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Respiratory infections cause tremendous morbidity and mortality worldwide.

Amongst these diseases, tuberculosis (TB), a bacterial illness caused by

Mycobacterium tuberculosis which often affects the lung, and coronavirus

disease 2019 (COVID-19) caused by the Severe Acute Respiratory Syndrome

Coronavirus type 2 (SARS-CoV-2), stand out as major drivers of epidemics of

global concern. Despite their unrelated etiology and distinct pathology, these

infections affect the same vital organ and share immunopathogenesis traits and

an imperative demand to model the diseases at their various progression stages

and localizations. Due to the clinical spectrum and heterogeneity of both

diseases experimental infections were pursued in a variety of animal models.

We summarize mammalian models employed in TB and COVID-19 experimental

investigations, highlighting the diversity of rodent models and species

peculiarities for each infection. We discuss the utility of non-human primates

for translational research and emphasize on the benefits of non-conventional

experimental models such as livestock. We epitomize advances facilitated by

animal models with regard to understanding disease pathophysiology and

immune responses. Finally, we highlight research areas necessitating

optimized models and advocate that research of pulmonary infectious

diseases could benefit from cross-fertilization between studies of apparently

unrelated diseases, such as TB and COVID-19.

KEYWORDS
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1 Introduction

Animal models are essential for understanding disease pathophysiology in its complexity.

Pinning down coordinated immune processes as well as the continuous host reaction to

pathogen assault can only be achieved by investigating the infected host. Although controlled

human infection models and human challenge trials have been advanced for flu (1), malaria

(2), coronavirus disease 2019 (COVID-19) (3), and tuberculosis (TB) (4, 5), and studying
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infection in natural hosts in most circumstances is feasible for

livestock, disease pathogenesis is studied in great detail in surrogate

animals in experimental animal models. In such controlled settings

pathogen entry, replication and transmission, immune responses,

and pathology are elucidated unambiguously. Importantly, causality

can be established in animal models and thereby such experimental

approaches are instrumental for devising measures limiting pathogen

transmission and for developing vaccines and therapies. The

importance of animal models for vaccine testing should be

emphasized. Here, animal models are without alternative (6) and

should mimic the pathogenesis known in humans as closely as

possible to increase transfer of the results to the human host (7).

Standard laboratory animal models have been established to enable

applications in many laboratories worldwide. Such models have been

indispensable for the understanding, prevention and cure of two

major respiratory infectious diseases: TB and COVID-19. We

critically discuss experimental models in a comparative manner

and highlight commonalities and differences in the context of these

lung infections.

TB and COVID-19 are acquired respiratory infections which

primarily affect the respiratory tract and are usually transmitted via

aerosol droplets. TB represents one of the most ancient infectious

diseases, a continuous threat to public health and currently among

the top 10 causes of death worldwide (8). It was declared as a global

emergency by the WHO in 1993 (9). TB is caused by genetically

related microorganisms of theMycobacterium tuberculosis complex

(MTBC), with the human-adapted M. tuberculosis (Mtb) affecting

mankind worldwide. COVID-19 represents the 21st century

pandemic event and was declared as a global emergency by the

WHO in 2020 (10). The global emergency phase was ended in May

2023, yet the WHO emphasizes that COVID-19 still remains a

significant threat for human health1. It is caused by the severe acute

respiratory syndrome coronavirus type 2 (SARS-CoV-2). Both

infections are dynamic and provoke a spectrum of diseases and

pathologies. Their causative agents, although taxonomically

unrelated, undergo continuous adaptation to the human host.

The potential to evade immunity has been observed promptly

during the COVID-19 pandemic, for instance by the emergence

of virus variants, whereas for TB resistance to available therapies is

on the rise, as illustrated by heightened incidences of disease caused

by drug-resistant mycobacteria. Mtb enters alveolar macrophages,

rarely pneumocytes, and spreads to lung-resident and recruited

macrophages, whereas SARS-CoV-2 primarily infects ciliated and

alveolar epithelia (11). Although variable pathology is observed in

TB and COVID-19, recent systems analysis of human cohorts

revealed commonalities in immunopathogenesis (12). TB is

characterized by unique lesions termed granulomas, whereas

severe COVID-19 manifests as pneumonia. Given the preference

for respiratory tissue, mammalian animal models have been

developed for both infections. We discuss the experimental

models employed for the study of each disease and emphasize

advantages and limitations these models bring regarding disease
1 WHO. WHO Director-General's opening remarks at the media briefing,

Vol. 2023. (2023).
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pathophysiology and immune responses. Considering spectra of TB

and COVID-19, we identify challenges related to improving or

developing new animal models and propose purpose-oriented

approaches which extend beyond conventional animal models.

Finally, we elaborate on multi-species approaches and co-

infections, as these are currently feasible and inspired by recent

advances in high-resolution technologies.
2 Small animal models

Historically, small animal models, including rodents and

leporids, were paramount for the identification of Mtb as the

causative agent of TB and for the elucidation of TB pathogenesis

(13). They continue to be implemented in preclinical TB research and

have been equally instrumental for the accelerated progress achieved

for COVID-19 vaccines. Although murine infection models are by

far the most frequently used for TB and COVID-19 research, they

reproduce some, but not all aspects of the human disease. Other

rodent species, including rats, hamsters and guinea pigs, provide

important insights into pathophysiological aspects of the two

respiratory diseases that are not sufficiently covered by murine

models. Each model organism offers particular advantages and

bears certain limitations, which are detailed in the following sections.
2.1 Mouse models

Mice are easy to handle, accessible, inexpensive, and the broad

availability of immunological and genetic tools makes them very

attractive for preclinical investigations. Laboratory mice provide the

most established and implemented animal model in SARS-CoV-2 as

well as in TB studies (14, 15). Advantages and limitations of murine

models in the two respiratory infections are presented in Table 1.

2.1.1 Murine TB models
The experimental murine TB model has elucidated host fate

upon natural infection which is achieved by aerosol exposure. It has

unveiled the complexity of the kinetics of the infectious process in

great detail. This model has also enabled mutual integration of host

and pathogen traits in experimental studies. However, mice do not

fully recapitulate TB pathology. Granuloma liquefaction, cavitation

and fibrosis remain undetected in Mtb-infected mice, and hence

murine TB is an imperfect disease model. This model allows to

comprehensively study the immune responses to Mtb. Pulmonary

anatomy and immune mechanisms in mice have a great degree of

similarity to humans (16) which make them ideally suited for

studying immune dynamics within tissues and for testing vaccine

efficacy. Although mice are not natural hosts for Mtb and are

generally tolerant to TB (17), they have proven instrumental for

understanding some disease mechanisms.

Susceptibility of laboratory mice to Mtb depends on both host

and bacterial features. Among the host factors, mouse genetics, age,

sex, and immune status control TB outcome (18–21). The route of

infection (22), inoculum size and bacterial genetics, e.g. Mtb

lineages and virulence factors, impact as well on the course of TB.
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For instance, aerogenic exposure to the East/Asian Beijing strain

HN878, in contrast to infection with the reference Euro-American

strain H37Rv, triggers heightened susceptibility in C57BL/6 mice

(23) and granulomatous lesions resembling human-like pathology

(24). Various Mtb strains differ in propensity to infect myeloid cells

(25), disseminate (26) or trigger inflammation (27). Mtb

attenuation by deletion of the PhoP regulon (28), or deletion of

entire virulence coding genomic regions, e.g. region of difference 1

(RD1) (29), or pathogenicity factors such as the early secreted

antigenic target 6-kDa protein (ESAT-6) (30, 31) cause reduced

pathology. Such studies have also unveiled a dominant role of nitric

oxide in antimycobacterial immunity in the murine host, unlike in

humans (32). In addition, they confirmed the relevance of

subcellular pathogenicity events, such as cytosolic translocation of

the bacilli, for Mtb pathogenicity during lung infection.

Research on TB immunology and pathology heavily relies on

inbred and knock-out (KO) mouse strains and has recently been

enriched by the addition of the collaborative cross (CC) lines (33, 34),
Frontiers in Immunology 03
diversity outbred (DO) (35–38) as well as humanized mice (39, 40).

Whereas inbred animals and respective KO lines have permitted

targeted characterization of host factors essential for the susceptibility

to disease, genetic diversity has contributed to unbiased identification

of host susceptibility or resistance traits. Of note, mice can be infected

by various MTBC bacteria, and usage of transgenic knock-in models

has facilitated analysis of particular cell types or molecules during

infection (e.g. fluorescent-tagged reporters), or enabled targeted cell

deletions (e.g. Cre-lox system). The transgenic mice used in TB

research offer opportunities to decipher disease pathogenesis. They

do not confer essential cell entry host factors to mycobacteria, a

situation common for COVID-19 murine models where infection is

usually abortive in wild type animals (see section 2.1.2).

TB outcome differs in various inbred mice which are classified as

TB-resistant and TB-susceptible based on the time to death or

bacterial outgrowth. TB-resistant mice, including C57BL/6 and

Balb/c strains, control aerosol infection with relatively high doses

(e.g. 500 colony forming units, CFU) of bacteria, do not develop
TABLE 1 Murine models for tuberculosis (TB) and coronavirus disease 2019 (COVID-19).

Mouse
models

Tuberculosis COVID-19

Advantage Disadvantage Advantage Disadvantage

Inbred
“resistant”
(C57BL/6/
Balb/c)

High reproducibility, availability
of gene knock-out mice, long-
term studies and kinetics,
correlates of protection,
immunological tools

Lack of human-like pathology (e.g.
liquefaction, fibrosis), lack of
relevant Mtb-induced cell types (e.g.
multinucleated giant cells)

Availability of gene knock-out mice,
long-term studies and kinetics,
correlates of protection,
immunological tools

Only mouse-adapted virus strains
or specific SARS-CoV-2 variants
(e.g. B.1.351), limited pathology

Inbred
“susceptible”
(C3HeB/FeJ,
129Sv, I/St,
DBA/2)

Investigation of pathology,
necrotic granuloma, correlates of
susceptibility, drug testing

Limited number of knock-out mice
available, no chronic or latent stage
of disease

More severe pathology (129Sv)
compared to C57BL/6, lung
pathology (compared to K18-
hACE2)

Only mouse-adapted virus strains
or specific SARS-CoV-2 variants
(e.g. B.1.351)

Outbred Genetic diversity, microbiome
diversity

Housing with inbred and pathogen-
free mice difficult, reproducibility

N/A N/A

Collaborative
cross (CC)
lines

Genetic diversity, gene
association studies

Low reproducibility, expensive,
resource intense

Genetic diversity, gene association
studies

Require further genetic
manipulation for usage as a model
for COVID-19 (e.g. cross-breeding
with K18-hACE2)

Humanized
mouse

Reflection of human specific cell
types or effector functions

Expensive, high variability,
technology intensive, highly
susceptible to attenuated strains (e.g.
BCG)

Better reflect COVID-19 pathology,
severe lung pathology, study of
drug or antibody therapy

Expensive, high variability,
technology intensive, cross-
reactivity of human-mouse
immune networks

Transgenic
(K18-hACE2)

N/A N/A Robust, highly permissive model,
suitable for all SARS-CoV-2
variants, excellent vaccine model

Limited lung pathology, brain
pathology, some SARS-CoV-2
strains interact with human and
mouse ACE2, expensive

Vector
hACE2
delivery
(AAV, Ad,
LV)

N/A N/A Mild lung pathology (reflects
COVID-19 in the majority of
patients), suitable for vaccine
studies, amenable for different
mouse strains and genetic
manipulations

Transient, low pathology (possible
disadvantage for vaccine studies),
immune response against vector

SARS-CoV-2
Mouse
adaptation

N/A N/A Lung pathology (compared to K18-
hACE2), can be used in
combination with different mouse
strains and genetic manipulations

Mouse adaptation might not reflect
human isolates, new variants
underrepresented
The various mouse models employed for the study of each disease are included, emphasizing on key advantages and limitations of each model. AAV, adeno-associated virus; Ad, adenovirus;
COVID-19, coronavirus disease 2019; hACE2, human angiotensin-converting enzyme 2; K18, keratin 18 promoter; LV, lentivirus; N/A, not applicable; SARS-CoV-2, severe acute respiratory
syndrome coronavirus type 2.
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typical granulomas and succumb rather due to aging. As such, they

have been proposed as potential latency TB models (41). Studies in

C57BL/6 mice have been critical for defining kinetics of the immune

events post exposure, requirements for priming of adaptive immunity

as well as kinetics and plasticity of T-cell responses in TB. Very early

in infection alveolar macrophages support Mtb replication, as

demonstrated in depletion studies (42), likely due to their

metabolic imprinting towards oxidative phosphorylation (43) and

anti-oxidant features (44). Elegant fate-mapping studies have

highlighted that alveolar macrophages translocate into the lung

interstitium (45) and Mtb gains access to less permissive glycolytic

lung macrophages (43). Subcellular virulence factors, notably

mycobacterial ESX1 secretion system (31), and host determinants

of susceptibility, for instance phagosomal proteolysis (46) have been

unveiled also in vivo in the context of macrophage plasticity in TB in

C57BL/6 mice. Cell types conferring an Mtb-permissive

environment, including lung monocyte-derived macrophages and

dendritic cells (47), and neutrophils (48, 49), have been defined also

in this murinemodel. Kinetics of T-cell responses (50) and the impact

of their localization on disease outcome (51, 52) have been established

in C57BL/6 mice receiving transgenic cells expressing anMtb-specific

T-cell receptor (TCR). T-cell depletion alone or combined with

adoptive transfer of antigen-specific T-cells has indicated an

essential role of CD4+ and CD8+ lymphocytes for TB control (53,

54) and highlighted Mtb escape strategies related to dominant

epitopes and misplaced T-cells (55). Thus, C57BL/6 mice have

substantially contributed to the delineation of immune events in

primary TB. The major caveat of the C57BL/6 model lies in the lack

of human-like pathology. Of note, application of ultra-low dose

infection (ULD) (56) may render these mice amenable for

pathology studies (57). Upon ULD, mice develop single, structured

lesions upon inhalation of 1-3 Mtb CFU of the laboratory strain

H37Rv. Organized granulomas have also been reported in C57BL/6

mice challenged with low-dose hypervirulent HN878 Mtb (24, 58).

These murinemodels mirror, to some extent, human TB lesions, have

organized granuloma-like lesions which contain foamymacrophages,

develop central necrosis, yet still miss certain cellular components

such as multinucleated giant cells and do not show fibrosis and

calcification. A further utility of C57BL/6 mice has recently been

reported. Intra-dermal Mtb infection resulted in localized spread of

Mtb (59, 60), unlike systemic dissemination seen upon aerosol or

intravenous challenge (22), and thus may represent a refined

experimental model for latent TB infection (LTBI). Besides

mechanistic understanding of immunity and pathology, C57BL/6

and Balb/c strains are also gold standards for chemotherapy studies

and TB vaccine development.

TB-susceptible inbred mice encompass the C3HeB/FeJ, 129Sv

(129S2/SvPas), I/St and DBA/2 mouse strains. C3HeB/FeJ mice are

best suited for investigating pathology. Exposure of these mice to

Mtb leads to the formation of well-formed, necrotic granulomas

showing hypoxic regions (61), with liquefaction observable

particularly upon i.v. challenge (62). Necrosis of Mtb-infected

macrophages is controlled by the sst1 locus (63) and has been

linked to the intracellular pathogen resistance 1 (Ipr1) gene (64). A

role for neutrophils in susceptibly to TB in C3HeB/FeJ by

controlling lesion progression (36, 62), likely via type I interferon
Frontiers in Immunology 04
(IFN-I)-driven NETosis (65), has been reported. The similarities to

lesion progression in humans (66–68) make this model useful for

pathology and immunopathogenesis studies. DBA/2 mice show a

fast TB course with bronchogenic dissemination (69). Their

susceptibility is driven by neutrophils (70) and limited

accumulation of regulatory T-cells (Treg) within infected tissue

(71). This phenotype is shared by the TB-susceptible inbred strain I/

St (72, 73), which unlike their A/Sn counterparts cannot control TB.

129Sv (129S2) mice succumb early during TB (74) with extensive

lung damage. Their susceptibility to TB is uncoupled from natural

resistance-associated macrophage protein 1 (Nramp1) allele gene

polymorphism (75). Mtb-triggered lethality is due to early

neutrophil recruitment (74), heightened necrotic cell death (76),

and likely Mtb-driven and acetyl-coenzyme A dependent foamy cell

differentiation (77). TB-susceptible mice are suitable for

deciphering host traits which favor a poor outcome in TB. They

are also helpful for testing drugs and host-directed interventions

given the development of lesions, notably well-structured

granulomas containing transformed cell types, and environments,

such as hypoxia and necrosis, characteristic of active TB.

Understanding of the immune control of TB has been nurtured

by failed immunity in KO and immunodeficient mice which mirror

catastrophic human genetic defects. Examples are mice with full or

cell-type specific deletion of IFN-g (78) or TNF-a (79, 80). Just as

reported in humans with mendelian susceptibility to mycobacterial

disease (81) or on suppressive anti-TNF-a immunotherapy (82) these

cannot control Mtb infection or reactivate LTBI, respectively. Since

immunity can be investigated within organs, KO mice also enriched

knowledge about in situ roles of host factors. For instance, IFN-g was
shown to regulate neutrophil apoptosis (83) and TNF-a to regulate

lesion stability by signaling in myeloid and lymphoid cells (80). Mice

lacking lymphocytes (Rag2 KO and Rag2/gc KO) have demonstrated

essential yet differential roles of T- and NK-cell derived IFN-g in TB

control (84). KO mice have supported reverse translation

investigations in TB, as exemplified for miRNAs. For instance,

miR-223 is enriched in human TB lesions and susceptibility of

miR-223 KO has been linked to the regulation of IL-6, as well as of

CCL3 and CXCL2, during acute disease (85). Thus, various KO mice

have supported the understanding of TB pathogenesis at a molecular

level. In contrast, susceptibility of certain KO lines has not translated

to observations in human TB. Some examples are heightened

mortality associated with mice lacking the adaptors MyD88 (86)

and CARD9 (87). Failed models with observations distinct from

human data are also exemplified by mice lacking NADPH oxidase

subunits (88, 89) or indolamin-2,3-dioxygenase (90). These mice do

not show a strong phenotype in TB despite susceptibility being linked

to deficiency in these pathways in humans (68, 91). The inbred

features of the most common murine models may contribute to such

discrepancies. In this context, CC lines and DO mice may better

mirror genetic diversity of the human host. CC lines have uncovered

genetic loci associated with uncontrolled infection, including IFN-g-
independent phenotypes (33). DO models have confirmed that

neutrophils are detrimental in progressive TB and highlighted roles

of neutrophil chemoattractants in this process (36). Since mice and

humans show variabilities in immune components, for instance cell

abundance (humans belong to neutrophil-high species) or molecular
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constituents (mice lack granulysin and CD1-type-1 molecules),

humanized murine models have been generated (39, 40). Their use

is restricted due to financial and technological constraints as well as

variability in immune reconstitution and persistence of a mixed

human-mouse tissue environment. However, their usage could be

critical for addressing co-infection of Mtb with viruses requiring

human host factors for entry such as human immunodeficiency virus

(HIV). Without doubt, KO models have substantially enriched the

knowledge about immune cells and immune pathways in TB and

provided causality proofs for disease pathogenesis. Embracing genetic

diversity by usage of CC line and DO mice offers unique

opportunities for mechanistic studies and may provide new ways to

guide TB prophylaxis (92).

Collectively, murine models for TB are diverse and offer a

spectrum of options to choose from (see Table 1). Experimental

tools and feasibility of gene editing in mice, which permit cell fate

mapping and tracing, will continue to support immunological

research. There are yet several limitations related to the usage of

mice in TB. Besides the drawback regarding TB pathology, mice are

not suitable for transmission studies. They have been extensively used

as models for primary TB. However, unlike humans, mice promptly

allow Mtb dissemination to distal sites following aerogenic infection.

Efforts to develop murine models for post-primary TB have been

undertaken (41) and require additional evaluation.

2.1.2 Murine COVID-19 models
Inbred laboratory mouse strains such as Balb/C and C57BL/6

are not susceptible to ancestral (B.1) SARS-CoV-2 infection. With

the emergence of SARS-CoV-2 variants (e.g. Alpha (B.1.1.7), Beta

(B.1.351), and Gamma (P.1)) with extensive mutations in the spike

protein, particularly the N501Y mutation, laboratory mouse strains

became susceptible to infection and virus replication, although

without showing significant pathology (93). However, the inbred

mouse strain 129S2 develops clinical disease and has been employed

to assess the efficacy of monoclonal antibodies and vaccines (94, 95).

Two major approaches have been pursued to amend the murine

model for COVID-19 study: genetic engineering of mice for

expression of the human ACE2 (hACE2) receptor protein, and

adaptation of SARS-CoV-2 to enter murine cells via endogenously

expressed receptors (96, 97). A comprehensive summary of the

frequently used genetically manipulated murine models as well as

adapted virus strategies that substantially contributed to reproduce

key characteristics of SARS-CoV-2 infection has been provided

recently (98). For comparative evaluation we integrate the murine

COVID-19 models with TB models and highlight benefits and

disadvantages for each model and infection (Table 1).

The most commonly used K18-hACE2 model, where hACE2 is

expressed under control of the human keratin 18 promotor, in

addition to the murine ACE2, appears to be the most susceptible

COVID-19 model reported to date using human SARS-CoV-2

isolates (99). This model has contributed to the clarification of

disease pathophysiology. For instance, it provided evidence for

SARS-CoV-2 invasion of sustentacular cells as the cause of

subsequent anosmia (100). As inflammation drives severity of

COVID-19 in humans, details on dynamics of inflammatory

responses obtained in this mouse model could be valuable for the
Frontiers in Immunology 05
design of therapies. The K18-hACE2 mouse resembles severe

COVID-19 disease (101), developing cytokine storm (102),

prompt accumulation of immune cells within infected lung (103),

loss of plasmacytoid dendritic cells (104) and alveolar macrophages

paralleled by accumulation of monocyte-derived macrophages

(105). The contribution of host genetics to inflammation control

has been further evaluated using collaborative cross (CC) x K18-

hACE2 F1 progeny mice (106). In this model survival was

associated with early IFN-I expression and production of

proinflammatory factors. Similarly, disease severity was driven by

CXCR6 and CCR9 in a comparable mouse model approach (107).

