could be a DTH response, prior to skin testing,
Ascher et al. treated a group of guinea pigs sensitized with
WCV with cyclophosphamide, which had previously been
shown to enhance DTH responses (Ascher et al., 1977). As
hypothesized, the cyclophosphamide-pretreated, sensitized
guinea pigs experienced significantly increased reactions, as
quantified by increases in skin thickness, further supporting
the PVH-DTH hypothesis. Consistent with past human
studies, this guinea pig model yielded data suggestive of
granulatomous DTH (Ascher et al., 1983b).

Since introduced for PVH, the guinea pig model has remained
the gold standard for vaccine reactogenicity studies (Bewley,
2013). Due to undesirable side effects of footpad inoculation,
Ruble et al. sensitized hairless Hartley guinea pigs either
subcutaneously (SC) or intradermally (ID) with a total of 60
pug WCV or CMR with or without IFA, distributed over
numerous injection sites (Ruble et al., 1994). Six weeks later,
animals were subcutaneously skin tested with vaccine doses
ranging from 60 to 6,000 ng. While human skin tests are
performed ID, SC injection was tested as an alternative because
the vaccine is administered SC and would therefore more closely
mimic the PVH reaction in pre-immune individuals. Hairless
Hartley guinea pigs gave comparable results to prior models,
with peak induration at 9 days (Ascher et al., 1983a). Using the
hairless strain was advantageous as it reduced any additional
irritation caused by shaving that could ultimately interfere with
interpretation of the skin test response.

Wilhelmsen and Waag evaluated aerosol and intraperitoneal
inoculation as alternative sensitization routes to SC vaccination
in Hartley guinea pigs (Wilhelmsen and Waag, 2000). A 30 ug
sensitization dose was used which was a substantial departure
from the maximal 60 ng doses used in prior studies. As in
previous studies, induration was greatest at 8-12 days post
skin testing.

The latest refinements to the guinea pig model came from a
2018 study performed by Baeten et al. which aimed to
standardize the guinea pig PVH model (Baeten et al., 2018).
This study further explored intranasal and intraperitoneal
sensitization routes and evaluated differences between skin
tests performed either intradermally or subcutaneously at
different time points post sensitization using Coxevac®, the
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ruminant vaccine for Q fever formulated from the NMI strain of
C. burnetii. Recently, similar guinea pig models have been used
to evaluate the reactogenicity of several Q fever vaccine
candidates, including a genetically modified WCV (Long et al.,
2021), exemplifying the utility of this model. Cumulatively, the
data collected from guinea pigs suggest that PVH reactions are
likely dominated by a granulatomous DTH reaction in this
species, which is mediated by memory T cells producing Th1
cytokines (Kobayashi et al., 2001).

Mice

While the guinea pig reactogenicity model has been useful
determining the reactogenicity of vaccine candidates, further
characterization of the PVH response has been severely limited
due to a lack of experimental reagents available for guinea pigs.
Therefore, development of model systems for which there are
more reagents readily available should be considered as
elucidation of the mechanisms underlying these responses will
provide insight for the development of novel Q fever vaccines. The
first use of mice in PVH modeling was performed by Kazar et al. in
1987 (Kazar et al., 1987). In this study, mice were sensitized with
100 pg of phase I C. burnetii intraperitoneally and mice were skin
tested via hind footpad injection of WCV and CMR (30-0.003 pg).
Mice elicited DTH responses, but at a higher minimum dose (0.3
pg) compared to rabbits and guinea pigs (0.03 pg). Recently,
Fratzke et al. tested three different mice strains (SKHI, C57Bl/6
and BALBc) for their ability to recapitulate the DTH response
when sensitized, proposing the SKH1 and C57Bl/6 strains as viable
options for this purpose (Fratzke et al., 2021a). Currently, guinea
pigs are the primary model for assessing Q fever vaccine
reactogenicity, but mice are an exciting complementary option.
Important considerations regarding PVH modeling are dose
selection, skin testing injection depth, sensitization method (e.g.
infection vs vaccination), and species selection.

