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ABSTRACT

Macrophage-lineage cells are indispensable to immunity and physiology of all vertebrates. Amongst these, amphibians represent a key stage in vertebrate evolution
and are facing decimating population declines and extinctions, in large part due to emerging infectious agents. While recent studies indicate that macrophages and
related innate immune cells are critically involved during these infections, much remains unknown regarding the ontogeny and functional differentiation of these cell
types in amphibians. Accordingly, in this review we coalesce what has been established to date about amphibian blood cell development (hematopoiesis), the
development of key amphibian innate immune cells (myelopoiesis) and the differentiation of amphibian macrophage subsets (monopoiesis). We explore the current
understanding of designated sites of larval and adult hematopoiesis across distinct amphibian species and consider what mechanisms may lend to these species-
specific adaptations. We discern the identified molecular mechanisms governing the functional differentiation of disparate amphibian (chiefly Xenopus laevis)
macrophage subsets and describe what is known about the roles of these subsets during amphibian infections with intracellular pathogens. Macrophage lineage cells
are at the heart of so many vertebrate physiological processes. Thus, garnering greater understanding of the mechanisms responsible for the ontogeny and func-
tionality of these cells in amphibians will lend to a more comprehensive view of vertebrate evolution.

1. Introduction

Amphibians have become popular animal models for comparative
and developmental studies of immunity, reviewed in (Du Pasquier et al.,
1989; O’Rourke, 2007; Robert and Ohta, 2009). Of the more commonly
studied frog genera including Xenopus, Rana, Hyla and Bufo, the African
clawed frog species, X. laevis and X. tropicalis remain by far the primary
models for research, owing to their sequenced genomes and availability
of reagents (de Abreu Manso et al., 2009; Maniatis and Ingram, 1971;
Manning and Horton, 1982; Robert and Ohta, 2009). Moreover, the
immunologically distinct tadpole and adult amphibian life stages,
separated by drastic tissue remodeling during metamorphosis, add to the
appeal of amphibian species as research models of the ontogeny of im-
mune systems (O’Rourke, 2007).

While the overall cellular and genetic composition of the amphibian
immune system bears a fundamental resemblance to those of mammals,
reviewed in (Flajnik, 2018), there are also notable distinctions. For
instance, while the bone marrow is the major site for hematopoiesis in
mammals, the liver periphery and spleen tissues are considered to be the
principal hematopoietic sites in many post-metamorphic amphibian
species (Chen and Turpen, 1995; Golub et al., 2004; Nogawa-Kosaka
et al., 2011). With the exception of the spleen, amphibians also lack
secondary lymphoid organs. Lymphocytes accumulate in the liver
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periphery, kidney and along the intestines, but do not form organized
lymph nodes, reviewed in (Du Pasquier et al., 1989; Robert and Ohta,
2009).

Amphibian populations are experiencing an alarming global decline
as the result of complicated factors such as habitat destruction, tem-
perature changes and pollution, concomitant with elevated emerging
bacterial, fungal, and viral infections, reviewed in (Rollins-Smith,
2017). Presumably, these compounding factors (at least in part) mani-
fest in decreased capacities of amphibians to mount successful immune
responses against these pathogens, resulting in the increased animal
mortalities. Thus, to curtail these amphibian declines, we must first
understand the sources and functional roles of amphibian immune cells
and their responses towards infections caused by these pathogens.

1.1. Hematopoiesis

In adult vertebrates, hematopoiesis takes place within designated
tissues. While this process occurs in the bone marrow in mammals and
birds (Bartelmez et al., 1989; Garceau et al., 2010; Kriegler et al., 1994),
it is localized to the head kidney in fish (Belosevic et al., 2006; Neumann
et al., 2000). In each of these sites, the pluripotent hematopoietic stem
cells (HSCs) give rise to common lymphoid precursors (CLP) or common
myeloid precursors (CMP). The CLPs further differentiate to give rise to
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precursors for B and T cells (pre-T/pre-B), and natural killer (NK) cells.
Likewise, CMPs give rise to megakaryocyte/erythrocyte precursors
(MEP) or granulocyte/macrophage precursors (GMP). These hemato-
poietic steps (for X. laevis) are depicted in Fig. 1A. The sites of amphibian
hematopoiesis vary between species and occur in distinct sites including
liver periphery, kidney, and the bone marrow, as discussed below.