The K18-hACE2 model has been also useful to demonstrate the

relevance of lymphoid cell depletion, which together with the

impaired antigen presenting cells/T-cell axis, is a specific feature

of severe SARS-CoV-2 infection (108). Furthermore, evidence for

the protective roles of T-cells was demonstrated by the fact that

vaccination with immunodominant T-cell epitopes provided partial

or even full protection in K18-hACE2 mice in the absence of

neutralizing antibodies (109, 110). Comparative RNAseq analysis

(human vs. mouse) has revealed that at the broad level of immune

responses and inflammation pathways, highly overlapping patterns

between the two species exist suggesting that the K18-hACE2

mouse model emerges as a representative and relevant animal

model of COVID-19 (111). It remains yet unclear whether innate

immunity alone could under particular circumstances, for instance

low inoculum, eliminate the virus in these transgenic mice. A

disadvantage of this model is that it does not mirror mild disease,

and interference of signaling from both murine and human ACE2

adds an additional layer of complexity when investigating SARS-

COV-2 variants which bind the murine receptor (104). Further, the

K18-hACE2 mouse model also has the disadvantage of hACE2

expression in the brain of the transgenic animals. The severity of the

disease and the reason for humane endpoints are therefore usually

the artificial occurrence of a severe infection of the brain with

encephalitis (101, 112). Brain invasion has been demonstrated in

humans (113), it is though not a commonmanifestation of COVID-

19 (114). Of note, aerosol delivery in contrast to intranasal challenge

bypasses brain involvement (115), suggesting that the route of

infection may be relevant for the phenotype of the K18-hACE2

murine model. The K18-hACE mouse model has been essential for

vaccine research and its preclinical value is impressive. The critical

role of the murine models is highlighted by the fact that mRNA

vaccine preparations were extensively tested in the mouse model

before licensing in the U.S. under Emergency Use Authorization.

Additionally, next generation SARS-CoV-2 vaccines covering

multivalency or mucosal application have been similarly evaluated

in mouse models [i.a (116–119)].

Adenovirus-, lentivirus- or adeno-associated virus-driven

transient hACE2 expression in the murine lung has also been

established multiple times in different laboratories [e.g (97, 120,

121)]. However, the virus-induced expression comes with the

disadvantage of potential induction of unspecific inflammatory

responses, non-uniform expression of hACE2 in the lung

epithelium and interference with vector-based vaccines (121).

Nevertheless, it has been utilized to study COVID-19 pathology

and for preclinical vaccine investigations, including mechanism of
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action studies. The pathology in this model is restricted to the

respiratory tract, with milder disease and in most cases self-

resolving inflammation (121, 122). Using this model, it has been

shown that IFN-I responses are associated with inflammation and

myeloid cell infiltration, but not with SARS-CoV-2 control (122,

123). The mild and localized pathology, along with the possibility to

induce hACE2 expression in KO strains, have enabled to study

mechanisms of SARS-CoV-2 clearance in naïve and vaccinated

animals with different genetic backgrounds. These studies have

confirmed the essential role of the adaptive immunity for resolution

of inflammation and viral clearance (124). Furthermore, protection

of neutralizing antibodies has been confirmed in this animal

model (120).

Another approach that allows the use of standard laboratory

mice and, more importantly, genetically modified mice, is to adapt

SARS-CoV-2 to the mouse (96). These viral strains are therefore

particularly suitable for studies in specific KO mouse lines. Thus,

the age and sex dependency of human disease severity could be

shown with an adapted ancestral SARS-CoV-2 strain (125, 126).

However, such adaptations must be carried out separately for

different virus variants which do not naturally infect mice and

thus are disadvantageous due to the extensive time required

for adaptation.

All mouse models come with a substantial drawback related to

viral transmission. Even humanized and genetically modified mice

are unable to transmit the virus to contact animals (127). Of note,

recent investigations in a neonatal K18-hACE2 mouse model have
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reported virus transmission in a SARS-CoV-2 variant specific

manner (128) and such promising observations require validation.

The murine models used for TB and COVID-19 differ

substantially, primarily due to the distinct natural susceptibility of

mice to Mtb and SARS-CoV-2 (Table 1). For both infections, mouse

models are not amenable for investigating transmission and

generally have limitations due to dissemination of infection at

distal sites as well as at recapitulating human pulmonary

pathology. Nonetheless, they are suitable for the mechanistical

understanding of immune responses and thus have been

extensively employed for vaccine studies. The diversification of

the mouse models in TB during the last decade is remarkable

(Figure 1), and attempts to employ systems approaches for vaccine

discovery (129) further emphasize their value in pre-clinical

research. Whereas transgenic knock-in mice have been essential

for the progress of COVID-19 vaccines, such strains have rather

targeted utility in TB. Irrespective of the peculiarities of the murine

models, in both infections experimentation in mice has permitted

evaluation of biological processes at subtissular and molecular scale

and have advanced interventions.
2.2 Rat models for COVID-19 and TB

The rat is the animal species of choice in the pharmaceutical

industry for pharmacokinetic and toxicological studies. Wistar rats

are also generally employed in immunization studies given their
FIGURE 1

Overview of animal models for TB and COVID-19. The animal models used for the two respiratory infections are diversified and range from mouse
to non-human primates. Whereas murine models show the highest diversity, guinea pigs, rabbits, hamsters and livestock show applicability for one
of the two diseases. Non-human primates, just like mice, have the biggest impact in terms of knowledge gain with the former ones having the
greatest translational value. All animal models have unique benefits and cumulatively contribute to the study of TB and COVID-19, and have
potential to cross-fertilize understanding of other respiratory diseases. The figure was generated using the illustration software BioRender
(BioRender.com).
frontiersin.org

http://BioRender.com
https://doi.org/10.3389/fimmu.2023.1223260
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Corleis et al. 10.3389/fimmu.2023.1223260
broad availability, easy handling, defined physiology and potential

to obtain larger samples compared to mice. They are infectible by

selected SARS-CoV-2 variants, such as B.1.1.7 (130), but have not

been used as a model for COVID-19. Instead, Wistar rats have been

essential for investigating the pharmacokinetics of the lipid-

nanoparticles used to formulate COVID-19 mRNA vaccines

[EPAR – Comirnaty] (129–132). A limitation for vaccine studies

in this model is the insufficient knowledge about SARS-CoV-2-

induced pathology and the lack of appropriate immunological tools

to monitor immune responses (e.g. T-cell responses) after

vaccination and challenge.

Rats are generally susceptible to Mtb (132), and they have been

used to distinguish bacteriostatic or bactericidal properties of

investigational compounds (133). In the rat model, the decrease

of T-cell reactivity to ESAT-6 has been proposed as a correlate of

therapeutic efficacy (134) which principally sheds light on the

maintenance of high-level T effector cell populations. Various rat

models, including American cotton rats, Lewis rats, Wistar rats, and

Sprague-Dawley rats, develop granulomatous lesions which do not

liquefy (132, 135, 136), and thus human TB pathology is not

fully mirrored.

Rats have proven valuable for TB diagnostic purposes,

particularly in poor resource settings: African giant pouch rats

have been trained to detect Mtb in sputum samples (137).

Mycobacterial volatile organic compounds are detected by rats

which recognize Mtb across different genotypes and discriminate

it from related bacteria, including M. avium subsp. hominissuis or

M. intracellulare (137). Although in this case the animal model does

not immediately contribute to the understanding of TB

pathophysiology, the approach has drawn attention to an entirely

unexplored universe of small volatile bacterial compounds, and has

brought forth a diagnostic method to detect TB in high burden

regions with limited access to molecular diagnostics. Thus, the rat

model could be useful to develop electronic nose devices for

TB detection.
2.3 The guinea pig model for TB

Guinea pigs are resistant to SARS-CoV-2 (138), but are highly

susceptible to TB. In his pioneering experiments Robert Koch used

guinea pigs and rabbits to prove that a pure Mtb culture causes the

disease (13). In the 1950s their susceptibility to TB prompted

scientists to use guinea pigs as living air samplers to demonstrate

aerial dissemination of mycobacteria (139). They not only take up

mycobacteria by inhalation, but also expectorate them like humans

and thus are amenable to transmission studies. Recently, guinea

pigs have been used to reveal sulfolipid-1 as the activating factor for

nociceptive neurons to trigger cough (140). The course of infection

in guinea pigs varies with the Mtb strain and the initial dose, but

invariably animals succumb to Mtb infection. After logarithmic

growth in the lungs, Mtb loads remain stable over many weeks.

Ultimately, the bacteria re-enter a logarithmic growth phase and

this regularly coincides with the humane end point (141). Besides

aerosol exposure also parenteral routes of infection are used. For

example, the intramuscular route and the degree of generalized
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systemic dissemination has been used to assess the virulence of

different Mtb isolates (142, 143). For batch potency testing of bovine

tuberculin it is laid down in the corresponding monography of the

European Pharmacopoeia that guinea pigs shall be sensitized by

deep intramuscular injection of live M. bovis before defined

amounts of the control and the test batch of the tuberculin are

intradermally injected (Eur Ph 01/2008:0536). In guinea pigs, initial

Mtb replication is confined to the site of entry, yet bacteria

disseminate via lymphatic flow presumably by dendritic cells

reaching the draining lymph node (144). Secondary to

lymphadenitis, which is often a manifestation of TB in children

and consistently developed in guinea pigs (144), there is systemic

generalization and hematogenous spread to other organs.

Ultimately, hematogenous reseeding of the lungs may occur

which leads to progressive infection and tissue destruction. At

these different tissue levels granulomatous infiltrates occur that

develop to large, caseous, necrotizing granulomas in unsensitized

animals (144). However, it is important to note that granulomas in

guinea pigs barely show liquefaction and cavitation (145, 146). Such

lesions are the hallmark of post-primary TB and, upon infection,

can prominently be observed in pre-sensitized rabbits (see 2.4). In

guinea pigs, granulomas rather reproduce primary lesions in

humans. Accordingly, guinea pigs are not a suitable model to

study mycobacterial latency (145). The vast, necrotizing lesions

develop in the absence of preformed T-cell immunity and are

probably due to early recruitment and decay of granulocytes

(147). In the presence of antigen-specific T-cells, guinea pigs

show fewer granulomas that are better structured and contain

significantly smaller necrotic areas. This correlates with reduced

bacterial burden (141). Hence, guinea pigs have been widely used to

stringently test new vaccine candidates against TB (148–153). The

observed protective effect can be achieved by immunizing guinea

pigs with protein antigens, but also with mycobacterial lipids (154).

In this context, it is of note that guinea pigs express a functional

CD1-type1-system. This is another hallmark that distinguishes

them from murine rodents and resembles humans (155–157).

CD1 molecules are characterized by a deep, hydrophobic antigen

binding groove which enables accommodation and presentation of

long-chained lipids to T-cells. In contrast to CD1d-restricted NKT

cells, the lymphocytes that recognize their antigen in the context of

CD1-type-1-molecules bear a variable ab-T TCR and truly belong

to the adaptive immune system. They can be primed and develop an

immunological memory (158). Because mycobacteria express a rich

repertoire of glycolipids, lipoglycans and lipopeptides, which all

represent or harbor potential CD1-ligands (159), the CD1-T-cell

axis has always been of interest to TB vaccinologists. Due to their

susceptibility to Mtb and the natural expression of CD1, guinea pigs

are particularly well-suited to study the contribution of lipid-

reactive T-cells to defense against Mtb (160). Accordingly, efforts

have been undertaken to study the protective role of lipid-reactive

T-cells (154, 160), but additional animal studies are required to

better understand the complex interaction between mycobacterial

lipids and the host’s adaptive immunity (161). Guinea pigs are also

suitable for evaluation of diagnostic skin tests and thus are an

essential animal model for assessing delayed-type hypersensitivity

to mycobacterial cognates (141, 162). They are in addition an
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indispensable model for testing antimycobacterial compounds

(163–165).

A drawback of the guinea pig model remains the scarcity of

immunological tools and the lack of genetically modified strains.

However, a number of guinea pig-specific, monoclonal antibodies

have become available in recent years (166, 167). In addition,

molecular screening techniques including gene arrays, qRT-PCR

and classical immunological stimulation assays, have been developed

to study guinea pig immune responses in more detail (168–170).
2.4 The rabbit model for TB

Rabbits can be infected with high doses of the ancestrally

derived SARS-CoV-2, but are not suitable as model animals for

COVID-19 because of their low susceptibility (171). On the other

hand, they allow studying clinical features of TB since rabbits are

relatively resistant to Mtb compared to M. bovis (172). Infection

with Mtb strains can lead to a latent course of disease that can be

reactivated by immunosuppressive drugs (173). Using this model, it

has been shown that rapid innate immunity involving in particular

an early activation of NK cells is essential for an early control of

exponential bacterial growth. It has also been shown that T-cell

activation is dampened once bacterial growth is controlled, leading

to spontaneous latency (174). By contrast, infection with M. bovis

results in extended lung tissue destruction ultimately leading to

cavity formation (175). The rabbit model is amenable to closely

reproduce post-primary TB. Animals develop cavities similar to

lesions in humans, in a process that involves congestion of

bronchioles, massive multiplication of mycobacteria and

extensive, allergic necrotizing tissue destruction and depends on

Mtb strains, previous sensitization, and host genotype (176).

Sensitization of rabbits by multiple injections of heat-killed M.

bovis in incomplete Freund’s adjuvant and subsequently instillation

of viable Mtb by bronchoscopy directly into the lung triggers

cavitation (177). This approach has led to a better understanding

of the role of matrix-metallo-proteases in TB cavity formation.

Ability to induce cavitation depends also on Mtb strains, with

hypervirulent W-Beijing Mtb causing cavities, while less virulent

strains including CDC1551 rather trigger LTBI (173, 178). The

outcome of Mtb exposure can be studied in rabbits and has unveiled

that early innate inflammatory responses, inoculum size and

bacillary aggregation facilitate progressive TB and development of

pathology rather than establishment of LTBI (178, 179). Zonation

of pro- and anti-inflammatory regions within granulomas,

primarily due to variable abundancies of distinct eicosanoid

species, are similar in rabbits and humans (180). TB pathology in

rabbits, and specifically occurrence of cavities, reproduce this stage

of the disease that is most critical for successful antibiotic treatment

(181). Currently, the rabbit model has become instrumental to

study the biodistr ibution of new and of well-known

antimycobacterial compounds, such as rifampicin (182) and

pyrazinamide (183). As for guinea pigs, lack of immunological

reagents limits vaccinology studies in rabbits. The model has also

limitations with regard to the clinical manifestation of TB.

Moreover, genetic editing of rabbits is in its infancy and the high
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costs compared to rodent models restrict usage of the rabbit model

to specific scientific questions.
2.5 Hamster models for COVID-19

Hamsters, including the golden Syrian hamster (Mesocricetus

auratus), are susceptible to TB, but have not been extensively used

for the study of this disease (184). They are naturally highly

susceptible to SARS-CoV-2 infection (185–187). Experimental

intranasal inoculation with SARS-CoV-2 results in a transient,

self-limiting, epitheliotropic infection of the lungs with almost

complete elimination of the virus within two weeks. Certain

dwarf hamsters (e.g. the Roborovski dwarf hamster) are even

more susceptible and usually die or have to be euthanized after

SARS-CoV-2 challenge (187). In the Syrian hamster, SARS-CoV-2

infection is restricted to sites containing both ACE2 receptor

protein and TMPRSS2 protease (188). Interestingly, the infectious

dose 50 for Syrian hamsters is defined to be only five infectious

particles, making the hamster a sensitive model for SARS-CoV-2

infectivity assessment (189). In this model, host factors have been

investigated and variable influence of age on disease severity has

been reported (189, 190). Syrian hamsters are also suitable to

explore sex differences in the pathogenesis of SARS-CoV-2 and

vaccine-induced immunity and protection (191, 192). Transmission

to direct contact hamsters as well as airborne-based transmission

occurs in this animal model [i.a (193, 194)]. Furthermore, the

concept of super-spreading has been modelled in the Syrian

hamster model (194, 195). These findings strengthen the superior

value of the hamster model over other SARS-CoV-2 models for

virology and disease pathogenesis studies. Besides utility in

deciphering acute host responses to SARS-CoV-2, the Syrian

hamster offers an alternative for modeling of long COVID-19.

Despite the lack of detectable infectious virus hamsters exhibit

altered long term systemic responses (196).

Although immunological tools are limited, SARS-CoV-2–

specific T- and B-cells have been evaluated in a longitudinal study

in infected and recovered hamsters (197). Adoptive T-cell transfer

reduces virus loads and facilitates rapid induction of SARS-CoV-2–

specific B-cells, demonstrating that both lymphocyte populations

mutually contribute to protection in hamsters. Studies applying

single-cell RNA and protein profiling have substantiated the utility

of the hamster model for deciphering immune events in moderate

COVID-19. Similar to human COVID-19 patients, early

proinflammatory responses from lung-residing monocyte-derived

macrophages have been detected in SARS-CoV-2 infected hamsters

(198). The animals develop inflammatory profiles akin to the

cytokine storm observed in humans (196). In situ accumulation

of cytotoxic T-cells and release of IgM antibodies occur prior to

viral elimination (198). Golden Syrian hamsters reproduce also the

vasculopathy observed in human patients, including involvement of

neutrophil extracellular traps (NETs) (199) which is observed in

severe human cases (200). The hamster has been, and continues to

be, instrumental for both COVID-19 vaccinology and therapy. Its

translation value seems to exceed that of mice (15). More recently

the hamster has provided mechanistic insights into the Th-2 basis of
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vaccine-associated enhanced respiratory disease (201) and

emphasized the value of tissue-resident memory T-cells (202) in

protection against SARS-CoV-2 conferred by distinct live-vaccines.

Overall, the hamster is one of the most significant animal

models for the study of SARS-CoV-2 pathogenesis and for

vaccine development. In addition to usage of modern single-cell

technologies, immunological tools are increasingly being developed

for this species with the prospect of advancing hamster studies in

the future.
3 Large animal models

Livestock species and non-human primates (NHP) are natural

hosts for MTBC, with the latter ones being also prone to SARS-

CoV-2 infection. Similarities to humans with respect to the

anatomy of the respiratory tract and the structure of the lung, for

instance lung lobulation, as well as commonalities in organization

and functionality of the immune system are notable. The

evolutionary relationship with humans confers large animal

models additional assets and unique model values.
3.1 Non-human primate models

NHP have been essential for elucidating SARS-CoV-2 and TB

disease pathogenesis as well as for vaccine studies. Three different

NHP, Rhesus Macaques (RM), Cynomolgus Macaques (CM) and

African Green Monkeys (AGM) have been primarily used for both

pathogens with the rational that they are genetically and

immunologically closely related to humans.

3.1.1 Non-human primates in TB
In the 1960s and 1970s RM were used for the first time in TB

research for vaccine and drug efficacy testing. For two decades RM

and CM have offered substantial novel insights into pathology,

immunology, vaccine and therapies for TB. Nowadays the NHP

model is considered the most relevant for translational human TB

research (203).

Depending on the dose (101-105 CFU), Mtb strain (e.g. Erdman,

H37Rv, CDC1551), and route of infection (intravenous,

intratracheal or aerosol) RM and CM reflect the full TB spectrum

(acute, LTBI and re-activation of LTBI) including all stages of

human-like granuloma (204). NHP and human mature, adaptive

granulomas, are structured into necrotic cores surrounded by layers

of macrophages and lymphocyte zones (205), including

immunocompromised microenvironments (68). Akin human

lesions (206), NHP granulomas contain tertiary lymphoid

structures with key roles in anti-mycobacterial immunity (207).

Progression to active TB can be monitored in NHP by longitudinal

MRI or PET-CT scans which correlate with bacterial burden and

inflammation (208). Such clinical measurements revealed that even

under non-clinical disease (e.g. LTBI) NHP lungs contain active,

necrotic lesions and sterilized healing lesions at the same time (209),
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an observation which has been confirmed with similar methods in

humans (210). RM are more susceptible to Mtb infection than CM,

with RM showing increased pathology and progression to disease

compared to CM (211). Evidence for variable baseline of anti- and

pro-inflammatory status of the myeloid compartment resulting in

increased anti-inflammatory responses in RM after Mtb infection

compared to CM pro-inflammatory responses has been provided

(212) and likely additional factors underlying diverging

susceptibility exist.

Since the whole spectrum of human TB can be observed in NHP

models, correlates of protection or susceptibility have been singled

out by comparing progressor versus non-progressor animals and by

comparing individual progressing versus sterile granulomas from

the same animal (213). Treatment of NHP with an antibody against

TNF-a leads to increased disease progression in line with

observations in humans (214, 215). Similarly, co-infection of

NHP with Mtb and Simian immunodeficiency virus (SIV) leads

to active disease with pathological features comparable to HIV-1 co-

infection in humans (216, 217). Consistent with human TB and

many mammalian models, CD4+ T-cells play an essential role in

protecting NHP against development of active TB (218, 219).

Single-cell transcriptomic signatures of different granulomas from

the same individual lung sample revealed that healing or sterile

granuloma were associated with IFN-g/IL17 producing Th1 CD4+

T-cells (213). However, T-cells alone do not seem to be sufficient to

control Mtb infection in NHP and humans. Tertiary lymphoid

structures (e.g. inducible Bronchus-Associated Lymphoid Tissues

(iBALT) or granuloma-associated lymphoid tissue (GrALT)) are

significantly associated with non-progressors for active TB (220). A

recent study of these GrALT structures has revealed that Mtb-

specific B-cells induce T follicular helper cells (Tfh cells) to promote

such protection, while depletion of B-cells or impairment of Tfh

cells would lead to reduction of GrALT and bacterial growth (207).

These findings now require further investigations in human TB and

highlight the power of the NHP model to advance knowledge about

human TB.

Protection of NHP models against disease progression provided

by BCG depends on the route of vaccination, the NHP model, the

Mtb challenge strain and dose. Overall, intradermal BCG vaccination

of NHP provides variable protection against pulmonary TB which

might reflect BCG efficacy in humans (221–224). BCG appears to be

more efficient when delivered via aerosol in low dose (225, 226) or

when administered intravenously (224, 227). NHP have also been

used extensively to test safety and efficacy of preclinical and clinical

TB vaccine candidates (228). The vaccine candidate M72/AS01E,

which showed 54% efficacy in a human clinical phase 2 trial (229) also

showed efficacy in the CM model (230).

Thus, the NHP model greatly contributes to the understanding

of TB pathology, correlates of protection and vaccine efficacy. NHP

recapitulate active, latent TB, and TB reactivation, and are amenable

to longitudinal studies with serial sampling, including imaging, as

well as study of TB comorbidities. Limitations of this model are the

high housing costs, ethical concerns and shortage of RM and CM

for experimental studies. In addition, the variability in route of
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infection, inoculum, Mtb strain and NHP model lead to

heterogenous outcomes, making it challenging to select the most

appropriate experimental setup for translational studies.

3.1.2 Non-human primates in COVID-19
The ACE2 receptor for SARS-CoV-2 in NHP is identical to

hACE2 (231), which is an advantage over other mammalian

models. Pathogenesis, vaccine and therapeutic studies have been

primarily performed in RM (232), CM (233) and AGM (234)

almost simultaneously and immediately after the start of the

pandemic. In general, experimental infection resembles mild and/

or moderate COVID-19 in humans. It reflects a mild to moderate

disease course (235) including lung pathology, viral replication in

the upper respiratory tract, vascular involvement including

thrombosis (232) and more severe clinical symptoms in aged

NHP (236). A direct comparison of RM and CM after SARS-

CoV-2 challenge has demonstrated that both models are

comparable in the clinical course of infection, viral replication, as

well as humoral and cellular immune response (237).