Vaccine-Challenge

Pros

Ease of Use
-Avalibility of reagents
-Genetic manipulation

Cons

~Lack of febrile response
-Substrain variation

Pros
“Relevance to human
disease
~Febrile dose-response

Cons

-Cost

-Cumbersome

Lack of reagents
-Limited strain selection

Pros

Relevance to human disease
Febrile dose-response

Cons
-Cost
~Cumbersome
“Ethical considerations
Infrastructure requirements

CONCLUSIONS AND OUTLOOK

Ultimately, the quality of a preclinical animal model can be
assessed based on its physiologic relevance to human disease.
Relevant physiologic characteristics may include redundancy in
anatomy and components of the immune system, clinical response
to infection, pathogenesis, and duration of biologic responses
(Gerdts et al., 2015). Translating preclinical data to human
vaccine trials and eventual deployment remains a major
challenge but may be addressed by using highly physiologically
relevant animal models paired with an understanding of the
strengths and limitations of the models chosen. For C. burnetii
vaccine-challenge and PVH modeling, several species have proven
their usefulness in the studies described above and exhibit unique
advantages and limitations (Figure 1). Guinea pigs appear to be the
premier small mammal model of Q fever due to their robust
physiologic relevance to human disease. NHPs will likely serve as
valuable model systems for Q fever vaccine development but their
accessibility precludes widespread use, particularly in early
preclinical vaccine development. PVH modeling is dominated by
the guinea pig but mice appear to be a promising complementary
model for mechanistic evaluation of this response. Recently, a larval
Galleria mellonella model of C. burnetii infection was introduced
by Norville, et al. (Norville et al., 2014). This advance introduces the
possibility of the use of non-mammalian models in future vaccine
development efforts. Perhaps species such as G. mellonella or even
those with more developed immune systems such as Danio rerio
(zebrafish) will provide accessible pathways to complement existing
mammalian models. Indeed, zebrafish have proven useful for
preliminary human vaccine safety screening (Bailone et al,
2020). We feel that expansion of all relevant C. burnetii infection,
vaccination, and PVH models will increase knowledge of correlates
of protection and potential screening biomarkers, serving as
valuable tools not only for vaccine development but to increase
general knowledge of these important host-pathogen interactions.

Post-Vaccination
Hypersensitivity

Pros
A -Ease of Use
-Avalibility of reagents
“Genetic manipulation
-DTH response observed
-Developed for BSL-2 use
.. Cons
S -Model is not widely
developed

Pros

e -DTH response observed
-Historic use

Cons

-Cost

-Cumbersome

“Lack of reagents
-Limited strain selection

Not described

FIGURE 1 | Comparison of animal models used for Q fever vaccine development with principal advantages and disadvantages associated with each model.
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Ultimately, we suggest that there is no “perfect model” for Q
fever vaccine development. Indeed, the complexity of relevant
biologic responses, the challenges of working with C. burnetii,
and the lack of data regarding human responses to vaccination
and infection are a few of the factors contributing to this
quandary. Regardless, exciting progress has recently been made
in C. burnetii host-pathogen animal modeling. The expansion of
these models and ensuing comparative analysis will aid in the
development of an improved Q fever vaccine by providing the
most relevant and useful models possible. For example, it will be
crucial to utilize these models to further elucidate the PVH
response and relate this to the human condition. Considering
that the current QVax® skin test regimen is contained within a 7
day window (Sellens et al., 2018) and prior reports indicate that
this test can be read as early as 48 hours post skin testing
(Lackman et al., 1962), the possible involvement of a
tuberculin-type DTH component in the human PVH response,
with clinical symptoms manifesting earlier than that of
granulomatous DTH, should be considered during model
development. Additional considerations for the field include
the influence of biological sex and age on choice of model and
Q fever vaccine efficacy. Considerations such as these serve to
more wholly represent the human population affected by disease
and eventual vaccination. These two factors are known to play a
significant role in infectious disease pathogenesis (Bijkerk et al.,
2010; Ingersoll, 2017) and vaccine efficacy (Lord, 2013; Fink
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