The moderate clinical course in the NHP model allows

investigations regarding the correlates of protection. The acute

phase and viral replication peak at around 2-4 days post infection

and virus genomic RNA and clinical signs decline rapidly

afterwards (238). The dynamics of the viral burden are mirrored

by influx of neutrophils, dendritic cells and monocyte/macrophage

populations into the lung which peak around day 3 and resolve one

week later (239). The inflammatory response in the lung of NHP

seems dominated by infiltrated monocyte-derived macrophages

and is required for clearance of infected pneumocytes and

inflammation afterwards (240). This indicates that in NHP the

innate immune system likely contributes to the control of virus

replication and resolution of inflammation. In line with this, the

decline of virus replication and inflammation was associated with

IFN-I activated myeloid cells before the induction of adaptive

immunity (241). The established immunity protects RM against

re-infection, which is similar to observations in humans (242).

However, in this case it is most likely mediated by humoral and

cellular responses in the upper respiratory tract (243, 244).

NHP have been extensively used as a preclinical model for all

currently licensed vaccines against COVID-19 (245). In this context

NHP proved to be relevant to investigate correlates of protection and

mechanisms of action of COVID-19 vaccines. Systemic neutralizing

antibody titers have been found to provide protection induced by the

mRNA-1273 vaccine in non-human primates and humans (246,

247). In case of declining antibody titers over time SARS-CoV-2-

specific CD8+ T-cell responses provide additional protective

immunity and T-cell responses correlate with protection (level of

SARS-CoV-2 sgRNA) in RM vaccinated with mRNA-1273 (246). In

summary, NHP serve as an excellent model for moderate human

COVID-19 cases as well as for investigations of correlates of

protection and vaccine efficacy. However, cost restraints and ethical

concerns along with a shortage of RM for experimental studies (248)

require complementation by other models for studying COVID-19

pathology and for vaccine development.
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3.2 Livestock models for TB

Large livestock species have been tested for their susceptibility for

COVID-19. However, SARS-CoV-2 does not establish productive

infection, nor does it disseminate in farm species such as cattle, goats

and pigs (249). In contrast, livestock species are natural hosts and are

therefore used as models for human TB. While Mtb is a human-

adapted strain, other members of this family such as M. orygis, M.

caprae and M. bovis are zoonotic pathogens. The main reservoir for

these MTBCmembers are livestock species, including cattle, goats and

pigs (250–252). However, these bacteria can infect humans and cause

undistinguishable pathology compared to Mtb-driven disease, yet

more often extra-pulmonary disease (253, 254). Of note, Mtb can

infect livestock, for instance cattle, but usually does not induce a

comparable pathology. Especially under experimental conditions

cattle, goats and pigs can eradicate Mtb (255–257). Therefore,

livestock species may serve as a model for human TB to investigate

pathology (e.g. M. bovis) and correlates of protection (Mtb).

Natural MTBC infections in cattle, goats and pigs cause

granulomas of all stages as described in humans, including necrotic

lesions containing extracellularmycobacteria (256, 258, 259), andwell-

contained fibrotic encapsulated granulomas (260). M. bovis-induced

granulomas in cattle are characterized by a strong expansion of IFN-g-
producing CD4+ T-cells and M. bovis-specific B lymphocytes (261,

262). Like in humans, M. bovis-induced activation of CD8+ T cells

seems low compared to CD4+T cells, but their presencemight support

Th1 response (263). The lesions developed in minipigs encompass

caseous, fibrotic to calcified granulomas within the lungs and lymph

nodes. Granulomas progress to encapsulation in pigs. This fibrous cuff

develops in close proximity to the fibrotic capsule which anatomically

limits the lung lobules and seems to contribute to the containment of

infection (260). Thus, the lobular partitioning of the lung which is seen

in livestock and in NHP, but not in rodents, may significantly restrict

bacillary dissemination. Of note, in pigs, bacilli can be transmitted

from infected to naïve animals, possibly due to development of cavities

(264). Tissue features and pathogen transmissibility underscore the

value of pigs for transmission studies (265).

In all species, macrophages and their precursors (e.g.

monocytes) are the main intracellular niche for M. bovis or Mtb

(266). Bovine monocytes show functional and developmental

similarities to monocyte subsets in humans (267). In line with

monocyte analogies in man and cattle, bovine monocyte-derived

macrophages are a niche for intracellular growth of M. bovis,

respond with a pro-inflammatory response and contribute to

early granuloma formation (268, 269). Likewise, neutrophils have

been found in humans, mice, and cattle to be recruited early during

infection with MTBC bacteria (270). Some anti-mycobacterial

defense mechanisms might be species-specific with bovine

myeloid cells being equipped with a high number of antimicrobial

peptides, variable granules and pattern recognition receptors

(PRRs) (271).

Experimental infection of cattle with M. bovis leads to an early

development of pulmonary lesions and development of necrotic

granulomas rich of bacteria, neutrophils and giant cells already 30
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days post challenge (272). However, progression to clinical disease

might take several years (273). Whether M. bovis becomes latent

during this time and can be reactivated like in humans is not well

understood (274). Strikingly, experimental infection of pigs, goats

and cattle with Mtb results in recovery of low bacterial numbers and

Mtb-associated lesions from infected animals (255–257). These

findings indicate that Mtb is attenuated in other species. In pigs,

using a high dose i.v. challenge model, induction of systemic IFN-y

responses was similar in M. bovis versus Mtb infected pigs

suggesting that the abundance of Th1 responses does not

correlate with disease outcome (257, 275). Strong Th1 responses

also have been observed in miniature pigs aerogenically challenged

with Mtb (260, 265). Systemic delivery of M. bovis results in early

onset of clinical disease in piglets and development of TB

granulomas in the wall of the meningeal vessels (275).

Occurrence of brain pathology makes piglets appealing for

modeling childhood meningeal TB, a disease form which is

difficult to model in other experimental animals. The bovine

immune system may tolerate low abundant Mtb or develop

distinct T-cell responses against Mtb to restrict its replication. For

example, T-cell responses against the Mtb/M. bovis antigen

Rv3879c have been only detected in M. bovis-infected, but not in

Mtb-infected cattle. This supports the hypothesis that the T-cell

repertoire could differ and therefore also recognition and/or

activation of infected macrophages by CD4+ T-cells (255, 276).

Host tropism and lack of adaptation to ruminants likely confer to

Mtb a limited replication advantage, and presumably immune-

competent cattle and other mammalian species are dead-end hosts

eliminating the human-adapted Mtb. Resistance of cattle to Mtb

may also rely on differences in very early responses of lung cells to

Mtb versusM. bovis. Variability in activation of the cytosolic DNA-

sensing pathways (277) and subsequent IFN-I responses (278), as

well as regulation of cytokines or receptors for pathogens (279) have

been reported. In addition, Mtb and M. bovis seem to reside in

different compartments in bovine and human macrophages and

only M. bovis and M. bovis-derived MPB70 trigger multinucleation

of macrophages (269). However, roles of the multinucleated giant

cells in the resistance phenotype and in other species, such as pigs

and goats, remain to be demonstrated. The two MTBC members

could trigger distinct responses in other myeloid cells, too, or may

differently alter immune responses, cell networking or tissue

remodeling. In-depth characterization of protective immune

responses in cattle, goats, pigs as models for human TB could

unmask novel correlates of protection in natural hosts and inform

rational design of therapeutics in humans.

Vaccine efficacy testing in several studies with BCG in cattle was

similarly inconclusive to efficacy studies in humans. Like in humans,

BCG supports the induction of an IFN-y and CD4+ T-cell response,

however it does not seem to prevent granuloma formation and disease

progression in cows compared to calves (280), bearing similarities to

age-imprinted protection in humans. Recent studies in calves have

unveiled that BCG delivery via aerosol trained circulating monocytes,

yet left antimycobacterial responses of alveolar macrophages

unchanged (281). BCG-driven ex vivo training of cattle monocyte is

similar to human counterparts, however aerogenic immunization

seems inefficient at remodeling mucosal immune cells. In pigs, a
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study from 1932 suggested that BCG vaccination induces small

healing lesions, but only limited protection against infection with

Mtb (282). Recent data from this model have highlighted its value

specifically for understanding neonatal and juvenile responses to BCG.

Piglets receiving BCG show development of effector CD4+

lymphocytes and maintain frequencies of CD8+ T-cells constant

over time. However, higher abundancies of activated monocytes

persist after Mtb challenge (264). Whether the monocyte changes

are associated with trained innate immunity, as known in human

neonates, and have a critical role in protection remains to be

investigated. Likewise, there is limited experimental data using BCG

vaccinated goats. However, one report suggested that BCG has only a

limited protective efficacy after challenge with M. caprae (259). More

recent advanced goat models using video endoscopy for infection via

intrabronchial spray inoculation (283) have demonstrated the

relevance and suitability of goats for vaccine studies using BCG and

new clinical candidates (284, 285). Considering that BCG is the only

licensed vaccine against TB it still remains the gold standard when

testing new vaccine concepts. BCG vaccination in cattle, pigs and goats

might reflect outcome in humans, and therefore these are useful

models for novel preclinical vaccine concepts. However, further

studies in large livestock species are required.

Ruminants and pigs bring benefits for TB studies by offering

unique opportunities to investigate disease susceptibility and

resistance in natural hosts. Whereas experimentation in cattle is

difficult due to their size and the high expenses related to the

maintenance of infected animals for longer periods of time in high

containment laboratories, goats offer a viable alternative given their

smaller size, lower costs and easier maintenance. The immunology

toolbox for ruminants is still limited. Immunological reagents

available for pigs exceed those for ruminants. Moreover, pigs are

smaller, largely available and relatively easy to sample and handle.

Availability of outbred and inbred lines, as well as recent advances

in gene editing make them appealing for TB research. Apparent

limitations due to inversion of lymph nodes or immunological

peculiarities related to lymphocyte subsets are compensated by

similarities with regard to the organization of the immune system

in pigs and humans (286) and the extensive experience from other

medical fields, such as transplantation. Furthermore, pigs could be

exploited for neonatal immunology in the context of BCG

immunization and offer an experimental model for meningeal TB.
4 Perspectives

Animal models offer opportunities to investigate host responses in

great detail and under controlled conditions, considering the

interlinked reactivity of various organs over time. Describing

currently used animal models for TB and COVID-19 it becomes

obvious that there is no ideal model (Figure 1). Each model comes

with benefits and limitations and only their purpose-oriented

utilization or usage of multiple models can adequately clarify a

specific scientific question and advance interventions. Since both

infections affect the respiratory tissue, cross-fertilization from

established animal models for TB and COVID-19 appear natural.

Certainly, advances in investigational methodologies, for instance for
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analysis of immunity in Mtb-infected NHP, have been swiftly

translated from TB to COVID-19 (241). For other models, such as

mice, translation of models from TB to COVID-19 was limited due to

abortive viral infection in standard laboratory strains. Nonetheless, we

envisage that these models may contribute to the elucidation of

counter-regulation in TB and COVID-19 as it happens in co-

infection. Mtb may change the host landscape for SARS-CoV-2 and

vice-versa, and such cross-regulations are critical for the co-infected

human host. Regarding interventions, the extensive expertise of BCG

in pre-clinical research has paved the way for understanding whether

its heterologous effects contribute to protection against SARS-CoV-2.

Importantly, knowledge gain from coinfection studies or the value of

BCG-triggered trained immunity for an emerging viral disease,

notably COVID-19, may be valid for other pneumonias and could

serve for rapid action in case of a future pandemic episode.

Animal models have been employed to decipher effects of

SARS-CoV-2/Mtb coinfection, which is critical because both

pathogens persist in the human and wildlife populations. Natural

infections with each pathogen currently have been reported in

certain species, although coinfection has been evaluated solely for

humans (Table 2). Concerns about the severity of COVID-19 in the

LTBI population or the risk of TB reactivation subsequent to

infection with SARS-CoV-2 were raised shortly after COVID-19

emergence, and co-infection has been associated with higher

mortality rates (299–301). Studies analyzing human cohorts

report that subclinical and active TB may increase the risk of

severe COVID-19 due to circulating myeloid subpopulations

found in severe COVID-19 or impaired antiviral activity (12, 302,

303). Regarding effects of the viral pathogen on the control of

bacterial replication, SARS-CoV-2 leads to reduced frequencies of

Mtb-specific CD4+ T-cells which may facilitate TB progression

(304). Of note, dysregulation of IFN-I is observed in both infections

(305–307). The relevance of such cellular subsets and phenotypes as

well as of the immune pathways relevant for TB outcome has been

demonstrated in animal models (74, 308, 309). In line with clinical

presumptions, the murine hepatitis virus, which is a mouse-adapted

coronavirus, reactivates Mtb in a dormant mouse model using a

streptomycin-auxotrophic mutant bacterial strain (310). Co-

infection studies in mice addressing effects of TB on SARS-CoV-2
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infection outcome so far have led to inconclusive results. K18-

hACE2 mice chronically infected with Mtb limit SARS-CoV-2 loads

(311) or become resistant to SARS-CoV-2 infection, presumably

due to the strong Th1 milieu (312). These disparities may be due to

imperfect modeling of the co-infection in the mouse and also to the

spectra of disease for each infection. Thus, experimental co-

infection of natural hosts of both pathogens might be more

suitable for such investigations (Table 2). Since Mtb and SARS-

CoV-2 infect multiple species aside from their host of choice,

attempts to model them in other animal models or multiple

species could be helpful. Following this approach, epidemiological

observations from the human population could be explored to

define molecular determinants controlling inflammation and cell

death pathways which may co-regulate host-responses to both

pathogens (313). A priority should be the elaboration of solutions

for bottlenecks in mirroring diseases at various stages and certainly

this becomes complex in co-infection and co-morbidity scenarios

which are often associated with TB and COVID-19.

Modeling of potential unspecific benefits of BCG in surrogate

animals generally has produced consistent results. Whereas

systemic BCG protects mice from influenza A virus lethality

(314), it does not protect hamsters from SARS-CoV-2 and its

effects were inconsistent in K18-hACE2 transgenic mice (314,

315). The disparities in mice may stem from the usage of various

BCG strains and variable study protocols. Aerosol delivery of BCG

leaves the course of SARS-CoV-2 infection unchanged in RM (316).

These results are overall supportive of observations from a large

clinical trial: BCG (Denmark strain) did not reduce the risk of

COVID-19 (317). Thus, the power of employing multiple animal

models for devising interventions has been further substantiated in

the context of BCG immunization for heterologous protection and

represents a lesson learned from the COVID-19 pandemic.

For both TB and COVID-19 there are still knowledge gaps which

should be addressed using experimentation in animal models. Current

models do not fully allow to define determinants of TB latency, triggers

of disseminated disease, mechanisms underlying tolerance to disease

and molecular regulators of TB reactivation. Similarly, understanding

factors which drive the development of long COVID-19, as well as

multisystemic inflammatory syndrome in children (MIS-C), is a
TABLE 2 Currently known hosts with the potential of coinfection.

Species MTBC strain SARS-CoV-2 strain References

Humans and non-human
primates

M. bovis and Mtb Ancestral and all variants Hlavsa et al., 2008 (287)
Wu et al., 2020 (288)

Lerche et al., 2008 (289)
Qiu et al., 2023 (290)

White-tailed deer M. bovis Alpha, Delta, Omicron Vandergrift et al., 2022 (291) Marques
et al., 2022 (292)

Minks, ferrets M. bovis Ancestral Virtanen et al., 2022 (293)
Shi et al., 2020 (294)

Gupta et al., 2022 (295)
Oude Munnink et al., 2021 (296)

Felidae M. bovis Ancestral Giraldo-Ramirez et al., 2021 (297)
Miller et al., 2019 (298)
The animal species and families from which virulent mycobacteria belonging to theMycobacterium tuberculosis complex (MTBC) as well as SARS-CoV-2 have been isolated are included. Details
on the MTBC and virus strain and references reporting detection of the pathogen in respective animal species are provided.
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priority. In the context of disease resolution, both for TB and COVID-

19 reparatory processes as well as regulators of tissue sequelae remain

largely elusive. Furthermore, the cellular and molecular basis of TB

vaccine efficacy in young individuals, particularly neonates and infants

are still not understood. Addressing these topics requires fit-for-

purpose models and likely cross-species analysis. The multi-host

disease feature and lung localization in both infections, along with

the recent progress in single-cell technologies offer opportunities. The

scientific community has initiated parallel deep profiling in multiple

experimental models, and guidance for respiratory infections has

recently been provided (318). Such agnostic approaches can be

harnessed for the development of therapies and vaccines. Fit-for-

purpose examples of animal models are juvenile pigs for early life

conditions such as MIS-C and meningeal and miliary TB. Studies in

juvenile pigs could also model vaccination in human neonates. Pigs

already have provided robust results for disease pathogenesis, unveiling

subtissular localization of virus-specific CD8+ resident memory T-cells

(319) and interventions, for instance mode of action of monoclonal

antibodies (320) or various vaccine platforms (321), for flu. Pigs could

also be a model for acute coronavirus infection (322). For the study of

chronic COVID-19, engraftment of mice with human hematopoietic

and stem cells (323) offers an alternative as these animals show lung

pathology and fibrosis observed in severely ill patients.

Development of new animal models could clarify questions which

cannot be addressed using available models. Acknowledging

translatability issues from mice to humans, novel “wildlings” mice

which combine the natural microbiome with genetic tractability of

C57BL/6 mice emphasize the validity of this approach for

reproducibility and translatability of immunological findings in

biomedical studies (324). This model has not been applied yet in

infectious disease research, but given the universality of housingmice it

could be readily implemented. Studies of pathogen transmission are

key for TB and COVID-19, however reliable and accessible animal

models are scarce. The ferret is particularly suitable due to the anatomy

of larger intranasal structures (325). SARS-CoV-2 infection foci with

oligofocal pattern have been detected using a 3Dmicroscopy approach

in ferret conchae (326). Moreover, in characterizing SARS-CoV-2

variants of concern, it provides an additional model to investigate in

situ viral competition (327) showing that, for instance Omicron BA.1

was no longer able to replicate in the presence of evolving variants

(328). Recent studies have reported that ferrets successfully transmit

Mtb and develop TB pathology (295), thus extending the model value

offerrets also to a bacterial respiratory infection.Housing andhandling

ferrets in high-containment laboratories requires adequate training

and space, making experimentation feasible only at selected

institutions. Other examples of novel model animals, particularly

amenable to decipher disease tolerance, are bats. Bats harbor

multiple viruses without showing signs of disease, and experimental

challenge with SARS-CoV-2 has resulted in productive infection in the

absence of disease (325). Understanding the basis of the resilience in

bats could advance therapies, and high-end technologies have been

applied recently to unmask the immune landscape in bats at steady

state and during infection (329, 330). Access to bat colonies is restricted

to only few research facilities worldwide and the value of bats does not

rely in phenotyping a disease stage, but rather in recapitulating

resilience in disease-free individuals. Thus, novel animal models with
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peculiar features are available for respiratory infections and the

examples presented herein are not exhaustive. They could all

contribute to uncovering the pathophysiology of maladaptive

immune responses , including hyperinflammation and

immunosuppression, as well as of the extensive lung destruction and

dysfunction detected in TB and COVID-19.

In conclusion, for the understanding of infectious diseases as well

as for testing of vaccines or therapeutics, targeted and well-considered

use of animalmodels is still indispensable. Itmust be pointed out that it

is essential to follow the 3R concepts to reduce, replace and refine usage

of animals in experimental research. These ethical-driven approaches

represent the foundation of animal experimentation around the world,

and it is conceivable that in some cases newer systems, such as three-

dimensional cell culture or organoids, will continue to proof

themselves to be able to replace some of the animal testing. When

considering two unrelated pathogens, as in our example withMtb and

SARS-CoV-2, it is noticeable that similar questions arise, which are

then analyzed with the appropriate model in each case. Therefore, an

important step is the selection of animalmodels to be used according to

the available infrastructure, tools and scientific needs. However,

common issues such as paucity of immunological reagents in non-

murine models require solutions. Here, joint interdisciplinary

(bacteriology and virology) and intersectoral (human and veterinary

medicine) efforts are necessary to increment the value of non-

conventional animal models and address societal needs, and state-of-

the-art single cell technologies offer opportunities.
Author contributions

Conceived and designed the paper: BC andAD. Drafted the paper:

BC, MBa, DH, MBe, AD. Revised the paper for critically intellectual

content and review final manuscript: BC, MBa, DH, MBe, AD.
Acknowledgments

The authors thank Anette Beidler for excellent editorial

assistance and are grateful to the reviewers and editors for their

valuable suggestions and careful editing.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1223260
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Corleis et al. 10.3389/fimmu.2023.1223260
References
1. Cate TR, Couch RB. Live influenza A/Victoria/75 (H3N2) virus vaccines:
reactogenicity, immunogenicity, and protection against wild-type virus challenge.
Infect Immun (1982) 38(1):141–6. doi: 10.1128/iai.38.1.141-146.1982

2. Chulay JD, Schneider I, Cosgriff TM, Hoffman SL, Ballou WR, Quakyi IA, et al.
Malaria transmitted to humans by mosquitoes infected from cultured Plasmodium
falciparum. Am J Trop Med Hyg (1986) 35(1):66–8. doi: 10.4269/ajtmh.1986.35.66

3. Killingley B, Mann AJ, Kalinova M, Boyers A, Goonawardane N, Zhou J, et al.
Safety, tolerability and viral kinetics during SARS-CoV-2 human challenge in young
adults. Nat Med (2022) 28(5):1031–41. doi: 10.1038/s41591-022-01780-9

4. Minassian AM, Satti I, Poulton ID, Meyer J, Hill AV, McShane H. A human
challenge model for Mycobacterium tuberculosis using Mycobacterium bovis bacille
Calmette-Guerin. J Infect Dis (2012) 205(7):1035–42. doi: 10.1093/infdis/jis012

5. Davids M, Pooran A, Hermann C, Mottay L, Thompson F, Cardenas J, et al. A
human lung challenge model to evaluate the safety and immunogenicity of PPD and
live bacillus calmette-guerin. Am J Respir Crit Care Med (2020) 201(10):1277–91.
doi: 10.1164/rccm.201908-1580OC

6. Gimenes Lima G, Portilho AI, De Gaspari E. Animal models to test SARS-CoV-2
vaccines: which ones are in use and future expectations. Pathogens (2022) 12(1).
doi: 10.3390/pathogens12010020

7. Clever S, Volz A. Mouse models in COVID-19 research: analyzing the adaptive
immune response. Med Microbiol Immunol (2023) 212(2):165–83. doi: 10.1007/
s00430-022-00735-8

8. Team W. Global Tubercolosis Report 2022. Geneva: World Health Organization
(2022). p. 68.

9. Programme WHOGT. TB : a global emergency, WHO report on the TB epidemic.
Geneva: World Health Organization (1994).

10. Eurosurveillance Editorial Team. Note from the editors:World Health Organization
declares novel coronavirus (2019-nCoV) sixth public health emergency of international
concern. Euro Surveill (2020) 25(5):200131e. doi: 10.2807/1560-7917.ES.2020.25.5.200131e

11. Snouwaert JN, Jania LA, Nguyen T, Martinez DR, Schafer A, Catanzaro NJ, et al.
Human ACE2 expression, a major tropism determinant for SARS-CoV-2, is regulated
by upstream and intragenic elements. PLoS Pathog (2023) 19(2):e1011168. doi:
10.1371/journal.ppat.1011168

12. Sheerin D, Abhimanyu, Peton N, Vo W, Allison CC, Wang X, et al.
Immunopathogenic overlap between COVID-19 and tuberculosis identified from
transcriptomic meta-analysis and human macrophage infection. iScience (2022) 25
(6):104464. doi: 10.1016/j.isci.2022.104464

13. Koch R. The etiology of tuberculosis by Dr. Robert Koch. From the Berliner
Klinische Wochenschrift, Volume 19 (1882). Zentralbl Bakteriol Mikrobiol Hyg A Med
Mikrobiol Infekt Parasitol (1982) 251(3):287-96.

14. Cooper AM. Mouse model of tuberculosis. Cold Spring Harb Perspect Med
(2014) 5(2):a018556. doi: 10.1101/cshperspect.a018556

15. Munoz-Fontela C, Dowling WE, Funnell SGP, Gsell PS, Riveros-Balta AX,
Albrecht RA, et al. Animal models for COVID-19. Nature (2020) 586(7830):509–15.
doi: 10.1038/s41586-020-2787-6

16. Rydell-Tormanen K, Johnson JR. The applicability of mouse models to the study of
human disease. Methods Mol Biol (2019) 1940:3–22. doi: 10.1007/978-1-4939-9086-3_1

17. Bru A, Cardona PJ. Mathematical modeling of tuberculosis bacillary counts and
cellular populations in the organs of infected mice. PLoS One (2010) 5(9):e12985.
doi: 10.1371/journal.pone.0012985

18. Kramnik I, Demant P, Bloom BB. Susceptibility to tuberculosis as a complex
genetic trait: analysis using recombinant congenic strains of mice.Novartis Found Symp
(1998) 217:120–31. doi: 10.1002/0470846526.ch9

19. Orme IM. Aging and immunity to tuberculosis: increased susceptibility of old
mice reflects a decreased capacity to generate mediator T lymphocytes. J Immunol
(1987) 138(12):4414–8. doi: 10.4049/jimmunol.138.12.4414

20. Harrison DE, Astle CM, Niazi MKK, Major S, Beamer GL. Genetically diverse
mice are novel and valuable models of age-associated susceptibility to Mycobacterium
tuberculosis. Immun Ageing (2014) 11(1):24. doi: 10.1186/s12979-014-0024-6

21. North RJ, Jung YJ. Immunity to tuberculosis. Annu Rev Immunol (2004)
22:599–623. doi: 10.1146/annurev.immunol.22.012703.104635

22. North RJ. Mycobacterium tuberculosis is strikingly more virulent for mice when
given via the respiratory than via the intravenous route. J Infect Dis (1995) 172(6):1550–
3. doi: 10.1093/infdis/172.6.1550

23. Manca C, Tsenova L, Freeman S, Barczak AK, Tovey M, Murray PJ, et al.
Hypervirulent M. tuberculosis W/Beijing strains upregulate type I IFNs and increase
expression of negative regulators of the Jak-Stat pathway. J Interferon Cytokine Res
(2005) 25(11):694–701. doi: 10.1089/jir.2005.25.694

24. Donovan ML, Bielefeldt-Ohmann H, Rollo RF, McPherson SJ, Schultz TE, Mori G,
et al. Distinct contributions of the innate immune receptors TLR2 and RP105 to formation
and architecture of structured lung granulomas in mice infected with Mycobacterium
tuberculosis. Immunology (2023) 169(1):13–26. doi: 10.1111/imm.13606
Frontiers in Immunology 14
25. Zha BS, Desvignes L, Fergus TJ, Cornelius A, Cheng TY, Moody DB, et al.
Bacterial strain-dependent dissociation of cell recruitment and cell-to-cell spread in
early M. tuberculosis Infect mBio (2022) 13(3):e0133222. doi: 10.1128/mbio.01332-22

26. Lovey A, Verma S, Kaipilyawar V, Ribeiro-Rodrigues R, Husain S, Palaci M,
et al. Early alveolar macrophage response and IL-1R-dependent T cell priming
determine transmissibility of Mycobacterium tuberculosis strains. Nat Commun
(2022) 13(1):884. doi: 10.1038/s41467-022-28506-2

27. Sousa J, Ca B, Maceiras AR, Simoes-Costa L, Fonseca KL, Fernandes AI, et al.
Mycobacterium tuberculosis associated with severe tuberculosis evades cytosolic
surveillance systems and modulates IL-1beta production. Nat Commun (2020) 11
(1):1949. doi: 10.1038/s41467-020-15832-6

28. Beisiegel M, Kursar M, Koch M, Loddenkemper C, Kuhlmann S, Zedler U, et al.
Combination of host susceptibility and virulence of Mycobacterium tuberculosis
determines dual role of nitric oxide in the protection and control of inflammation. J
Infect Dis (2009) 199(8):1222–32. doi: 10.1086/597421

29. Pym AS, Brodin P, Brosch R, Huerre M, Cole ST. Loss of RD1 contributed to the
attenuation of the live tuberculosis vaccines Mycobacterium bovis BCG and
Mycobacterium microti. Mol Microbiol (2002) 46(3):709–17. doi: 10.1046/j.1365-
2958.2002.03237.x

30. BrodinP,Majlessi L,Marsollier L, de JongeMI,BottaiD,DemangelC, et al.Dissection
of ESAT-6 system 1 of Mycobacterium tuberculosis and impact on immunogenicity and
virulence. Infect Immun (2006) 74(1):88–98. doi: 10.1128/IAI.74.1.88-98.2006

31. Simeone R, Sayes F, Song O, Groschel MI, Brodin P, Brosch R, et al. Cytosolic
access of Mycobacterium tuberculosis: critical impact of phagosomal acidification
control and demonstration of occurrence in vivo. PLoS Pathog (2015) 11(2):e1004650.
doi: 10.1371/journal.ppat.1004650

32. Gilbertson SE, Walter HC, Gardner K, Wren SN, Vahedi G, Weinmann AS.
Topologically associating domains are disrupted by evolutionary genome
rearrangements forming species-specific enhancer connections in mice and humans.
Cell Rep (2022) 39(5):110769. doi: 10.1016/j.celrep.2022.110769

33. Smith CM, Proulx MK, Lai R, Kiritsy MC, Bell TA, Hock P, et al. Functionally
overlapping variants control tuberculosis susceptibility in collaborative cross mice.
mBio (2019) 10(6). doi: 10.1128/mBio.02791-19

34. Smith CM, Proulx MK, Olive AJ, Laddy D, Mishra BB, Moss C, et al.
Tuberculosis susceptibility and vaccine protection are independently controlled by
host genotype. mBio (2016) 7(5). doi: 10.1128/mBio.01516-16

35. Kurtz SL, Rossi AP, Beamer GL, Gatti DM, Kramnik I, Elkins KL. The diversity
outbred mouse population is an improved animal model of vaccination against
tuberculosis that reflects heterogeneity of protection. mSphere (2020) 5(2).
doi: 10.1128/mSphere.00097-20

36. Niazi MK, Dhulekar N, Schmidt D, Major S, Cooper R, Abeijon C, et al. Lung
necrosis and neutrophils reflect common pathways of susceptibility to Mycobacterium
tuberculosis in genetically diverse, immune-competent mice. Dis Model Mech (2015) 8
(9):1141–53. doi: 10.1242/dmm.020867

37. Gopal R, Monin L, Torres D, Slight S, Mehra S, McKenna KC, et al. S100A8/A9
proteins mediate neutrophilic inflammation and lung pathology during tuberculosis.
Am J Respir Crit Care Med (2013) 188(9):1137–46. doi: 10.1164/rccm.201304-0803OC

38. KoyuncuD, Niazi MKK, Tavolara T, Abeijon C, GineseML, Liao Y, et al. CXCL1:
A new diagnostic biomarker for human tuberculosis discovered using Diversity Outbred
mice. PLoS Pathog (2021) 17(8):e1009773. doi: 10.1371/journal.ppat.1009773

39. Arrey F, Lowe D, Kuhlmann S, Kaiser P, Moura-Alves P, Krishnamoorthy G,
et al. Humanized mouse model mimicking pathology of human tuberculosis for in vivo
evaluation of drug regimens. Front Immunol (2019) 10:89. doi: 10.3389/
fimmu.2019.00089

40. Grover A, Troy A, Rowe J, Troudt JM, Creissen E, McLean J, et al. Humanized
NOG mice as a model for tuberculosis vaccine-induced immunity: a comparative
analysis with the mouse and Guinea pig models of tuberculosis. Immunology (2017)
152(1):150–62. doi: 10.1111/imm.12756

41. Hunter R, Actor J. The pathogenesis of post-primary tuberculosis. A game
changer for vaccine development. Tuberculosis (Edinb) (2019) 116S:S114–S7. doi:
10.1016/j.tube.2019.04.018

42. Leemans JC, Juffermans NP, Florquin S, van Rooijen N, Vervoordeldonk MJ,
Verbon A, et al. Depletion of alveolar macrophages exerts protective effects in pulmonary
tuberculosis in mice. J Immunol (2001) 166(7):4604–11. doi: 10.4049/jimmunol.166.7.4604

43. Huang L, Nazarova EV, Tan S, Liu Y, Russell DG. Growth of Mycobacterium
tuberculosis in vivo segregates with host macrophage metabolism and ontogeny. J Exp
Med (2018) 215(4):1135–52. doi: 10.1084/jem.20172020

44. Rothchild AC, Olson GS, Nemeth J, Amon LM, Mai D, Gold ES, et al. Alveolar
macrophages generate a noncanonical NRF2-driven transcriptional response to
Mycobacterium tuberculosis in vivo. Sci Immunol (2019) 4(37). doi: 10.1126/
sciimmunol.aaw6693

45. Cohen SB, Gern BH, Delahaye JL, Adams KN, Plumlee CR, Winkler JK, et al.
Alveolar macrophages provide an early Mycobacterium tuberculosis niche and initiate
frontiersin.org

https://doi.org/10.1128/iai.38.1.141-146.1982
https://doi.org/10.4269/ajtmh.1986.35.66
https://doi.org/10.1038/s41591-022-01780-9
https://doi.org/10.1093/infdis/jis012
https://doi.org/10.1164/rccm.201908-1580OC
https://doi.org/10.3390/pathogens12010020
https://doi.org/10.1007/s00430-022-00735-8
https://doi.org/10.1007/s00430-022-00735-8
https://doi.org/10.2807/1560-7917.ES.2020.25.5.200131e

https://doi.org/10.1371/journal.ppat.1011168
https://doi.org/10.1016/j.isci.2022.104464
https://doi.org/10.1101/cshperspect.a018556
https://doi.org/10.1038/s41586-020-2787-6
https://doi.org/10.1007/978-1-4939-9086-3_1
https://doi.org/10.1371/journal.pone.0012985
https://doi.org/10.1002/0470846526.ch9
https://doi.org/10.4049/jimmunol.138.12.4414
https://doi.org/10.1186/s12979-014-0024-6
https://doi.org/10.1146/annurev.immunol.22.012703.104635
https://doi.org/10.1093/infdis/172.6.1550
https://doi.org/10.1089/jir.2005.25.694
https://doi.org/10.1111/imm.13606
https://doi.org/10.1128/mbio.01332-22
https://doi.org/10.1038/s41467-022-28506-2
https://doi.org/10.1038/s41467-020-15832-6
https://doi.org/10.1086/597421
https://doi.org/10.1046/j.1365-2958.2002.03237.x
https://doi.org/10.1046/j.1365-2958.2002.03237.x
https://doi.org/10.1128/IAI.74.1.88-98.2006
https://doi.org/10.1371/journal.ppat.1004650
https://doi.org/10.1016/j.celrep.2022.110769
https://doi.org/10.1128/mBio.02791-19
https://doi.org/10.1128/mBio.01516-16
https://doi.org/10.1128/mSphere.00097-20
https://doi.org/10.1242/dmm.020867
https://doi.org/10.1164/rccm.201304-0803OC
https://doi.org/10.1371/journal.ppat.1009773
https://doi.org/10.3389/fimmu.2019.00089
https://doi.org/10.3389/fimmu.2019.00089
https://doi.org/10.1111/imm.12756
https://doi.org/10.1016/j.tube.2019.04.018
https://doi.org/10.4049/jimmunol.166.7.4604
https://doi.org/10.1084/jem.20172020
https://doi.org/10.1126/sciimmunol.aaw6693
https://doi.org/10.1126/sciimmunol.aaw6693
https://doi.org/10.3389/fimmu.2023.1223260
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Corleis et al. 10.3389/fimmu.2023.1223260
dissemination. Cell Host Microbe (2018) 24(3):439–46 e4. doi: 10.1016/
j.chom.2018.08.001

46. Zheng W, Chang IC, Limberis J, Budzik JM, Zha BS, Howard Z, et al.
Mycobacterium tuberculosis resides in lysosome-poor monocyte-derived lung cells
during persistent infection. bioRxiv (2023). doi: 10.21203/rs.3.rs-3049913/v1

47. Lee J, Boyce S, Powers J, Baer C, Sassetti CM, Behar SM. CD11cHi monocyte-
derived macrophages are a major cellular compartment infected by Mycobacterium
tuberculosis. PLoS Pathog (2020) 16(6):e1008621. doi: 10.1371/journal.ppat.1008621

48. Blomgran R, Ernst JD. Lung neutrophils facilitate activation of naive antigen-
specific CD4+ T cells during Mycobacterium tuberculosis infection. J Immunol (2011)
186(12):7110–9. doi: 10.4049/jimmunol.1100001

49. Repasy T, Lee J, Marino S, Martinez N, Kirschner DE, Hendricks G, et al.
Intracellular bacillary burden reflects a burst size for Mycobacterium tuberculosis in
vivo. PLoS Pathog (2013) 9(2):e1003190. doi: 10.1371/journal.ppat.1003190

50. Wolf AJ, Desvignes L, Linas B, Banaiee N, Tamura T, Takatsu K, et al. Initiation
of the adaptive immune response to Mycobacterium tuberculosis depends on antigen
production in the local lymph node, not the lungs. J Exp Med (2008) 205(1):105–15.
doi: 10.1084/jem.20071367

51. Gallegos AM, Pamer EG, Glickman MS. Delayed protection by ESAT-6-specific
effector CD4+ T cells after airborne M. tuberculosis infect J Exp Med (2008) 205
(10):2359–68. doi: 10.1084/jem.20080353

52. Sakai S, Kauffman KD, Schenkel JM, McBerry CC, Mayer-Barber KD, Masopust
D, et al. Cutting edge: control of Mycobacterium tuberculosis infection by a subset of
lung parenchyma-homing CD4 T cells. J Immunol (2014) 192(7):2965–9. doi: 10.4049/
jimmunol.1400019

53. Scanga CA, Mohan VP, Yu K, Joseph H, Tanaka K, Chan J, et al. Depletion of
CD4(+) T cells causes reactivation of murine persistent tuberculosis despite continued
expression of interferon gamma and nitric oxide synthase 2. J Exp Med (2000) 192
(3):347–58. doi: 10.1084/jem.192.3.347

54. Lu YJ, Barreira-Silva P, Boyce S, Powers J, Cavallo K, Behar SM. CD4 T cell help
prevents CD8 T cell exhaustion and promotes control of Mycobacterium tuberculosis
infection. Cell Rep (2021) 36(11):109696. doi: 10.1016/j.celrep.2021.109696

55. Reiley WW, Calayag MD, Wittmer ST, Huntington JL, Pearl JE, Fountain JJ,
et al. ESAT-6-specific CD4 T cell responses to aerosol Mycobacterium tuberculosis
infection are initiated in the mediastinal lymph nodes. Proc Natl Acad Sci USA (2008)
105(31):10961–6. doi: 10.1073/pnas.0801496105

56. Plumlee CR, Duffy FJ, Gern BH, Delahaye JL, Cohen SB, Stoltzfus CR, et al.
Ultra-low dose aerosol infection of mice with Mycobacterium tuberculosis more closely
models human tuberculosis. Cell Host Microbe (2021) 29(1):68–82 e5. doi: 10.1016/
j.chom.2020.10.003

57. Plumlee CR, Barrett HW, Shao DE, Lien KA, Cross LM, Cohen SB, et al.
Assessing vaccine-mediated protection in an ultra-low dose Mycobacterium
tuberculosis murine model. bioRxiv (2023). doi: 10.1101/2023.03.22.533820

58. Choreno-Parra JA, Bobba S, Rangel-Moreno J, AhmedM,Mehra S, Rosa B, et al.
Mycobacterium tuberculosis HN878 infection induces human-like B-cell follicles in
mice. J Infect Dis (2020) 221(10):1636–46. doi: 10.1093/infdis/jiz663

59. Kupz A, Zedler U, Staber M, Kaufmann SH. A mouse model of latent
tuberculosis infection to study intervention strategies to prevent reactivation. PLoS
One (2016) 11(7):e0158849. doi: 10.1371/journal.pone.0158849

60. Nemeth J, Olson GS, Rothchild AC, Jahn AN, Mai D, Duffy FJ, et al. Contained
Mycobacterium tuberculosis infection induces concomitant and heterologous
protection. PLoS Pathog (2020) 16(7):e1008655. doi: 10.1371/journal.ppat.1008655

61. Harper J, Skerry C, Davis SL, Tasneen R, Weir M, Kramnik I, et al. Mouse model
of necrotic tuberculosis granulomas develops hypoxic lesions. J Infect Dis (2012) 205
(4):595–602. doi: 10.1093/infdis/jir786

62. Marzo E, Vilaplana C, Tapia G, Diaz J, Garcia V, Cardona PJ. Damaging role of
neutrophilic infiltration in a mouse model of progressive tuberculosis. Tuberculosis
(Edinb) (2014) 94(1):55–64. doi: 10.1016/j.tube.2013.09.004

63. Yan BS, Pichugin AV, Jobe O, Helming L, Eruslanov EB, Gutierrez-Pabello JA,
et al. Progression of pulmonary tuberculosis and efficiency of bacillus Calmette-Guerin
vaccination are genetically controlled via a common sst1-mediated mechanism of
innate immunity. J Immunol (2007) 179(10) :6919–32. doi : 10.4049/
jimmunol.179.10.6919

64. Pan H, Yan BS, Rojas M, Shebzukhov YV, Zhou H, Kobzik L, et al. Ipr1 gene
mediates innate immunity to tuberculosis. Nature (2005) 434(7034):767–72.
doi: 10.1038/nature03419

65. Moreira-Teixeira L, Stimpson PJ, Stavropoulos E, Hadebe S, Chakravarty P,
Ioannou M, et al. Type I IFN exacerbates disease in tuberculosis-susceptible mice by
inducing neutrophil-mediated lung inflammation and NETosis. Nat Commun (2020)
11(1):5566. doi: 10.1038/s41467-020-19412-6

66. Ulrichs T, Kosmiadi GA, Jorg S, Pradl L, Titukhina M, Mishenko V, et al.
Differential organization of the local immune response in patients with active cavitary
tuberculosis or with nonprogressive tuberculoma. J Infect Dis (2005) 192(1):89–97.
doi: 10.1086/430621

67. Panteleev AV, Nikitina IY, Burmistrova IA, Kosmiadi GA, Radaeva TV,
Amansahedov RB, et al. Severe tuberculosis in humans correlates best with neutrophil
abundance and lymphocyte deficiency and does not correlate with antigen-specific CD4
T-cell response. Front Immunol (2017) 8:963. doi: 10.3389/fimmu.2017.00963
Frontiers in Immunology 15
68. McCaffrey EF, Donato M, Keren L, Chen Z, Delmastro A, Fitzpatrick MB, et al.
The immunoregulatory landscape of human tuberculosis granulomas. Nat Immunol
(2022) 23(2):318–29. doi: 10.1038/s41590-021-01121-x

69. Cardona PJ, Gordillo S, Diaz J, Tapia G, Amat I, Pallares A, et al. Widespread
bronchogenic dissemination makes DBA/2 mice more susceptible than C57BL/6 mice
to experimental aerosol infection with Mycobacterium tuberculosis. Infect Immun
(2003) 71(10):5845–54. doi: 10.1128/IAI.71.10.5845-5854.2003

70. Keller C, Hoffmann R, Lang R, Brandau S, Hermann C, Ehlers S. Genetically
determined susceptibility to tuberculosis in mice causally involves accelerated and
enhanced recruitment of granulocytes. Infect Immun (2006) 74(7):4295–309.
doi: 10.1128/IAI.00057-06

71. Leepiyasakulchai C, Ignatowicz L, Pawlowski A, Kallenius G, Skold M. Failure to
recruit anti-inflammatory CD103+ dendritic cells and a diminished CD4+ Foxp3+
regulatory T cell pool in mice that display excessive lung inflammation and increased
susceptibility to Mycobacterium tuberculosis. Infect Immun (2012) 80(3):1128–39.
doi: 10.1128/IAI.05552-11

72. Lavebratt C, Apt AS, Nikonenko BV, Schalling M, Schurr E. Severity of
tuberculosis in mice is linked to distal chromosome 3 and proximal chromosome 9.
J Infect Dis (1999) 180(1):150–5. doi: 10.1086/314843

73. Yeremeev V, Linge I, Kondratieva T, Apt A. Neutrophils exacerbate tuberculosis
infection in genetically susceptible mice. Tuberculosis (Edinb) (2015) 95(4):447–51.
doi: 10.1016/j.tube.2015.03.007

74. Dorhoi A, Yeremeev V, Nouailles G, Weiner J3rd, Jorg S, Heinemann E, et al.
Type I IFN signaling triggers immunopathology in tuberculosis-susceptible mice by
modulating lung phagocyte dynamics. Eur J Immunol (2014) 44(8):2380–93.
doi: 10.1002/eji.201344219

75. Medina E, North RJ. The Bcg gene (Nramp1) does not determine resistance of
mice to virulent Mycobacterium tuberculosis. Ann N Y Acad Sci (1996) 797:257–9.
doi: 10.1111/j.1749-6632.1996.tb52970.x

76. Zhang L, Jiang X, Pfau D, Ling Y, Nathan CF. Type I interferon signaling
mediates Mycobacterium tuberculosis-induced macrophage death. J Exp Med (2021)
218(2). doi: 10.1084/jem.20200887

77. Brandenburg J, Marwitz S, Tazoll SC, Waldow F, Kalsdorf B, Vierbuchen T, et al.
WNT6/ACC2-induced storage of triacylglycerols in macrophages is exploited by
Mycobacterium tuberculosis. J Clin Invest (2021) 131(16). doi: 10.1172/JCI141833

78. Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart TA, Bloom BR. An essential
role for interferon gamma in resistance to Mycobacterium tuberculosis infection. J Exp
Med (1993) 178(6):2249–54. doi: 10.1084/jem.178.6.2249

79. Bean AG, Roach DR, Briscoe H, France MP, Korner H, Sedgwick JD, et al.
Structural deficiencies in granuloma formation in TNF gene-targeted mice underlie the
heightened susceptibility to aerosol Mycobacterium tuberculosis infection, which is not
compensated for by lymphotoxin. J Immunol (1999) 162(6):3504–11. doi: 10.4049/
jimmunol.162.6.3504

80. Allie N, Grivennikov SI, Keeton R, Hsu NJ, Bourigault ML, Court N, et al.
Prominent role for T cell-derived tumour necrosis factor for sustained control of
Mycobacterium tuberculosis infection. Sci Rep (2013) 3:1809. doi: 10.1038/srep01809

81. Bustamante J, Boisson-Dupuis S, Abel L, Casanova JL. Mendelian susceptibility
to mycobacterial disease: genetic, immunological, and clinical features of inborn errors
of IFN-gamma immunity. Semin Immunol (2014) 26(6):454–70. doi: 10.1016/
j.smim.2014.09.008

82. Dorhoi A, Kaufmann SH. Tumor necrosis factor alpha in mycobacterial
infection. Semin Immunol (2014) 26(3):203–9. doi: 10.1016/j.smim.2014.04.003

83. Nandi B, Behar SM. Regulation of neutrophils by interferon-gamma limits lung
inflammation during tuberculosis infection. J Exp Med (2011) 208(11):2251–62.
doi: 10.1084/jem.20110919

84. Feng CG, Kaviratne M, Rothfuchs AG, Cheever A, Hieny S, Young HA, et al. NK
cell-derived IFN-gamma differentially regulates innate resistance and neutrophil
response in T cell-deficient hosts infected with Mycobacterium tuberculosis. J
Immunol (2006) 177(10):7086–93. doi: 10.4049/jimmunol.177.10.7086

85. Dorhoi A, IannacconeM, Farinacci M, Fae KC, Schreiber J, Moura-Alves P, et al.
MicroRNA-223 controls susceptibility to tuberculosis by regulating lung neutrophil
recruitment. J Clin Invest (2013) 123(11):4836–48. doi: 10.1172/JCI67604

86. Fremond CM, Yeremeev V, Nicolle DM, Jacobs M, Quesniaux VF, Ryffel B.
Fatal Mycobacterium tuberculosis infection despite adaptive immune response in the
absence of MyD88. J Clin Invest (2004) 114(12):1790–9. doi: 10.1172/JCI200421027

87. Dorhoi A, Desel C, Yeremeev V, Pradl L, Brinkmann V, Mollenkopf HJ, et al.
The adaptor molecule CARD9 is essential for tuberculosis control. J Exp Med (2010)
207(4):777–92. doi: 10.1084/jem.20090067

88. Cooper AM, Segal BH, Frank AA, Holland SM, Orme IM. Transient loss of
resistance to pulmonary tuberculosis in p47(phox-/-) mice. Infect Immun (2000) 68
(3):1231–4. doi: 10.1128/IAI.68.3.1231-1234.2000

89. Olive AJ, Smith CM, Kiritsy MC, Sassetti CM. The phagocyte oxidase controls
tolerance to Mycobacterium tuberculosis infection. J Immunol (2018) 201(6):1705–16.
doi: 10.4049/jimmunol.1800202

90. Blumenthal A, Nagalingam G, Huch JH, Walker L, Guillemin GJ, Smythe GA,
et al. M. tuberculosis induces potent activation of IDO-1, but this is not essential for the
immunological control of infection. PLoS One (2012) 7(5):e37314. doi: 10.1371/
journal.pone.0037314
frontiersin.org

https://doi.org/10.1016/j.chom.2018.08.001
https://doi.org/10.1016/j.chom.2018.08.001
https://doi.org/10.21203/rs.3.rs-3049913/v1
https://doi.org/10.1371/journal.ppat.1008621
https://doi.org/10.4049/jimmunol.1100001
https://doi.org/10.1371/journal.ppat.1003190
https://doi.org/10.1084/jem.20071367
https://doi.org/10.1084/jem.20080353
https://doi.org/10.4049/jimmunol.1400019
https://doi.org/10.4049/jimmunol.1400019
https://doi.org/10.1084/jem.192.3.347
https://doi.org/10.1016/j.celrep.2021.109696
https://doi.org/10.1073/pnas.0801496105
https://doi.org/10.1016/j.chom.2020.10.003
https://doi.org/10.1016/j.chom.2020.10.003
https://doi.org/10.1101/2023.03.22.533820
https://doi.org/10.1093/infdis/jiz663
https://doi.org/10.1371/journal.pone.0158849
https://doi.org/10.1371/journal.ppat.1008655
https://doi.org/10.1093/infdis/jir786
https://doi.org/10.1016/j.tube.2013.09.004
https://doi.org/10.4049/jimmunol.179.10.6919
https://doi.org/10.4049/jimmunol.179.10.6919
https://doi.org/10.1038/nature03419
https://doi.org/10.1038/s41467-020-19412-6
https://doi.org/10.1086/430621
https://doi.org/10.3389/fimmu.2017.00963
https://doi.org/10.1038/s41590-021-01121-x
https://doi.org/10.1128/IAI.71.10.5845-5854.2003
https://doi.org/10.1128/IAI.00057-06
https://doi.org/10.1128/IAI.05552-11
https://doi.org/10.1086/314843
https://doi.org/10.1016/j.tube.2015.03.007
https://doi.org/10.1002/eji.201344219
https://doi.org/10.1111/j.1749-6632.1996.tb52970.x
https://doi.org/10.1084/jem.20200887
https://doi.org/10.1172/JCI141833
https://doi.org/10.1084/jem.178.6.2249
https://doi.org/10.4049/jimmunol.162.6.3504
https://doi.org/10.4049/jimmunol.162.6.3504
https://doi.org/10.1038/srep01809
https://doi.org/10.1016/j.smim.2014.09.008
https://doi.org/10.1016/j.smim.2014.09.008
https://doi.org/10.1016/j.smim.2014.04.003
https://doi.org/10.1084/jem.20110919
https://doi.org/10.4049/jimmunol.177.10.7086
https://doi.org/10.1172/JCI67604
https://doi.org/10.1172/JCI200421027
https://doi.org/10.1084/jem.20090067
https://doi.org/10.1128/IAI.68.3.1231-1234.2000
https://doi.org/10.4049/jimmunol.1800202
https://doi.org/10.1371/journal.pone.0037314
https://doi.org/10.1371/journal.pone.0037314
https://doi.org/10.3389/fimmu.2023.1223260
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Corleis et al. 10.3389/fimmu.2023.1223260
91. Bustamante J, Arias AA, Vogt G, Picard C, Galicia LB, Prando C, et al. Germline
CYBB mutations that selectively affect macrophages in kindreds with X-linked
predisposition to tuberculous mycobacterial disease. Nat Immunol (2011) 12(3):213–
21. doi: 10.1038/ni.1992

92. Lai R, Gong D, Williams T, Ogunsola AF, Cavallo K, Arlehamn CSL, et al. Host
genetic background is a barrier to broadly effective vaccine protection: Relevance to BCG and
Mycobacterium tuberculosis Infection. bioRxiv (2022). doi: 10.1101/2022.09.19.508548

93. Chen Q, Huang XY, Liu Y, Sun MX, Ji B, Zhou C, et al. Comparative
characterization of SARS-CoV-2 variants of concern and mouse-adapted strains in
mice. J Med Virol (2022) 94(7):3223–32. doi: 10.1002/jmv.27735

94. Chen RE, Winkler ES, Case JB, Aziati ID, Bricker TL, Joshi A, et al. In vivo
monoclonal antibody efficacy against SARS-CoV-2 variant strains. Nature (2021) 596
(7870):103–8. doi: 10.1038/s41586-021-03720-y

95. Ying B, Whitener B, VanBlargan LA, Hassan AO, Shrihari S, Liang CY, et al.
Protective activity of mRNA vaccines against ancestral and variant SARS-CoV-2
strains. Sci Transl Med (2022) 14(630):eabm3302. doi: 10.1126/scitranslmed.abm3302

96. Dinnon KH3rd, Leist SR, Schafer A, Edwards CE, Martinez DR, Montgomery
SA, et al. A mouse-adapted model of SARS-CoV-2 to test CO7VID-19
countermeasures. Nature (2020) 586(7830):560–6. doi: 10.1038/s41586-020-2708-8

97. Winkler ES, Chen RE, Alam F, Yildiz S, Case JB, Uccellini MB, et al. SARS-CoV-
2 causes lung infection without severe disease in human ACE2 knock-in mice. J Virol
(2022) 96(1):e0151121. doi: 10.1128/JVI.01511-21

98. Zeiss CJ, Compton S, Veenhuis RT. Animal models of COVID-19. I.
Comparative virology and disease pathogenesis. ILAR J (2021) 62(1-2):35–47. doi:
10.1093/ilar/ilab007

99. Dong W, Mead H, Tian L, Park JG, Garcia JI, Jaramillo S, et al. The K18-human
ACE2 transgenic mouse model recapitulates non-severe and severe COVID-19 in
response to an infectious dose of the SARS-CoV-2 virus. J Virol (2022) 96(1):e0096421.
doi: 10.1128/JVI.00964-21

100. Zheng J, Wong LR, Li K, Verma AK, Ortiz ME, Wohlford-Lenane C, et al.
COVID-19 treatments and pathogenesis including anosmia in K18-hACE2 mice.
Nature (2021) 589(7843):603–7. doi: 10.1038/s41586-020-2943-z

101. Arce VM, Costoya JA. SARS-CoV-2 infection in K18-ACE2 transgenic mice
replicates human pulmonary disease in COVID-19. Cell Mol Immunol (2021) 18
(3):513–4. doi: 10.1038/s41423-020-00616-1

102. Oladunni FS, Park JG, Pino PA, Gonzalez O, Akhter A, Allue-Guardia A, et al.
Lethality of SARS-CoV-2 infection in K18 human angiotensin-converting enzyme 2
transgenic mice. Nat Commun (2020) 11(1):6122. doi: 10.1038/s41467-020-19891-7

103. Winkler ES, Bailey AL, Kafai NM, Nair S, McCune BT, Yu J, et al. SARS-CoV-2
infection of human ACE2-transgenic mice causes severe lung inflammation and impaired
function. Nat Immunol (2020) 21(11):1327–35. doi: 10.1038/s41590-020-0778-2

104. Stolp B, Stern M, Ambiel I, Hofmann K, Morath K, Gallucci L, et al. SARS-
CoV-2 variants of concern display enhanced intrinsic pathogenic properties and
expanded organ tropism in mouse models. Cell Rep (2022) 38(7):110387.
doi: 10.1016/j.celrep.2022.110387

105. Yinda CK, Port JR, Bushmaker T, Offei Owusu I, Purushotham JN, Avanzato
VA, et al. K18-hACE2 mice develop respiratory disease resembling severe COVID-19.
PLoS Pathog (2021) 17(1):e1009195. doi: 10.1371/journal.ppat.1009195

106. Robertson S, Bedard O, McNally K, Shaia C, Clancy C, Lewis M, et al.
Genetically diverse mouse models of SARS-CoV-2 infection reproduce clinical
variation in type I interferon and cytokine responses in COVID-19. bioRxiv (2023).
doi: 10.1101/2021.09.17.460664

107. Schafer A, Leist SR, Gralinski LE, Martinez DR, Winkler ES, Okuda K, et al. A
multitrait locus regulates sarbecovirus pathogenesis. mBio (2022) 13(4):e0145422.
doi: 10.1128/mbio.01454-22

108. Lee YJ, Seok SH, Lee NY, Choi HJ, Lee YW, Chang HJ, et al. Murine
coronavirus disease 2019 lethality is characterized by lymphoid depletion associated
with suppressed antigen-presenting cell functionality. Am J Pathol (2023) 193(7):866–
82. doi: 10.1016/j.ajpath.2023.03.008

109. Mattoo SU, Myoung J. T cell responses to SARS-CoV-2 in humans and
animals. J Microbiol (2022) 60(3):276–89. doi: 10.1007/s12275-022-1624-z

110. Pardieck IN, van der Sluis TC, van der Gracht ETI, Veerkamp DMB, Behr FM,
van Duikeren S, et al. A third vaccination with a single T cell epitope confers protection
in a murine model of SARS-CoV-2 infection. Nat Commun (2022) 13(1):3966.
doi: 10.1038/s41467-022-31721-6

111. Bishop CR, Dumenil T, Rawle DJ, Le TT, Yan K, Tang B, et al. Mouse models of
COVID-19 recapitulate inflammatory pathways rather than gene expression. PLoS
Pathog (2022) 18(9):e1010867. doi: 10.1371/journal.ppat.1010867

112. Kumari P, Rothan HA, Natekar JP, Stone S, Pathak H, Strate PG, et al.
Neuroinvasion and encephalitis following intranasal inoculation of SARS-CoV-2 in
K18-hACE2 mice. Viruses (2021) 13(1). doi: 10.3390/v13010132

113. Shen WB, Elahi M, Logue J, Yang P, Baracco L, Reece EA, et al. SARS-CoV-2
invades cognitive centers of the brain and induces Alzheimer's-like neuropathology.
bioRxiv (2022). doi: 10.1101/2022.01.31.478476

114. Lopez-Leon S, Wegman-Ostrosky T, Perelman C, Sepulveda R, Rebolledo PA,
Cuapio A, et al. More than 50 long-term effects of COVID-19: a systematic review and
meta-analysis. Sci Rep (2021) 11(1):16144. doi: 10.1038/s41598-021-95565-8
Frontiers in Immunology 16
115. Fumagalli V, Rava M, Marotta D, Di Lucia P, Laura C, Sala E, et al.
Administration of aerosolized SARS-CoV-2 to K18-hACE2 mice uncouples
respiratory infection from fatal neuroinvasion. Sci Immunol (2022) 7(67):eabl9929.
doi: 10.1126/sciimmunol.abl9929

116. Afkhami S, D'Agostino MR, Zhang A, Stacey HD, Marzok A, Kang A, et al.
Respiratory mucosal delivery of next-generation COVID-19 vaccine provides robust
protection against both ancestral and variant strains of SARS-CoV-2. Cell (2022) 185
(5):896–915 e19. doi: 10.1016/j.cell.2022.02.005

117. An Y, Li S, Jin X, Han JB, Xu K, Xu S, et al. A tandem-repeat dimeric RBD
protein-based covid-19 vaccine zf2001 protects mice and nonhuman primates. Emerg
Microbes Infect (2022) 11(1):1058–71. doi: 10.1080/22221751.2022.2056524

118. Xu K, Gao P, Liu S, Lu S, Lei W, Zheng T, et al. Protective prototype-Beta and
Delta-Omicron chimeric RBD-dimer vaccines against SARS-CoV-2. Cell (2022) 185
(13):2265–78 e14. doi: 10.1016/j.cell.2022.04.029

119. Corleis B, Hoffmann D, Rauch S, Fricke C, Roth N, Gergen J, et al. Efficacy of
an unmodified bivalent mRNA vaccine against SARS-CoV-2 variants in female small
animal models. Nat Commun (2023) 14(1):816. doi: 10.1038/s41467-023-36110-1

120. Hassan AO, Case JB, Winkler ES, Thackray LB, Kafai NM, Bailey AL, et al. A
SARS-CoV-2 infection model in mice demonstrates protection by neutralizing
antibodies. Cell (2020) 182(3):744–53.e4. doi: 10.1016/j.cell.2020.06.011

121. Rathnasinghe R, Strohmeier S, Amanat F, Gillespie VL, Krammer F, Garcia-
Sastre A, et al. Comparison of transgenic and adenovirus hACE2 mouse models for
SARS-CoV-2 infection. Emerg Microbes Infect (2020) 9(1):2433–45. doi: 10.1080/
22221751.2020.1838955

122. Israelow B, Song E, Mao T, Lu P, Meir A, Liu F, et al. Mouse model of SARS-
CoV-2 reveals inflammatory role of type I interferon signaling. J Exp Med (2020) 217
(12). doi: 10.1084/jem.20201241

123. Rawle DJ, Le TT, Dumenil T, Yan K, Tang B, Nguyen W, et al. ACE2-lentiviral
transduction enables mouse SARS-CoV-2 infection and mapping of receptor
interactions. PLoS Pathog (2021) 17(7):e1009723. doi: 10.1371/journal.ppat.1009723

124. Israelow B, Mao T, Klein J, Song E, Menasche B, Omer SB, et al. Adaptive
immune determinants of viral clearance and protection in mouse models of SARS-
CoV-2. Sci Immunol (2021) 6(64):eabl4509. doi: 10.1126/sciimmunol.abl4509

125. Beer J, Crotta S, Breithaupt A, Ohnemus A, Becker J, Sachs B, et al. Impaired
immune response drives age-dependent severity of COVID-19. J Exp Med (2022) 219
(12). doi: 10.1084/jem.20220621

126. Davis MA, Voss K, Turnbull JB, Gustin AT, Knoll M, Muruato A, et al. A
C57BL/6 mouse model of SARS-CoV-2 infection recapitulates age- and sex-based
differences in human COVID-19 disease and recovery. Vaccines (Basel) (2022) 11(1).
doi: 10.3390/vaccines11010047

127. Da Costa CBP, Cruz ACM, Penha JCQ, Castro HC, Da Cunha LER, Ratcliffe
NA, et al. Using in vivo animal models for studying SARS-CoV-2. Expert Opin Drug
Discovery (2022) 17(2):121–37. doi: 10.1080/17460441.2022.1995352

128. Rodriguez-Rodriguez BA, Ciabattoni GO, Duerr R, Valero-Jimenez AM, Yeung ST,
Crosse KM, et al. A neonatal mouse model characterizes transmissibility of SARS-CoV-2
variants and reveals a role for ORF8. bioRxiv (2023). doi: 10.1101/2022.10.04.510658

129. Muruganandah V, Sathkumara HD, Pai S, Rush CM, Brosch R, Waardenberg
AJ, et al. A systematic approach to simultaneously evaluate safety, immunogenicity, and
efficacy of novel tuberculosis vaccination strategies. Sci Adv (2020) 6(10):eaaz1767.
doi: 10.1126/sciadv.aaz1767

130. Wang Y, Lenoch J, Kohler D, DeLiberto TJ, Tang CY, Li T, et al. SARS-CoV-2
exposure in Norway rats (Rattus norvegicus) from New York City. mBio (2023) 14(2):
e0362122. doi: 10.1128/mbio.03621-22

131. Agency EM. Assessment Report EMA/707383/2020 Corr.1*: Comirnaty COVID-
19 MRNA Vaccine (Nucleoside-Modified) Assessment Report, Vol. 31. Amsterdam,
Netherlands: EMA (2021). pp. 1–140.

132. Singhal A, Aliouat el M, Herve M, Mathys V, Kiass M, Creusy C, et al.
Experimental tuberculosis in the Wistar rat: a model for protective immunity and
control of infection. PLoS One (2011) 6(4):e18632. doi: 10.1371/journal.pone.0018632

133. Kumar N, Vishwas KG, Kumar M, Reddy J, Parab M, Manikanth CL, et al.
Pharmacokinetics and dose response of anti-TB drugs in rat infection model of
tuberculosis. Tuberculosis (Edinb) (2014) 94(3):282–6. doi: 10.1016/j.tube.2014.02.004

134. Foo DG, Tay HC, Siew JY, Singhal A, Camacho L, Bifani P, et al. T cell
monitoring of chemotherapy in experimental rat tuberculosis. Antimicrob Agents
Chemother (2011) 55(8):3677–83. doi: 10.1128/AAC.00136-11

135. Elwood RL, Wilson S, Blanco JC, Yim K, Pletneva L, Nikonenko B, et al. The
American cotton rat: a novel model for pulmonary tuberculosis. Tuberculosis (Edinb)
(2007) 87(2):145–54. doi: 10.1016/j.tube.2006.07.001

136. Sugawara I, Yamada H, Mizuno S. Pathological and immunological profiles of
rat tuberculosis. Int J Exp Pathol (2004) 85(3):125–34. doi: 10.1111/j.0959-
9673.2004.00379.x

137. Mgode GF, Cohen-Bacrie S, Bedotto M, Weetjens BJ, Cox C, Jubitana M, et al.
Mycobacterium genotypes in pulmonary tuberculosis infections and their detection by trained
Africangiantpouched rats.CurrMicrobiol (2015)70(2):212–8. doi: 10.1007/s00284-014-0705-6

138. Hewitt JA, Lutz C, Florence WC, Pitt MLM, Rao S, Rappaport J, et al.
ACTIVating resources for the COVID-19 pandemic: in vivo models for vaccines and
therapeutics. Cell Host Microbe (2020) 28(5):646–59. doi: 10.1016/j.chom.2020.09.016
frontiersin.org

https://doi.org/10.1038/ni.1992
https://doi.org/10.1101/2022.09.19.508548
https://doi.org/10.1002/jmv.27735
https://doi.org/10.1038/s41586-021-03720-y
https://doi.org/10.1126/scitranslmed.abm3302
https://doi.org/10.1038/s41586-020-2708-8
https://doi.org/10.1128/JVI.01511-21
https://doi.org/10.1093/ilar/ilab007
https://doi.org/10.1128/JVI.00964-21
https://doi.org/10.1038/s41586-020-2943-z
https://doi.org/10.1038/s41423-020-00616-1
https://doi.org/10.1038/s41467-020-19891-7
https://doi.org/10.1038/s41590-020-0778-2
https://doi.org/10.1016/j.celrep.2022.110387
https://doi.org/10.1371/journal.ppat.1009195
https://doi.org/10.1101/2021.09.17.460664
https://doi.org/10.1128/mbio.01454-22
https://doi.org/10.1016/j.ajpath.2023.03.008
https://doi.org/10.1007/s12275-022-1624-z
https://doi.org/10.1038/s41467-022-31721-6
https://doi.org/10.1371/journal.ppat.1010867
https://doi.org/10.3390/v13010132
https://doi.org/10.1101/2022.01.31.478476
https://doi.org/10.1038/s41598-021-95565-8
https://doi.org/10.1126/sciimmunol.abl9929
https://doi.org/10.1016/j.cell.2022.02.005
https://doi.org/10.1080/22221751.2022.2056524
https://doi.org/10.1016/j.cell.2022.04.029
https://doi.org/10.1038/s41467-023-36110-1
https://doi.org/10.1016/j.cell.2020.06.011
https://doi.org/10.1080/22221751.2020.1838955
https://doi.org/10.1080/22221751.2020.1838955
https://doi.org/10.1084/jem.20201241
https://doi.org/10.1371/journal.ppat.1009723
https://doi.org/10.1126/sciimmunol.abl4509
https://doi.org/10.1084/jem.20220621
https://doi.org/10.3390/vaccines11010047
https://doi.org/10.1080/17460441.2022.1995352
https://doi.org/10.1101/2022.10.04.510658
https://doi.org/10.1126/sciadv.aaz1767
https://doi.org/10.1128/mbio.03621-22
https://doi.org/10.1371/journal.pone.0018632
https://doi.org/10.1016/j.tube.2014.02.004
https://doi.org/10.1128/AAC.00136-11
https://doi.org/10.1016/j.tube.2006.07.001
https://doi.org/10.1111/j.0959-9673.2004.00379.x
https://doi.org/10.1111/j.0959-9673.2004.00379.x
https://doi.org/10.1007/s00284-014-0705-6
https://doi.org/10.1016/j.chom.2020.09.016
https://doi.org/10.3389/fimmu.2023.1223260
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Corleis et al. 10.3389/fimmu.2023.1223260
139. Riley RL. Aerial dissemination of pulmonary tuberculosis. Am Rev Tuberc
(1957) 76(6):931–41. doi: 10.1164/artpd.1957.76.6.931

140. Ruhl CR, Pasko BL, Khan HS, Kindt LM, Stamm CE, Franco LH, et al.
Mycobacterium tuberculosis sulfolipid-1 activates nociceptive neurons and induces
cough. Cell (2020) 181(2):293–305 e11. doi: 10.1016/j.cell.2020.02.026

141. Clark S, Hall Y, Williams A. Animal models of tuberculosis: Guinea pigs. Cold
Spring Harb Perspect Med (2014) 5(5):a018572. doi: 10.1101/cshperspect.a018572

142. Dharmadhikari AS, Nardell EA. What animal models teach humans about
tuberculosis. Am J Respir Cell Mol Biol (2008) 39(5):503–8. doi: 10.1165/rcmb.2008-
0154TR

143. Mitchison DA, Wallace JG, Bhatia AL, Selkon JB, Subbaiah TV, Lancaster MC.
A comparison of the virulence in Guinea-pigs of South Indian and British tubercle
bacilli. Tubercle (1960) 41:1–22. doi: 10.1016/S0041-3879(60)80019-0

144. Basaraba RJ, Dailey DD, McFarland CT, Shanley CA, Smith EE, McMurray
DN, et al. Lymphadenitis as a major element of disease in the Guinea pig model of
tuberculosis. Tuberculosis (Edinb) (2006) 86(5):386–94. doi: 10.1016/j.tube.2005.11.003

145. McMurray DN. Guinea pig model of tuberculosis. In: Bloom BR, editors.
Tuberculosis (1994). doi: 10.1128/9781555818357.ch9

146. Smith DW, Harding GE. Animal model of human disease. Pulmonary
tuberculosis. Animal model: Experimental airborne tuberculosis in the Guinea pig.
Am J Pathol (1977) 89(1):273–6.

147. Turner OC, Basaraba RJ, Orme IM. Immunopathogenesis of pulmonary
granulomas in the Guinea pig after infection with Mycobacterium tuberculosis.
Infect Immun (2003) 71(2):864–71. doi: 10.1128/IAI.71.2.864-871.2003

148. Cardona PJ, Williams A. Experimental animal modelling for TB vaccine
development. Int J Infect Dis (2017) 56:268–73. doi: 10.1016/j.ijid.2017.01.030

149. Commandeur S, van den Eeden SJ, Dijkman K, Clark SO, van Meijgaarden KE,
Wilson L, et al. The in vivo expressed Mycobacterium tuberculosis (IVE-TB) antigen
Rv2034 induces CD4(+) T-cells that protect against pulmonary infection in HLA-DR
transgenic mice and Guinea pigs. Vaccine (2014) 32(29):3580–8. doi: 10.1016/
j.vaccine.2014.05.005

150. Skeiky YA, Dietrich J, Lasco TM, Stagliano K, Dheenadhayalan V, Goetz MA,
et al. Non-clinical efficacy and safety of HyVac4:IC31 vaccine administered in a BCG
prime-boost regimen. Vaccine (2010) 28(4) :1084–93 . doi : 10.1016/
j.vaccine.2009.10.114

151. Aagaard C, Hoang TT, Izzo A, Billeskov R, Troudt J, Arnett K, et al. Protection
and polyfunctional T cells induced by Ag85B-TB10.4/IC31 against Mycobacterium
tuberculosis is highly dependent on the antigen dose. PLoS One (2009) 4(6):e5930. doi:
10.1371/journal.pone.0005930

152. Clark S, Cross ML, Nadian A, Vipond J, Court P, Williams A, et al. Oral
vaccination of Guinea pigs with a Mycobacterium bovis bacillus Calmette-Guerin
vaccine in a lipid matrix protects against aerosol infection with virulent M. bovis. Infect
Immun (2008) 76(8):3771–6. doi: 10.1128/IAI.00052-08

153. Watanabe Y, Watari E, Matsunaga I, Hiromatsu K, Dascher CC, Kawashima T,
et al. BCG vaccine elicits both T-cell mediated and humoral immune responses directed
against mycobacterial lipid components. Vaccine (2006) 24(29-30):5700–7.
doi: 10.1016/j.vaccine.2006.04.049

154. Larrouy-Maumus G, Layre E, Clark S, Prandi J, Rayner E, Lepore M, et al.
Protective efficacy of a lipid antigen vaccine in a Guinea pig model of tuberculosis.
Vaccine (2017) 35(10):1395–402. doi: 10.1016/j.vaccine.2017.01.079

155. Dascher CC, Hiromatsu K, Naylor JW, Brauer PP, Brown KA, Storey JR, et al.
Conservation of a CD1 multigene family in the Guinea pig. J Immunol (1999) 163
(10):5478–88. doi: 10.4049/jimmunol.163.10.5478

156. Dascher CC, Hiromatsu K, Xiong X, Sugita M, Buhlmann JE, Dodge IL, et al.
Conservation of CD1 intracellular trafficking patterns between mamMalian species. J
Immunol (2002) 169(12):6951–8. doi: 10.4049/jimmunol.169.12.6951

157. Hiromatsu K, Dascher CC, Sugita M, Gingrich-Baker C, Behar SM, LeClair KP,
et al. Characterization of Guinea-pig group 1 CD1 proteins. Immunology (2002) 106
(2):159–72. doi: 10.1046/j.1365-2567.2002.01422.x

158. Van Rhijn I, Godfrey DI, Rossjohn J, Moody DB. Lipid and small-molecule
display by CD1 and MR1. Nat Rev Immunol (2015) 15(10):643–54. doi: 10.1038/
nri3889

159. Minnikin DE, Kremer L, Dover LG, Besra GS. The methyl-branched
fortifications of Mycobacterium tuberculosis. Chem Biol (2002) 9(5):545–53.
doi: 10.1016/S1074-5521(02)00142-4

160. Hiromatsu K, Dascher CC, LeClair KP, Sugita M, Furlong ST, Brenner MB,
et al. Induction of CD1-restricted immune responses in Guinea pigs by immunization
with mycobacterial lipid antigens. J Immunol (2002) 169(1):330–9. doi: 10.4049/
jimmunol.169.1.330

161. Eckhardt E, Bastian M. Animal models for human group 1 CD1 protein
function. Mol Immunol (2021) 130:159–63. doi: 10.1016/j.molimm.2020.12.018

162. Haslov K, Andersen A, Nagai S, Gottschau A, Sorensen T, Andersen P. Guinea
pig cellular immune responses to proteins secreted by Mycobacterium tuberculosis.
Infect Immun (1995) 63(3):804–10. doi: 10.1128/iai.63.3.804-810.1995

163. Eckhardt E, Li Y, Mamerow S, Schinkothe J, Sehl-Ewert J, Dreisbach J, et al.
Pharmacokinetics and Efficacy of the Benzothiazinone BTZ-043 against Tuberculous
Mycobacteria inside Granulomas in the Guinea Pig Model. Antimicrob Agents
Chemother (2023) 67(4):e0143822. doi: 10.1128/aac.01438-22
Frontiers in Immunology 17
164. Ordway DJ, Shanley CA, Caraway ML, Orme EA, Bucy DS, Hascall-Dove L,
et al. Evaluation of standard chemotherapy in the Guinea pig model of tuberculosis.
Antimicrob Agents Chemother (2010) 54(5):1820–33. doi: 10.1128/AAC.01521-09

165. Ahmad Z, Klinkenberg LG, Pinn ML, Fraig MM, Peloquin CA, Bishai WR,
et al. Biphasic kill curve of isoniazid reveals the presence of drug-tolerant, not drug-
resistant, Mycobacterium tuberculosis in the Guinea pig. J Infect Dis (2009) 200
(7):1136–43. doi: 10.1086/605605

166. Schafer H, Burger R. Tools for cellular immunology and vaccine research the in
the Guinea pig: monoclonal antibodies to cell surface antigens and cell lines. Vaccine
(2012) 30(40):5804–11. doi: 10.1016/j.vaccine.2012.07.012

167. Schafer H, Kliem G, Kropp B, Burger R. Monoclonal antibodies to Guinea pig
interferon-gamma: tools for cytokine detection and neutralization. J Immunol Methods
(2007) 328(1-2):106–17. doi: 10.1016/j.jim.2007.08.012

168. McMurray DN, Allen SS, Jeevan A, Lasco T, Cho H, Skwor T, et al. Vaccine-
induced cytokine responses in a Guinea pig model of pulmonary tuberculosis.
Tuberculosis (Edinb) (2005) 85(5-6):295–301. doi: 10.1016/j.tube.2005.08.012

169. Allen SS, McMurray DN. Coordinate cytokine gene expression in vivo
following induction of tuberculous pleurisy in Guinea pigs. Infect Immun (2003) 71
(8):4271–7. doi: 10.1128/IAI.71.8.4271-4277.2003

170. Spohr C, Kaufmann E, Battenfeld S, Duchow K, Cussler K, Balks E, et al. A new
lymphocyte proliferation assay for potency determination of bovine tuberculin PPDs.
Altex (2015) 32(3):201–10. doi: 10.14573/altex.1502101

171. Mykytyn AZ, Lamers MM, Okba NMA, Breugem TI, Schipper D, van den Doel
PB, et al. Susceptibility of rabbits to SARS-CoV-2. Emerg Microbes Infect (2021) 10
(1):1–7. doi: 10.1080/22221751.2020.1868951

172. Lurie MB. The fate of human and bovine tubercle bacilli in various organs of
the rabbit. J Exp Med (1928) 48(2):155–82. doi: 10.1084/jem.48.2.155

173. Subbian S, Tsenova L, O'Brien P, Yang G, Kushner NL, Parsons S, et al.
Spontaneous latency in a rabbit model of pulmonary tuberculosis. Am J Pathol (2012)
181(5):1711–24. doi: 10.1016/j.ajpath.2012.07.019

174. Subbian S, O'Brien P, Kushner NL, Yang G, Tsenova L, Peixoto B, et al.
Molecular immunologic correlates of spontaneous latency in a rabbit model of
pulmonary tuberculosis. Cell Commun Signal (2013) 11(1):16. doi: 10.1186/1478-
811X-11-16

175. Nedeltchev GG, Raghunand TR, Jassal MS, Lun S, Cheng QJ, Bishai WR.
Extrapulmonary dissemination of Mycobacterium bovis but not Mycobacterium
tuberculosis in a bronchoscopic rabbit model of cavitary tuberculosis. Infect Immun
(2009) 77(2):598–603. doi: 10.1128/IAI.01132-08

176. Hunter RL, Actor JK, Hwang SA, Khan A, Urbanowski ME, Kaushal D, et al.
Pathogenesis and animal models of post-primary (Bronchogenic) tuberculosis, A
review. Pathogens (2018) 7(1). doi: 10.3390/pathogens7010019

177. Kubler A, Luna B, Larsson C, Ammerman NC, Andrade BB, Orandle M, et al.
Mycobacterium tuberculosis dysregulates MMP/TIMP balance to drive rapid
cavitation and unrestrained bacterial proliferation. J Pathol (2015) 235(3):431–44.
doi: 10.1002/path.4432

178. Subbian S, Bandyopadhyay N, Tsenova L, O'Brien P, Khetani V, Kushner NL,
et al. Early innate immunity determines outcome of Mycobacterium tuberculosis
pulmonary infection in rabbits. Cell Commun Signal (2013) 11:60. doi: 10.1186/
1478-811X-11-60

179. Tsenova L, Fallows D, Kolloli A, Singh P, O'Brien P, Kushner N, et al. Inoculum
size and traits of the infecting clinical strain define the protection level against
Mycobacterium tuberculosis infection in a rabbit model. Eur J Immunol (2020) 50
(6):858–72. doi: 10.1002/eji.201948448

180. Marakalala MJ, Raju RM, Sharma K, Zhang YJ, Eugenin EA, Prideaux B, et al.
Inflammatory signaling in human tuberculosis granulomas is spatially organized. Nat
Med (2016) 22(5):531–8. doi: 10.1038/nm.4073

181. Sarathy JP, Dartois V. Caseum: a niche for Mycobacterium tuberculosis drug-
tolerant persisters. Clin Microbiol Rev (2020) 33(3). doi: 10.1128/CMR.00159-19

182. Rifat D, Prideaux B, Savic RM, Urbanowski ME, Parsons TL, Luna B, et al.
Pharmacokinetics of rifapentine and rifampin in a rabbit model of tuberculosis and
correlation with clinical trial data. Sci Transl Med (2018) 10(435). doi: 10.1126/
scitranslmed.aai7786

183. Blanc L, Sarathy JP, Alvarez Cabrera N, O'Brien P, Dias-Freedman I, Mina M,
et al. Impact of immunopathology on the antituberculous activity of pyrazinamide. J
Exp Med (2018) 215(8):1975–86. doi: 10.1084/jem.20180518

184. Dennis EW, Gaboe FC. Experimental tuberculosis of the Syrian hamster,
Cricetus auratus. Ann N Y Acad Sci (1949) 52(5):646–61. doi: 10.1111/j.1749-
6632.1949.tb53954.x

185. Imai M, Iwatsuki-Horimoto K, Hatta M, Loeber S, Halfmann PJ, Nakajima N,
et al. Syrian hamsters as a small animal model for SARS-CoV-2 infection and
countermeasure development. Proc Natl Acad Sci USA (2020) 117(28):16587–95. doi:
10.1073/pnas.2009799117

186. Sia SF, Yan LM, Chin AWH, Fung K, Choy KT, Wong AYL, et al. Pathogenesis
and transmission of SARS-CoV-2 in golden hamsters. Nature (2020) 583(7818):834–8.
doi: 10.1038/s41586-020-2342-5

187. Trimpert J, Vladimirova D, Dietert K, Abdelgawad A, Kunec D, Dokel S, et al.
The roborovski dwarf hamster is A highly susceptible model for a rapid and fatal course
of SARS-CoV-2 infection. Cell Rep (2020) 33(10):108488. 10.1016/j.celrep.2020.108488
frontiersin.org

https://doi.org/10.1164/artpd.1957.76.6.931
https://doi.org/10.1016/j.cell.2020.02.026
https://doi.org/10.1101/cshperspect.a018572
https://doi.org/10.1165/rcmb.2008-0154TR
https://doi.org/10.1165/rcmb.2008-0154TR
https://doi.org/10.1016/S0041-3879(60)80019-0
https://doi.org/10.1016/j.tube.2005.11.003
https://doi.org/10.1128/9781555818357.ch9
https://doi.org/10.1128/IAI.71.2.864-871.2003
https://doi.org/10.1016/j.ijid.2017.01.030
https://doi.org/10.1016/j.vaccine.2014.05.005
https://doi.org/10.1016/j.vaccine.2014.05.005
https://doi.org/10.1016/j.vaccine.2009.10.114
https://doi.org/10.1016/j.vaccine.2009.10.114
https://doi.org/10.1371/journal.pone.0005930
https://doi.org/10.1128/IAI.00052-08
https://doi.org/10.1016/j.vaccine.2006.04.049
https://doi.org/10.1016/j.vaccine.2017.01.079
https://doi.org/10.4049/jimmunol.163.10.5478
https://doi.org/10.4049/jimmunol.169.12.6951
https://doi.org/10.1046/j.1365-2567.2002.01422.x
https://doi.org/10.1038/nri3889
https://doi.org/10.1038/nri3889
https://doi.org/10.1016/S1074-5521(02)00142-4
https://doi.org/10.4049/jimmunol.169.1.330
https://doi.org/10.4049/jimmunol.169.1.330
https://doi.org/10.1016/j.molimm.2020.12.018
https://doi.org/10.1128/iai.63.3.804-810.1995
https://doi.org/10.1128/aac.01438-22
https://doi.org/10.1128/AAC.01521-09
https://doi.org/10.1086/605605
https://doi.org/10.1016/j.vaccine.2012.07.012
https://doi.org/10.1016/j.jim.2007.08.012
https://doi.org/10.1016/j.tube.2005.08.012
https://doi.org/10.1128/IAI.71.8.4271-4277.2003
https://doi.org/10.14573/altex.1502101
https://doi.org/10.1080/22221751.2020.1868951
https://doi.org/10.1084/jem.48.2.155
https://doi.org/10.1016/j.ajpath.2012.07.019
https://doi.org/10.1186/1478-811X-11-16
https://doi.org/10.1186/1478-811X-11-16
https://doi.org/10.1128/IAI.01132-08
https://doi.org/10.3390/pathogens7010019
https://doi.org/10.1002/path.4432
https://doi.org/10.1186/1478-811X-11-60
https://doi.org/10.1186/1478-811X-11-60
https://doi.org/10.1002/eji.201948448
https://doi.org/10.1038/nm.4073
https://doi.org/10.1128/CMR.00159-19
https://doi.org/10.1126/scitranslmed.aai7786
https://doi.org/10.1126/scitranslmed.aai7786
https://doi.org/10.1084/jem.20180518
https://doi.org/10.1111/j.1749-6632.1949.tb53954.x
https://doi.org/10.1111/j.1749-6632.1949.tb53954.x
https://doi.org/10.1073/pnas.2009799117
https://doi.org/10.1038/s41586-020-2342-5
https://doi.org/10.3389/fimmu.2023.1223260
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Corleis et al. 10.3389/fimmu.2023.1223260
188. Tomris I, Bouwman KM, Adolfs Y, Noack D, van der Woude R, Kerster G,
et al. Distinct spatial arrangements of ACE2 and TMPRSS2 expression in Syrian
hamster lung lobes dictates SARS-CoV-2 infection patterns. PLoS Pathog (2022) 18(3):
e1010340. doi: 10.1371/journal.ppat.1010340

189. Rosenke K, Meade-White K, Letko M, Clancy C, Hansen F, Liu Y, et al.
Defining the Syrian hamster as a highly susceptible preclinical model for SARS-CoV-2
infect ion. Emerg Microbes Infect (2020) 9(1):2673–84. doi : 10.1080/
22221751.2020.1858177

190. Osterrieder N, Bertzbach LD, Dietert K, Abdelgawad A, Vladimirova D, Kunec
D, et al. Age-dependent progression of SARS-CoV-2 infection in Syrian hamsters.
Viruses (2020) 12(7). doi: 10.3390/v12070779

191. Dhakal S, Ruiz-Bedoya CA, Zhou R, Creisher PS, Villano JS, Littlefield K, et al.
Sex differences in lung imaging and SARS-CoV-2 antibody responses in a COVID-19
golden Syrian hamster model. mBio (2021) 12(4):e0097421. doi: 10.1128/mBio.00974-
21

192. Castellan M, Zamperin G, Franzoni G, Foiani G, Zorzan M, Drzewniokova P,
et al. Host Response of Syrian Hamster to SARS-CoV-2 Infection including Differences
with Humans and between Sexes. Viruses (2023) 15(2). doi: 10.3390/v15020428

193. Chan JF, Zhang AJ, Yuan S, Poon VK, Chan CC, Lee AC, et al. Simulation of
the clinical and pathological manifestations of coronavirus disease 2019 (COVID-19)
in a golden Syrian hamster model: implications for disease pathogenesis and
transmissibility. Clin Infect Dis (2020) 71(9):2428–46. doi: 10.1093/cid/ciaa325

194. Port JR, Morris DH, Riopelle JC, Yinda CK, Avanzato VA, Holbrook MG, et al.
Host and viral determinants of airborne transmission of SARS-CoV-2 in the Syrian
hamster. bioRxiv (2023). doi: 10.7554/eLife.87094.1

195. Ulrich L, Halwe NJ, Taddeo A, Ebert N, Schon J, Devisme C, et al. Enhanced
fitness of SARS-CoV-2 variant of concern Alpha but not Beta. Nature (2022) 602
(7896):307–13. doi: 10.1038/s41586-021-04342-0

196. Frere JJ, Serafini RA, Pryce KD, ZazhytskaM, Oishi K, Golynker I, et al. SARS-CoV-
2 infection in hamsters and humans results in lasting and unique systemic perturbations after
recovery. Sci Transl Med (2022) 14(664):eabq3059. doi: 10.1126/scitranslmed.abq3059

197. Horiuchi S, Oishi K, Carrau L, Frere J, Moller R, Panis M, et al. Immune
memory from SARS-CoV-2 infection in hamsters provides variant-independent
protection but still allows virus transmission. Sci Immunol (2021) 6(66):eabm3131.
doi: 10.1126/sciimmunol.abm3131

198. Nouailles G, Wyler E, Pennitz P, Postmus D, Vladimirova D, Kazmierski J, et al.
Temporal omics analysis in Syrian hamsters unravel cellular effector responses to
moderate COVID-19. Nat Commun (2021) 12(1):4869. doi: 10.1038/s41467-021-25030-7

199. Becker K, Beythien G, de Buhr N, Stanelle-Bertram S, Tuku B, Kouassi NM,
et al. Vasculitis and neutrophil extracellular traps in lungs of golden Syrian hamsters
with SARS-CoV-2. Front Immunol (2021) 12:640842. doi: 10.3389/fimmu.2021.640842

200. Veras FP, Pontelli MC, Silva CM, Toller-Kawahisa JE, de Lima M, Nascimento
DC, et al. SARS-CoV-2-triggered neutrophil extracellular traps mediate COVID-19
pathology. J Exp Med (2020) 217(12). doi: 10.1084/jem.20201129

201. Ebenig A, Muraleedharan S, Kazmierski J, Todt D, Auste A, Anzaghe M, et al.
Vaccine-associated enhanced respiratory pathology in COVID-19 hamsters after T(H)2-
biased immunization. Cell Rep (2022) 40(7):111214. doi: 10.1016/j.celrep.2022.111214

202. Nouailles G, Adler JM, Pennitz P, Peidli S, Teixeira Alves LG, Baumgardt M,
et al. Live-attenuated vaccine sCPD9 elicits superior mucosal and systemic immunity to
SARS-CoV-2 variants in hamsters. Nat Microbiol (2023) 8(5):860–74. doi: 10.1038/
s41564-023-01352-8

203. Pena JC, Ho WZ. Monkey models of tuberculosis: lessons learned. Infect
Immun (2015) 83(3):852–62. doi: 10.1128/IAI.02850-14

204. Lin PL, Rodgers M, Smith L, Bigbee M, Myers A, Bigbee C, et al. Quantitative
comparison of active and latent tuberculosis in the cynomolgus macaque model. Infect
Immun (2009) 77(10):4631–42. doi: 10.1128/IAI.00592-09

205. Mattila JT, Ojo OO, Kepka-Lenhart D, Marino S, Kim JH, Eum SY, et al.
Microenvironments in tuberculous granulomas are delineated by distinct populations
of macrophage subsets and expression of nitric oxide synthase and arginase isoforms. J
Immunol (2013) 191(2):773–84. doi: 10.4049/jimmunol.1300113

206. Ulrichs T, Kosmiadi GA, Trusov V, Jorg S, Pradl L, Titukhina M, et al. Human
tuberculous granulomas induce peripheral lymphoid follicle-like structures to
orchestrate local host defence in the lung. J Pathol (2004) 204(2):217–28.
doi: 10.1002/path.1628

207. Swanson RV, Gupta A, Foreman TW, Lu L, Choreno-Parra JA, Mbandi SK,
et al. Antigen-specific B cells direct T follicular-like helper cells into lymphoid follicles
to mediate Mycobacterium tuberculosis control. Nat Immunol (2023) 24(5):855–68.
doi: 10.1038/s41590-023-01476-3

208. Lin PL, Ford CB, Coleman MT, Myers AJ, Gawande R, Ioerger T, et al.
Sterilization of granulomas is common in active and latent tuberculosis despite within-
host variability in bacterial killing. Nat Med (2014) 20(1):75–9. doi: 10.1038/nm.3412

209. Coleman MT, Maiello P, Tomko J, Frye LJ, Fillmore D, Janssen C, et al. Early
Changes by (18)Fluorodeoxyglucose positron emission tomography coregistered with
computed tomography predict outcome after Mycobacterium tuberculosis infection in
cynomolgus macaques. Infect Immun (2014) 82(6):2400–4. doi: 10.1128/IAI.01599-13

210. Barry CE3rd, Boshoff HI, Dartois V, Dick T, Ehrt S, Flynn J, et al. The spectrum
of latent tuberculosis: rethinking the biology and intervention strategies. Nat Rev
Microbiol (2009) 7(12):845–55. doi: 10.1038/nrmicro2236
Frontiers in Immunology 18
211. Maiello P, DiFazio RM, Cadena AM, Rodgers MA, Lin PL, Scanga CA, et al.
Rhesus macaques are more susceptible to progressive tuberculosis than cynomolgus
macaques: a quantitative comparison. Infect Immun (2018) 86(2). doi: 10.1128/
IAI.00505-17

212. Dijkman K, Vervenne RAW, Sombroek CC, Boot C, Hofman SO, van
Meijgaarden KE, et al. Disparate tuberculosis disease development in macaque
species is associated with innate immunity. Front Immunol (2019) 10:2479. doi:
10.3389/fimmu.2019.02479

213. Gideon HP, Hughes TK, Tzouanas CN, Wadsworth MH2nd, Tu AA, Gierahn
TM, et al. Multimodal profiling of lung granulomas in macaques reveals cellular
correlates of tuberculosis control. Immunity (2022) 55(5):827–46 e10. doi: 10.1016/
j.immuni.2022.04.004

214. Keane J, Gershon S, Wise RP, Mirabile-Levens E, Kasznica J, Schwieterman
WD, et al. Tuberculosis associated with infliximab, a tumor necrosis factor alpha-
neutralizing agent. N Engl J Med (2001) 345(15):1098–104. doi: 10.1056/
NEJMoa011110

215. Lin PL, Myers A, Smith L, Bigbee C, Bigbee M, Fuhrman C, et al. Tumor
necrosis factor neutralization results in disseminated disease in acute and latent
Mycobacterium tuberculosis infection with normal granuloma structure in a
cynomolgus macaque model. Arthritis Rheum (2010) 62(2):340–50. doi: 10.1002/
art.27271

216. Diedrich CR, Flynn JL. HIV-1/mycobacterium tuberculosis coinfection
immunology: how does HIV-1 exacerbate tuberculosis? Infect Immun (2011) 79
(4):1407–17. doi: 10.1128/IAI.01126-10

217. Diedrich CR, Rutledge T, Maiello P, Baranowski TM, White AG, Borish HJ,
et al. SIV and Mycobacterium tuberculosis synergy within the granuloma accelerates
the reactivation pattern of latent tuberculosis. PLoS Pathog (2020) 16(7):e1008413.
doi: 10.1371/journal.ppat.1008413

218. Lin PL, Rutledge T, Green AM, Bigbee M, Fuhrman C, Klein E, et al. CD4 T cell
depletion exacerbates acute Mycobacterium tuberculosis while reactivation of latent
infection is dependent on severity of tissue depletion in cynomolgus macaques. AIDS
Res Hum Retroviruses (2012) 28(12):1693–702. doi: 10.1089/aid.2012.0028

219. Yao S, Huang D, Chen CY, Halliday L, Wang RC, Chen ZW. CD4+ T cells
contain early extrapulmonary tuberculosis (TB) dissemination and rapid TB
progression and sustain multieffector functions of CD8+ T and CD3- lymphocytes:
mechanisms of CD4+ T cell immunity. J Immunol (2014) 192(5):2120–32.
doi: 10.4049/jimmunol.1301373

220. Slight SR, Rangel-Moreno J, Gopal R, Lin Y, Fallert Junecko BA, Mehra S, et al.
CXCR5(+) T helper cells mediate protective immunity against tuberculosis. J Clin
Invest (2013) 123(2):712–26. doi: 10.1172/JCI65728

221. Verreck FAW, Tchilian EZ, Vervenne RAW, Sombroek CC, Kondova I, Eissen
OA, et al. Variable BCG efficacy in rhesus populations: Pulmonary BCG provides
protection where standard intra-dermal vaccination fails. Tuberculosis (Edinb) (2017)
104:46–57. doi: 10.1016/j.tube.2017.02.003

222. Langermans JA, Andersen P, van Soolingen D, Vervenne RA, Frost PA, van der
Laan T, et al. Divergent effect of bacillus Calmette-Guerin (BCG) vaccination on
Mycobacterium tuberculosis infection in highly related macaque species: implications
for primate models in tuberculosis vaccine research. Proc Natl Acad Sci USA (2001) 98
(20):11497–502. doi: 10.1073/pnas.201404898

223. Scanga CA, Flynn JL. Modeling tuberculosis in nonhuman primates. Cold
Spring Harb Perspect Med (2014) 4(12):a018564. doi: 10.1101/cshperspect.a018564

224. Darrah PA, Zeppa JJ, Maiello P, Hackney JA, Wadsworth MH2nd, Hughes TK,
et al. Prevention of tuberculosis in macaques after intravenous BCG immunization.
Nature (2020) 577(7788):95–102. doi: 10.1038/s41586-019-1817-8

225. Dijkman K, Sombroek CC, Vervenne RAW, Hofman SO, Boot C, Remarque EJ,
et al. Prevention of tuberculosis infection and disease by local BCG in repeatedly exposed
rhesus macaques. Nat Med (2019) 25(2):255–62. doi: 10.1038/s41591-018-0319-9

226. White AD, Sarfas C, Sibley LS, Gullick J, Clark S, Rayner E, et al. Protective
efficacy of inhaled BCG vaccination against ultra-low dose aerosol M. tuberculosis
challenge in rhesus macaques. Pharmaceutics (2020) 12(5). doi: 10.3390/
pharmaceutics12050394

227. Barclay WR, Anacker RL, Brehmer W, Leif W, Ribi E. Aerosol-induced
tuberculosis in subhuman primates and the course of the disease after intravenous
BCG vaccination. Infect Immun (1970) 2(5):574–82. doi: 10.1128/iai.2.5.574-582.1970

228. Foreman TW, Mehra S, Lackner AA, Kaushal D. Translational research in the
nonhuman primate model of tuberculosis. ILAR J (2017) 58(2):151–9. doi: 10.1093/ilar/ilx015

229. Tait DR, Hatherill M, van der Meeren O, Ginsberg AM, Van Brakel E, Salaun
B, et al. Final analysis of a trial of M72/AS01(E) vaccine to prevent tuberculosis.N Engl J
Med (2019) 381(25):2429–39. doi: 10.1056/NEJMoa1909953

230. Reed SG, Coler RN, Dalemans W, Tan EV, DeLa Cruz EC, Basaraba RJ, et al.
Defined tuberculosis vaccine, Mtb72F/AS02A, evidence of protection in cynomolgus
monkeys. Proc Natl Acad Sci USA (2009) 106(7):2301–6. doi: 10.1073/pnas.0712077106

231. Damas J, Hughes GM, Keough KC, Painter CA, Persky NS, Corbo M, et al.
Broad host range of SARS-CoV-2 predicted by comparative and structural analysis of
ACE2 in vertebrates. Proc Natl Acad Sci U.S.A. (2020) 117(36):22311–22. doi: 10.1073/
pnas.2010146117

232. Aid M, Busman-Sahay K, Vidal SJ, Maliga Z, Bondoc S, Starke C, et al. Vascular
disease and thrombosis in SARS-CoV-2-infected rhesus macaques. Cell (2020) 183
(5):1354–66 e13. doi: 10.1016/j.cell.2020.10.005
frontiersin.org

https://doi.org/10.1371/journal.ppat.1010340
https://doi.org/10.1080/22221751.2020.1858177
https://doi.org/10.1080/22221751.2020.1858177
https://doi.org/10.3390/v12070779
https://doi.org/10.1128/mBio.00974-21
https://doi.org/10.1128/mBio.00974-21
https://doi.org/10.3390/v15020428
https://doi.org/10.1093/cid/ciaa325
https://doi.org/10.7554/eLife.87094.1
https://doi.org/10.1038/s41586-021-04342-0
https://doi.org/10.1126/scitranslmed.abq3059
https://doi.org/10.1126/sciimmunol.abm3131
https://doi.org/10.1038/s41467-021-25030-7
https://doi.org/10.3389/fimmu.2021.640842
https://doi.org/10.1084/jem.20201129
https://doi.org/10.1016/j.celrep.2022.111214
https://doi.org/10.1038/s41564-023-01352-8
https://doi.org/10.1038/s41564-023-01352-8
https://doi.org/10.1128/IAI.02850-14
https://doi.org/10.1128/IAI.00592-09
https://doi.org/10.4049/jimmunol.1300113
https://doi.org/10.1002/path.1628
https://doi.org/10.1038/s41590-023-01476-3
https://doi.org/10.1038/nm.3412
https://doi.org/10.1128/IAI.01599-13
https://doi.org/10.1038/nrmicro2236
https://doi.org/10.1128/IAI.00505-17
https://doi.org/10.1128/IAI.00505-17
https://doi.org/10.3389/fimmu.2019.02479
https://doi.org/10.1016/j.immuni.2022.04.004
https://doi.org/10.1016/j.immuni.2022.04.004
https://doi.org/10.1056/NEJMoa011110
https://doi.org/10.1056/NEJMoa011110
https://doi.org/10.1002/art.27271
https://doi.org/10.1002/art.27271
https://doi.org/10.1128/IAI.01126-10
https://doi.org/10.1371/journal.ppat.1008413
https://doi.org/10.1089/aid.2012.0028
https://doi.org/10.4049/jimmunol.1301373
https://doi.org/10.1172/JCI65728
https://doi.org/10.1016/j.tube.2017.02.003
https://doi.org/10.1073/pnas.201404898
https://doi.org/10.1101/cshperspect.a018564
https://doi.org/10.1038/s41586-019-1817-8
https://doi.org/10.1038/s41591-018-0319-9
https://doi.org/10.3390/pharmaceutics12050394
https://doi.org/10.3390/pharmaceutics12050394
https://doi.org/10.1128/iai.2.5.574-582.1970
https://doi.org/10.1093/ilar/ilx015
https://doi.org/10.1056/NEJMoa1909953
https://doi.org/10.1073/pnas.0712077106
https://doi.org/10.1073/pnas.2010146117
https://doi.org/10.1073/pnas.2010146117
https://doi.org/10.1016/j.cell.2020.10.005
https://doi.org/10.3389/fimmu.2023.1223260
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Corleis et al. 10.3389/fimmu.2023.1223260
233. Koo BS, Oh H, Kim G, Hwang EH, Jung H, Lee Y, et al. Transient lymphopenia
and interstitial pneumonia with endotheliitis in SARS-CoV-2-infected macaques. J
Infect Dis (2020) 222(10):1596–600. doi: 10.1093/infdis/jiaa486

234. Cross RW, Agans KN, Prasad AN, Borisevich V, Woolsey C, Deer DJ, et al.
Intranasal exposure of African green monkeys to SARS-CoV-2 results in acute phase
pneumonia with shedding and lung injury still present in the early convalescence phase.
Virol J (2020) 17(1):125. doi: 10.1186/s12985-020-01396-w

235. Munster VJ, Feldmann F, Williamson BN, van Doremalen N, Perez-Perez L,
Schulz J, et al. Respiratory disease in rhesus macaques inoculated with SARS-CoV-2.
Nature (2020) 585(7824):268–72. doi: 10.1038/s41586-020-2324-7

236. Yu P, Qi F, Xu Y, Li F, Liu P, Liu J, et al. Age-related rhesus macaque models of
COVID-19. Anim Model Exp Med (2020) 3(1):93–7. doi: 10.1002/ame2.12108

237. Salguero FJ, White AD, Slack GS, Fotheringham SA, Bewley KR, Gooch KE,
et al. Comparison of rhesus and cynomolgus macaques as an infection model for
COVID-19. Nat Commun (2021) 12(1):1260. doi: 10.1038/s41467-021-21389-9

238. Goncalves A, Maisonnasse P, Donati F, Albert M, Behillil S, Contreras V, et al.
SARS-CoV-2 viral dynamics in non-human primates. PLoS Comput Biol (2021) 17(3):
e1008785. doi: 10.1371/journal.pcbi.1008785

239. Singh DK, Singh B, Ganatra SR, Gazi M, Cole J, Thippeshappa R, et al.
Responses to acute infection with SARS-CoV-2 in the lungs of rhesus macaques,
baboons and marmosets. Nat Microbiol (2021) 6(1):73–86. doi: 10.1038/s41564-021-
00867-2

240. Speranza E, Williamson BN, Feldmann F, Sturdevant GL, Perez-Perez L,
Meade-White K, et al. Single-cell RNA sequencing reveals SARS-CoV-2 infection
dynamics in lungs of African green monkeys. Sci Transl Med (2021) 13(578).
doi: 10.1126/scitranslmed.abe8146

241. Nelson CE, Namasivayam S, Foreman TW, Kauffman KD, Sakai S, Dorosky
DE, et al. Mild SARS-CoV-2 infection in rhesus macaques is associated with viral
control prior to antigen-specific T cell responses in tissues. Sci Immunol (2022)
eabo0535. doi: 10.1126/sciimmunol.abo0535

242. Nordstrom P, Ballin M, Nordstrom A. Risk of SARS-CoV-2 reinfection and
COVID-19 hospitalisation in individuals with natural and hybrid immunity: a
retrospective, total population cohort study in Sweden. Lancet Infect Dis (2022) 22
(6):781–90. doi: 10.1016/S1473-3099(22)00143-8

243. Deng W, Bao L, Liu J, Xiao C, Liu J, Xue J, et al. Primary exposure to SARS-
CoV-2 protects against reinfection in rhesus macaques. Science (2020) 369(6505):818–
23. doi: 10.1126/science.abc5343

244. McMahan K, Yu J, Mercado NB, Loos C, Tostanoski LH, Chandrashekar A,
et al. Correlates of protection against SARS-CoV-2 in rhesus macaques. Nature (2021)
590(7847):630–4. doi: 10.1038/s41586-020-03041-6

245. Klasse PJ, Nixon DF, Moore JP. Immunogenicity of clinically relevant SARS-
CoV-2 vaccines in nonhuman primates and humans. Sci Adv (2021) 7(12).
doi: 10.1126/sciadv.abe8065

246. Corbett KS, Nason MC, Flach B, Gagne M, O'Connell S, Johnston TS, et al.
Immune correlates of protection by mRNA-1273 vaccine against SARS-CoV-2 in
nonhuman primates. Science (2021) 373(6561):eabj0299. doi: 10.1126/science.abj0299

247. Goldblatt D, Alter G, Crotty S, Plotkin SA. Correlates of protection against
SARS-CoV-2 infection and COVID-19 disease. Immunol Rev (2022) 310(1):6–26.
doi: 10.1111/imr.13091

248. Trichel AM. Overview of nonhuman primate models of SARS-CoV-2
infection. Comp Med (2021) 71(5):411–32. doi: 10.30802/AALAS-CM-20-000119

249. Michelitsch A, Wernike K, Ulrich L, Mettenleiter TC, Beer M. SARS-CoV-2 in
animals: From potential hosts to animal models. Adv Virus Res (2021) 110:59–102.
doi: 10.1016/bs.aivir.2021.03.004

250. Rahim Z, Thapa J, Fukushima Y, van der Zanden AGM, Gordon SV, Suzuki Y,
et al. Tuberculosis caused by Mycobacterium orygis in dairy cattle and captured
monkeys in Bangladesh: a new scenario of tuberculosis in South Asia. Transbound
Emerg Dis (2017) 64(6):1965–9. doi: 10.1111/tbed.12596

251. Bailey SS, Crawshaw TR, Smith NH, Palgrave CJ. Mycobacterium bovis
infection in domestic pigs in Great Britain. Vet J (2013) 198(2):391–7. doi: 10.1016/
j.tvjl.2013.08.035

252. Rodriguez S, Bezos J, Romero B, de Juan L, Alvarez J, Castellanos E, et al.
Mycobacterium caprae infection in livestock and wildlife, Spain. Emerg Infect Dis
(2011) 17(3):532–5. doi: 10.3201/eid1703.100618

253. Brosch R, Gordon SV, Marmiesse M, Brodin P, Buchrieser C, Eiglmeier K, et al.
A new evolutionary scenario for the Mycobacterium tuberculosis complex. Proc Natl
Acad Sci USA (2002) 99(6):3684–9. doi: 10.1073/pnas.052548299

254. Bayraktar B, Bulut E, Baris AB, Toksoy B, Dalgic N, Celikkan C, et al. Species
distribution of the Mycobacterium tuberculosis complex in clinical isolates from 2007
to 2010 in Turkey: a prospective study. J Clin Microbiol (2011) 49(11):3837–41.
doi: 10.1128/JCM.01172-11

255. Whelan AO, Coad M, Cockle PJ, Hewinson G, Vordermeier M, Gordon SV.
Revisiting host preference in the Mycobacterium tuberculosis complex: experimental
infection shows M. tuberculosis H37Rv to be avirulent in cattle. PLoS One (2010) 5(1):
e8527. doi: 10.1371/journal.pone.0008527

256. Bezos J, Casal C, Diez-Delgado I, Romero B, Liandris E, Alvarez J, et al. Goats
challenged with different members of the Mycobacterium tuberculosis complex display
Frontiers in Immunology 19
different clinical pictures. Vet Immunol Immunopathol (2015) 167(3-4):185–9.
doi: 10.1016/j.vetimm.2015.07.009

257. Niroula N, Lim ZL, Walker S, Huang Y, Gerdts V, Zriba S, et al. Domestic pigs
experimentally infected with Mycobacterium bovis and Mycobacterium tuberculosis
exhibit different disease outcomes. Tuberculosis (Edinb) (2022) 133:102167.
doi: 10.1016/j.tube.2022.102167

258. Villarreal-Ramos B, Berg S, Whelan A, Holbert S, Carreras F, Salguero FJ, et al.
Experimental infection of cattle with Mycobacterium tuberculosis isolates shows the
attenuation of the human tubercle bacillus for cattle. Sci Rep (2018) 8(1):894.
doi: 10.1038/s41598-017-18575-5

259. Perez de Val B, Villarreal-Ramos B, Nofrarias M, Lopez-Soria S, Romera N,
Singh M, et al. Goats primed with Mycobacterium bovis BCG and boosted with a
recombinant adenovirus expressing Ag85A show enhanced protection against
tuberculosis. Clin Vaccine Immunol (2012) 19(9):1339–47. doi: 10.1128/CVI.00275-12

260. Gil O, Diaz I, Vilaplana C, Tapia G, Diaz J, Fort M, et al. Granuloma
encapsulation is a key factor for containing tuberculosis infection in minipigs. PLoS
One (2010) 5(4):e10030. doi: 10.1371/journal.pone.0010030

261. Waters WR, Whelan AO, Lyashchenko KP, Greenwald R, Palmer MV, Harris
BN, et al. Immune responses in cattle inoculated with Mycobacterium bovis,
Mycobacterium tuberculosis, or Mycobacterium kansasii. Clin Vaccine Immunol
(2010) 17(2):247–52. doi: 10.1128/CVI.00442-09

262. Waters WR, Palmer MV, Thacker TC, Bannantine JP, Vordermeier HM,
Hewinson RG, et al. Early antibody responses to experimental Mycobacterium bovis
infection of cattle. Clin Vaccine Immunol (2006) 13(6):648–54. doi: 10.1128/CVI.00061-06

263. Villarreal-Ramos B, McAulay M, Chance V, Martin M, Morgan J, Howard CJ.
Investigation of the role of CD8+ T cells in bovine tuberculosis in vivo. Infect Immun
(2003) 71(8):4297–303. doi: 10.1128/IAI.71.8.4297-4303.2003

264. Ramos L, Obregon-Henao A, Henao-Tamayo M, Bowen R, Izzo A, Lunney JK,
et al. Minipigs as a neonatal animal model for tuberculosis vaccine efficacy testing. Vet
Immunol Immunopathol (2019) 215:109884. doi: 10.1016/j.vetimm.2019.109884

265. Ramos L, Obregon-Henao A, Henao-Tamayo M, Bowen R, Lunney JK,
Gonzalez-Juarrero M. The minipig as an animal model to study Mycobacterium
tuberculosis infection and natural transmission. Tuberculosis (Edinb) (2017) 106:91–
8. doi: 10.1016/j.tube.2017.07.003

266. Weiss G, Schaible UE. Macrophage defense mechanisms against intracellular
bacteria. Immunol Rev (2015) 264(1):182–203. doi: 10.1111/imr.12266

267. Talker SC, Barut GT, Lischer HEL, Rufener R, von Munchow L, Bruggmann R,
et al. Monocyte biology conserved across species: Functional insights from cattle. Front
Immunol (2022) 13:889175. doi: 10.3389/fimmu.2022.889175

268. Jensen K, Gallagher IJ, Johnston N, Welsh M, Skuce R, Williams JL, et al.
Variation in the early host-pathogen interaction of bovine macrophages with divergent
Mycobacterium bovis strains in the United Kingdom. Infect Immun (2018) 86(3).
doi: 10.1128/IAI.00385-17

269. Queval CJ, Fearns A, Botella L, Smyth A, Schnettger L, Mitermite M, et al.
Macrophage-specific responses to human- and animal-adapted tubercle bacilli reveal
pathogen and host factors driving multinucleated cell formation. PLoS Pathog (2021)
17(3):e1009410. doi: 10.1371/journal.ppat.1009410

270. Borkute RR, Woelke S, Pei G, Dorhoi A. Neutrophils in tuberculosis: cell
biology, cellular networking and multitasking in host defense. Int J Mol Sci (2021) 22
(9). doi: 10.3390/ijms22094801

271. Bassel LL, Caswell JL. Bovine neutrophils in health and disease. Cell Tissue Res
(2018) 371(3):617–37. doi: 10.1007/s00441-018-2789-y

272. Cassidy JP, Bryson DG, Pollock JM, Evans RT, Forster F, Neill SD. Early lesion
formation in cattle experimentally infected with Mycobacterium bovis. J Comp Pathol
(1998) 119(1):27–44. doi: 10.1016/S0021-9975(98)80069-8

273. Hancox M. Latency and the control of bovine TB in man and other animals.
Respir Med (2003) 97(9):1075–7. doi: 10.1016/S0954-6111(03)00135-5

274. McIlroy SG, Neill SD, McCracken RM. Pulmonary lesions and Mycobacterium
bovis excretion from the respiratory tract of tuberculin reacting cattle. Vet Rec (1986)
118(26):718–21. doi: 10.1136/vr.118.26.718

275. Bolin CA, Whipple DL, Khanna KV, Risdahl JM, Peterson PK, Molitor TW.
Infection of swine with Mycobacterium bovis as a model of human tuberculosis. J Infect
Dis (1997) 176(6):1559–66. doi: 10.1086/514155

276. Meikle V, Alito A, Llera AS, Gioffre A, Peralta A, Buddle BM, et al.
Identification of novel Mycobacterium bovis antigens by dissection of crude protein
fractions. Clin Vaccine Immunol (2009) 16(9):1352–9. doi: 10.1128/CVI.00211-09

277. Malone KM, Rue-Albrecht K, Magee DA, Conlon K, Schubert OT, Nalpas NC,
et al. Comparative 'omics analyses differentiate Mycobacterium tuberculosis and
Mycobacterium bovis and reveal distinct macrophage responses to infection with the
human and bovine tubercle bacilli. Microb Genom (2018) 4(3). doi: 10.1099/
mgen.0.000163

278. Remot A, Carreras F, Coupe A, Doz-Deblauwe E, Boschiroli ML, Browne JA,
et al. Mycobacterial Infection of Precision-Cut Lung Slices Reveals Type 1 Interferon
Pathway Is Locally Induced by Mycobacterium bovis but Not M. tuberculosis in a
Cattle Breed. Front Vet Sci (2021) 8:696525. doi: 10.3389/fvets.2021.696525

279. Magee DA, Conlon KM, Nalpas NC, Browne JA, Pirson C, Healy C, et al.
Innate cytokine profiling of bovine alveolar macrophages reveals commonalities and
frontiersin.org

https://doi.org/10.1093/infdis/jiaa486
https://doi.org/10.1186/s12985-020-01396-w
https://doi.org/10.1038/s41586-020-2324-7
https://doi.org/10.1002/ame2.12108
https://doi.org/10.1038/s41467-021-21389-9
https://doi.org/10.1371/journal.pcbi.1008785
https://doi.org/10.1038/s41564-021-00867-2
https://doi.org/10.1038/s41564-021-00867-2
https://doi.org/10.1126/scitranslmed.abe8146
https://doi.org/10.1126/sciimmunol.abo0535
https://doi.org/10.1016/S1473-3099(22)00143-8
https://doi.org/10.1126/science.abc5343
https://doi.org/10.1038/s41586-020-03041-6
https://doi.org/10.1126/sciadv.abe8065
https://doi.org/10.1126/science.abj0299
https://doi.org/10.1111/imr.13091
https://doi.org/10.30802/AALAS-CM-20-000119
https://doi.org/10.1016/bs.aivir.2021.03.004
https://doi.org/10.1111/tbed.12596
https://doi.org/10.1016/j.tvjl.2013.08.035
https://doi.org/10.1016/j.tvjl.2013.08.035
https://doi.org/10.3201/eid1703.100618
https://doi.org/10.1073/pnas.052548299
https://doi.org/10.1128/JCM.01172-11
https://doi.org/10.1371/journal.pone.0008527
https://doi.org/10.1016/j.vetimm.2015.07.009
https://doi.org/10.1016/j.tube.2022.102167
https://doi.org/10.1038/s41598-017-18575-5
https://doi.org/10.1128/CVI.00275-12
https://doi.org/10.1371/journal.pone.0010030
https://doi.org/10.1128/CVI.00442-09
https://doi.org/10.1128/CVI.00061-06
https://doi.org/10.1128/IAI.71.8.4297-4303.2003
https://doi.org/10.1016/j.vetimm.2019.109884
https://doi.org/10.1016/j.tube.2017.07.003
https://doi.org/10.1111/imr.12266
https://doi.org/10.3389/fimmu.2022.889175
https://doi.org/10.1128/IAI.00385-17
https://doi.org/10.1371/journal.ppat.1009410
https://doi.org/10.3390/ijms22094801
https://doi.org/10.1007/s00441-018-2789-y
https://doi.org/10.1016/S0021-9975(98)80069-8
https://doi.org/10.1016/S0954-6111(03)00135-5
https://doi.org/10.1136/vr.118.26.718
https://doi.org/10.1086/514155
https://doi.org/10.1128/CVI.00211-09
https://doi.org/10.1099/mgen.0.000163
https://doi.org/10.1099/mgen.0.000163
https://doi.org/10.3389/fvets.2021.696525
https://doi.org/10.3389/fimmu.2023.1223260
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Corleis et al. 10.3389/fimmu.2023.1223260
divergence in the response to Mycobacterium bovis and Mycobacterium tuberculosis
infection. Tuberculosis (Edinb) (2014) 94(4):441–50. doi: 10.1016/j.tube.2014.04.004

280. Buddle BM, Vordermeier HM, Chambers MA, de Klerk-Lorist LM. Efficacy
and safety of BCG vaccine for control of tuberculosis in domestic livestock and wildlife.
Front Vet Sci (2018) 5:259. doi: 10.3389/fvets.2018.00259

281. Guerra-Maupome M, Vang DX, McGill JL. Aerosol vaccination with Bacille
Calmette-Guerin induces a trained innate immune phenotype in calves. PLoS One
(2019) 14(2):e0212751. doi: 10.1371/journal.pone.0212751

282. Hayes FM, Haring CM, Traum J. Vaccination of swine against tuberculosis
with calmette-guerin culture, BCG. Hilgardia (1932) 7:235–61. doi: 10.3733/
hilg.v07n06p235

283. Wedlich N, Figl J, Liebler-Tenorio EM, Kohler H, von Puckler K, Rissmann M,
et al. Video endoscopy-guided intrabronchial spray inoculation of Mycobacterium
bovis in goats and comparative assessment of lung lesions with various imaging
methods. Front Vet Sci (2022) 9:877322. doi: 10.3389/fvets.2022.877322

284. Figl J, KohlerH,WedlichN, Liebler-Tenorio EM,Grode L, Parzmair G, et al. Safety
and immunogenicity of recombinant bacille calmette-guerin strain VPM1002 and its
derivatives in a goat model. Int J Mol Sci (2023) 24(6). doi: 10.3390/ijms24065509

285. Liebler-Tenorio EM, Heyl J, Wedlich N, Figl J, Kohler H, Krishnamoorthy G,
et al. Vaccine-induced subcutaneous granulomas in goats reflect differences in host-
Mycobacterium interactions between BCG- and recombinant BCG-derivative vaccines.
Int J Mol Sci (2022) 23(19). doi: 10.3390/ijms231910992

286. Meurens F, Summerfield A, Nauwynck H, Saif L, Gerdts V. The pig: a model
for human infectious diseases. Trends Microbiol (2012) 20(1):50–7. doi: 10.1016/
j.tim.2011.11.002

287. Hlavsa MC, Moonan PK, Cowan LS, Navin TR, Kammerer JS, Morlock GP,
et al. Human tuberculosis due to Mycobacterium bovis in the United States, 1995-2005.
Clin Infect Dis (2008) 47(2):168–75. doi: 10.1086/589240

288. Wu F, Zhao S, Yu B, Chen YM, Wang W, Song ZG, et al. A new coronavirus
associated with human respiratory disease in China. Nature (2020) 579(7798):265–9.
doi: 10.1038/s41586-020-2008-3

289. Lerche NW, Yee JL, Capuano SV, Flynn JL. New approaches to tuberculosis
surveillance in nonhuman primates. ILAR J (2008) 49(2):170–8. doi: 10.1093/
ilar.49.2.170

290. Qiu X, Liu Y, Sha A. SARS-CoV-2 and natural infection in animals. J Med Virol
(2023) 95(1):e28147. doi: 10.1002/jmv.28147

291. Vandegrift KJ, Yon M, Surendran Nair M, Gontu A, Ramasamy S,
Amirthalingam S, et al. SARS-CoV-2 omicron (B.1.1.529) infection of wild white-
tailed deer in New York City. Viruses (2022) 14(12). doi: 10.3390/v14122770

292. Marques AD, Sherrill-Mix S, Everett JK, Adhikari H, Reddy S, Ellis JC, et al.
Multiple introductions of SARS-CoV-2 alpha and delta variants into white-tailed deer
in Pennsylvania. mBio (2022) 13(5):e0210122. doi: 10.1128/mbio.02101-22

293. Virtanen J, Aaltonen K, Kegler K, Venkat V, Niamsap T, Kareinen L, et al.
Experimental infection of mink with SARS-COV-2 omicron variant and subsequent
clinical disease. Emerg Infect Dis (2022) 28(6):1286–8. doi: 10.3201/eid2806.220328

294. Shi J, Wen Z, Zhong G, Yang H, Wang C, Huang B, et al. Susceptibility of
ferrets, cats, dogs, and other domesticated animals to SARS-coronavirus 2. Science
(2020) 368(6494):1016–20. doi: 10.1126/science.abb7015

295. Gupta T, SOmanna N, Rowe T, LaGatta M, Helms S, Owino SO, et al. Ferrets as
a model for tuberculosis transmission. Front Cell Infect Microbiol (2022) 12:873416.
doi: 10.3389/fcimb.2022.873416

296. Oude Munnink BB, Sikkema RS, Nieuwenhuijse DF, Molenaar RJ, Munger E,
Molenkamp R, et al. Transmission of SARS-CoV-2 on mink farms between humans
and mink and back to humans. Science (2021) 371(6525):172–7. doi: 10.1126/
science.abe5901

297. Giraldo-Ramirez S, Rendon-Marin S, Jaimes JA, Martinez-Gutierrez M, Ruiz-
Saenz J. SARS-CoV-2 clinical outcome in domestic and wild cats: A systematic review.
Anim (Basel) (2021) 11(7). doi: 10.3390/ani11072056

298. Miller MA, Buss P, Sylvester TT, Lyashchenko KP, deKlerk-Lorist LM, Bengis
R, et al. Mycobacterium bovis in free-ranging lions (Panthera leo) - evaluation of
serological and tuberculin skin tests for detection of infection and disease. J Zoo Wildl
Med (2019) 50(1):7–15. doi: 10.1638/2017-0187

299. GroupTC-GS. Tuberculosis and COVID-19 co-infection: description of the
global cohort. Eur Respir J (2022) 59(3). doi: 10.1183/13993003.02538-2021

300. Jassat W, Mudara C, Ozougwu L, Tempia S, Blumberg L, Davies MA, et al.
Difference in mortality among individuals admitted to hospital with COVID-19 during
the first and second waves in South Africa: a cohort study. Lancet Glob Health (2021) 9
(9):e1216–25. doi: 10.1016/S2214-109X(21)00289-8

301. Western Cape Department of Health in collaboration with the National
Institute for Communicable Diseases SA. Risk factors for coronavirus disease 2019
(COVID-19) death in a population cohort study from the Western Cape Province,
South Africa. Clin Infect Dis (2021) 73(7):e2005–e15. doi: 10.1093/cid/ciaa1198

302. Schulte-Schrepping J, Reusch N, Paclik D, Bassler K, Schlickeiser S, Zhang B,
et al. Severe COVID-19 is marked by a dysregulated myeloid cell compartment. Cell
(2020) 182(6):1419–40 e23. doi: 10.1016/j.cell.2020.08.001
Frontiers in Immunology 20
303. Petrone L, Petruccioli E, Vanini V, Cuzzi G, Gualano G, Vittozzi P, et al.
Coinfection of tuberculosis and COVID-19 limits the ability to in vitro respond to SARS-
CoV-2. Int J Infect Dis (2021) 113(Suppl 1):S82–S7. doi: 10.1016/j.ijid.2021.02.090

304. Riou C, du Bruyn E, Stek C, Daroowala R, Goliath RT, Abrahams F, et al.
Relationship of SARS-CoV-2-specific CD4 response to COVID-19 severity and impact
of HIV-1 and tuberculosis coinfection. J Clin Invest (2021) 131(12). doi: 10.1172/
JCI149125

305. Blanco-Melo D, Nilsson-Payant BE, Liu WC, Uhl S, Hoagland D, Moller R,
et al. Imbalanced host response to SARS-CoV-2 drives development of COVID-19. Cell
(2020) 181(5):1036–45.e9. doi: 10.1016/j.cell.2020.04.026

306. Banerjee A, El-Sayes N, Budylowski P, Jacob RA, Richard D, Maan H, et al.
Experimental and natural evidence of SARS-CoV-2-infection-induced activation of
type I interferon responses. iScience (2021) 24(5):102477. doi: 10.1016/
j.isci.2021.102477

307. Berry MP, Graham CM, McNab FW, Xu Z, Bloch SA, Oni T, et al. An
interferon-inducible neutrophil-driven blood transcriptional signature in human
tuberculosis. Nature (2010) 466(7309):973–7. doi: 10.1038/nature09247

308. Knaul JK, Jorg S, Oberbeck-Mueller D, Heinemann E, Scheuermann L,
Brinkmann V, et al. Lung-residing myeloid-derived suppressors display dual
functionality in murine pulmonary tuberculosis. Am J Respir Crit Care Med (2014)
190(9):1053–66. doi: 10.1164/rccm.201405-0828OC

309. Moreira-Teixeira L, Tabone O, Graham CM, Singhania A, Stavropoulos E,
Redford PS, et al. Mouse transcriptome reveals potential signatures of protection and
pathogenesis in human tuberculosis. Nat Immunol (2020) 21(4):464–76. doi: 10.1038/
s41590-020-0610-z

310. Pathak L, Gayan S, Pal B, Talukdar J, Bhuyan S, Sandhya S, et al. Coronavirus
activates an altruistic stem cell-mediated defense mechanism that reactivates dormant
tuberculosis: implications in coronavirus disease 2019 pandemic. Am J Pathol (2021)
191(7):1255–68. doi: 10.1016/j.ajpath.2021.03.011

311. Hildebrand RE, Chandrasekar SS, Riel M, Touray BJB, Aschenbroich SA, Talaat
AM. Superinfection with SARS-CoV-2 Has Deleterious Effects on Mycobacterium bovis
BCG Immunity and Promotes Dissemination of Mycobacterium tuberculosis.Microbiol
Spectr (2022) 10(5):e0307522. doi: 10.1128/spectrum.03075-22

312. Rosas Mejia O, Gloag ES, Li J, Ruane-Foster M, Claeys TA, Farkas D, et al. Mice
infected with Mycobacterium tuberculosis are resistant to acute disease caused by
secondary infection with SARS-CoV-2. PLoS Pathog (2022) 18(3):e1010093. doi:
10.1371/journal.ppat.1010093

313. Chiok KR, Dhar N, Banerjee A. Mycobacterium tuberculosis and SARS-CoV-2
co-infections: The knowns and unknowns. iScience (2023) 26(5):106629. doi: 10.1016/
j.isci.2023.106629

314. Kaufmann E, Khan N, Tran KA, Ulndreaj A, Pernet E, Fontes G, et al. BCG
vaccination provides protection against IAV but not SARS-CoV-2. Cell Rep (2022) 38
(10):110502. doi: 10.1016/j.celrep.2022.110502

315. Hilligan KL, Namasivayam S, Clancy CS, O'Mard D, Oland SD, Robertson SJ,
et al. Intravenous administration of BCG protects mice against lethal SARS-CoV-2
challenge. J Exp Med (2022) 219(2). doi: 10.1084/jem.20211862

316. White AD, Sibley L, Sarfas C, Morrison AL, Bewley K, Churchward C, et al.
Influence of aerosol delivered BCG vaccination on immunological and disease
parameters following SARS-CoV-2 challenge in rhesus macaques. Front Immunol
(2021) 12:801799. doi: 10.3389/fimmu.2021.801799

317. Pittet LF, Messina NL, Orsini F, Moore CL, Abruzzo V, Barry S, et al.
Randomized trial of BCG vaccine to protect against covid-19 in health care workers.
N Engl J Med (2023) 388(17):1582–96. doi: 10.1056/NEJMoa2212616

318. Pennitz P, Kirsten H, Friedrich VD, Wyler E, Goekeri C, Obermayer B, et al. A
pulmonologist's guide to perform and analyse cross-species single lung cell
transcriptomics. Eur Respir Rev (2022) 31(165). doi: 10.1183/16000617.0056-2022

319. Paudyal B, McNee A, Rijal P, Carr BV, Nunez A, McCauley J, et al. Low dose
pig anti-influenza virus monoclonal antibodies reduce lung pathology but do not
prevent virus shedding. Front Immunol (2021) 12:790918. doi: 10.3389/
fimmu.2021.790918

320. Martini V, Edmans M, Gubbins S, Jayaraman S, Paudyal B, Morgan S, et al. Spatial,
temporal and molecular dynamics of swine influenza virus-specific CD8 tissue resident
memory T cells. Mucosal Immunol (2022) 15(3):428–42. doi: 10.1038/s41385-021-00478-4

321. Vatzia E, Allen ER, Manjegowda T, Morris S, McNee A, Martini V, et al.
Respiratory and intramuscular immunization with chAdOx2-NPM1-NA induces
distinct immune responses in H1N1pdm09 pre-exposed pigs. Front Immunol (2021)
12:763912. doi: 10.3389/fimmu.2021.763912

322. Keep S, Carr BV, Lean FZX, Fones A, Newman J, Dowgier G, et al. Porcine
respiratory coronavirus as a model for acute respiratory coronavirus disease. Front
Immunol (2022) 13:867707. doi: 10.3389/fimmu.2022.867707

323. Sefik E, Israelow B, Mirza H, Zhao J, Qu R, Kaffe E, et al. A humanized mouse
model of chronic COVID-19. Nat Biotechnol (2022) 40(6):906–20. doi: 10.1038/
s41587-021-01155-4

324. Rosshart SP, Herz J, Vassallo BG, Hunter A, Wall MK, Badger JH, et al.
Laboratory mice born to wild mice have natural microbiota and model human immune
responses. Science (2019) 365(6452). doi: 10.1126/science.aaw4361
frontiersin.org

https://doi.org/10.1016/j.tube.2014.04.004
https://doi.org/10.3389/fvets.2018.00259
https://doi.org/10.1371/journal.pone.0212751
https://doi.org/10.3733/hilg.v07n06p235
https://doi.org/10.3733/hilg.v07n06p235
https://doi.org/10.3389/fvets.2022.877322
https://doi.org/10.3390/ijms24065509
https://doi.org/10.3390/ijms231910992
https://doi.org/10.1016/j.tim.2011.11.002
https://doi.org/10.1016/j.tim.2011.11.002
https://doi.org/10.1086/589240
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1093/ilar.49.2.170
https://doi.org/10.1093/ilar.49.2.170
https://doi.org/10.1002/jmv.28147
https://doi.org/10.3390/v14122770
https://doi.org/10.1128/mbio.02101-22
https://doi.org/10.3201/eid2806.220328
https://doi.org/10.1126/science.abb7015
https://doi.org/10.3389/fcimb.2022.873416
https://doi.org/10.1126/science.abe5901
https://doi.org/10.1126/science.abe5901
https://doi.org/10.3390/ani11072056
https://doi.org/10.1638/2017-0187
https://doi.org/10.1183/13993003.02538-2021
https://doi.org/10.1016/S2214-109X(21)00289-8
https://doi.org/10.1093/cid/ciaa1198
https://doi.org/10.1016/j.cell.2020.08.001
https://doi.org/10.1016/j.ijid.2021.02.090
https://doi.org/10.1172/JCI149125
https://doi.org/10.1172/JCI149125
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.1016/j.isci.2021.102477
https://doi.org/10.1016/j.isci.2021.102477
https://doi.org/10.1038/nature09247
https://doi.org/10.1164/rccm.201405-0828OC
https://doi.org/10.1038/s41590-020-0610-z
https://doi.org/10.1038/s41590-020-0610-z
https://doi.org/10.1016/j.ajpath.2021.03.011
https://doi.org/10.1128/spectrum.03075-22
https://doi.org/10.1371/journal.ppat.1010093
https://doi.org/10.1016/j.isci.2023.106629
https://doi.org/10.1016/j.isci.2023.106629
https://doi.org/10.1016/j.celrep.2022.110502
https://doi.org/10.1084/jem.20211862
https://doi.org/10.3389/fimmu.2021.801799
https://doi.org/10.1056/NEJMoa2212616
https://doi.org/10.1183/16000617.0056-2022
https://doi.org/10.3389/fimmu.2021.790918
https://doi.org/10.3389/fimmu.2021.790918
https://doi.org/10.1038/s41385-021-00478-4
https://doi.org/10.3389/fimmu.2021.763912
https://doi.org/10.3389/fimmu.2022.867707
https://doi.org/10.1038/s41587-021-01155-4
https://doi.org/10.1038/s41587-021-01155-4
https://doi.org/10.1126/science.aaw4361
https://doi.org/10.3389/fimmu.2023.1223260
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Corleis et al. 10.3389/fimmu.2023.1223260
325. Schlottau K, Rissmann M, Graaf A, Schon J, Sehl J, Wylezich C, et al. SARS-
CoV-2 in fruit bats, ferrets, pigs, and chickens: an experimental transmission study.
Lancet Microbe (2020) 1(5):e218–25. doi: 10.1016/S2666-5247(20)30089-6

326. Zaeck LM, Scheibner D, Sehl J, Muller M, Hoffmann D, Beer M, et al. Light
sheet microscopy-assisted 3D analysis of SARS-CoV-2 infection in the respiratory tract
of the ferret model. Viruses (2021) 13(3). doi: 10.3390/v13030529

327. Zhou B, Thao TTN, Hoffmann D, Taddeo A, Ebert N, Labroussaa F, et al.
SARS-CoV-2 spike D614G change enhances replication and transmission. Nature
(2021) 592(7852):122–7. doi: 10.1038/s41586-021-03361-1
Frontiers in Immunology 21
328. Pulit-Penaloza JA, Belser JA, Sun X, Pappas C, Brock N, Kieran TJ, et al.
Comparative assessment of severe acute respiratory syndrome coronavirus 2 variants in
the ferret model. mBio (2022) 13(5):e0242122. doi: 10.1128/mbio.02421-22

329. Friedrichs V, Toussaint C, Schafer A, Rissmann M, Dietrich O, Mettenleiter
TC, et al. Landscape and age dynamics of immune cells in the Egyptian rousette bat.
Cell Rep (2022) 40(10):111305. doi: 10.1016/j.celrep.2022.111305

330. Gamage AM, Chan WOY, Zhu F, Lim YT, Long S, Ahn M, et al. Single-cell
transcriptome analysis of the in vivo response to viral infection in the cave nectar bat
Eonycteris spelaea. Immunity (2022) 55(11):2187–205 e5. doi: 10.1016/j.immuni.2022.10.008
frontiersin.org

https://doi.org/10.1016/S2666-5247(20)30089-6
https://doi.org/10.3390/v13030529
https://doi.org/10.1038/s41586-021-03361-1
https://doi.org/10.1128/mbio.02421-22
https://doi.org/10.1016/j.celrep.2022.111305
https://doi.org/10.1016/j.immuni.2022.10.008
https://doi.org/10.3389/fimmu.2023.1223260
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Animal models for COVID-19 and tuberculosis
	1 Introduction
	2 Small animal models
	2.1 Mouse models
	2.1.1 Murine TB models
	2.1.2 Murine COVID-19 models

	2.2 Rat models for COVID-19 and TB
	2.3 The guinea pig model for TB
	2.4 The rabbit model for TB
	2.5 Hamster models for COVID-19

	3 Large animal models
	3.1 Non-human primate models
	3.1.1 Non-human primates in TB
	3.1.2 Non-human primates in COVID-19

	3.2 Livestock models for TB

	4 Perspectives
	Author contributions
	Acknowledgments
	References