1.2. Liver-mediated hematopoiesis in amphibians

The amphibian subcapsular/peripheral liver is thought to be the
principal hematopoietic organ during the early stages of amphibian
development and in some cases into adult life (Chen and Turpen, 1995;
Nogawa-Kosaka et al., 2011). In general, urodeles and more primitive
anurans such as Xenopus appear to utilize the liver periphery towards
both larval and adult hematopoiesis, whereas more recently diverged
anuran species may employ the liver and/or kidney for tadpole hema-
topoiesis and their bone marrow for adult blood cell development
(Lopez et al., 2014). Moreover, amphibian hepatic hematopoietic ac-
tivity is subject to seasonal variations. For instance, research on Pelo-
phylax ridibundus, has revealed that spring and summer seasons are
favorable to granulocyte differentiation with autumn and summer,
favorable to erythropoiesis (Akulenko, 2012).

Akin to mammals, resident liver macrophages known as Kupffer
cells, have been identified in amphibian livers and have been demon-
strated to bear high resemblance to mammalian Kupffer cells in
morphology and function (Sichel et al., 2002). However, unlike the
mammalian counterparts, these amphibian liver phagocytes possess the
ability to produce melanin (Guida et al., 2000; Purrello et al., 2001;
Sichel et al., 2002), where the main function of this melanin pigmen-
tation is believed to be the regulation of cytotoxic substances such as
ions and free radicals (Gallone et al., 2007; Sichel, 1988). Owing to
environmental changes such as temperature fluctuations, food avail-
ability, and other seasonal change, the liver undergoes certain
morphological changes, and these pigmented Kupffer cells are believed
to contribute to these changes (Barni et al., 1999). Notably, amphibian
infections with protist Perkinsea pathogen(s) represent the most
recently recognized threat to amphibian global diversity (Chambouvet
et al., 2015, 2020; Isidoro-Ayza et al., 2017). Since Perkinsea target
amphibian livers (Isidoro-Ayza et al., 2017), we anticipate that Kupffer
cells, which are critical to vertebrate liver integrity (Dou et al., 2019),
will be important effectors in the immune responses against this
emerging pathogen.

1.3. Kidney-mediated hematopoiesis in amphibians

While many studied amphibians are thought to utilize their livers as
principal sites of larval hematopoiesis, other tadpole amphibians
employ their kidney as their site of blood cell development. For example,
tadpoles of the European common frog, Rana temporaria utilize the
pronephric interstices of their kidneys for hematopoiesis and do not
appear to use their livers at all towards these processes (Meseguer et al.,
1985). Likewise, the tadpoles of the edible common frog, Rana esculenta
use their trunk kidney tissue for granulocyte development, and possibly
other forms of hematopoiesis (Frank, 1988, 1989). During embryogen-
esis and early tadpole development of the leopard frog, Rana pipiens the
kidney is used towards granulopoiesis and some erythropoiesis (Car-
penter and Turpen, 1979). While Carpenter and Turpen (1979) observed
almost no lymphocyte development in larval R. pipiens kidneys, Zet-
tergren reported that these leopard frog tadpoles do use their kidneys for
B cell development (Zettergren, 1982). Notably, whereas the former
report relied primarily on histological observation, the latter used the
much more objective approach of immunohistochemistry. Interestingly,
the adult American bullfrog Lithobates catesbeianus utilizes both bone
marrow and kidney towards the production of granulocytes, monocytes,
erythrocytes, and lymphocytes (de Abreu Manso et al., 2009). With all
these observed differences, it will be invaluable to determine the precise
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and respective contributions of the kidney and liver to amphibian he-
matopoiesis of disparate life stages of distinct amphibian species.

1.4. Bone marrow-mediated hematopoiesis in amphibians

In mammals, the bone marrow is a soft, fatty tissue that is the
principal site of adult hematopoiesis. In contrast, different amphibian
species exhibit the use of distinct organs and tissues towards blood cell
development (Akulenko, 2012; Carver and Meints, 1977; Golub et al.,
2004; Lane and Sheets, 2002). Some of the amphibian species use their
bone marrow towards hematopoiesis, thus representing the earliest
evolutionary origins of this site for blood cell development. For instance,
in Rana ridibunda, the bone marrow serves as the designated site for
hematopoiesis and appears to be subjected to seasonal fluctuations
(Akulenko, 2012). Research on Rana (Lithobates) catesbeianus has
demonstrated active hematopoiesis in the bone marrow of the vertebrae,
femur and fingers, but no blood cell development was found to take
place in the liver or spleen tissues (de Abreu Manso et al., 2009).
Morphological analysis of erythroid cells in R. catesbeianus adults
revealed that the erythroid-lineage cells were found exclusively in the
livers but not in the bone marrow of these adult frogs (Maniatis and
Ingram, 1971). However, it is difficult to deduce the hematopoietic site
in this species, as the results are based solely on the cells containing
hemoglobin. It is possible that these cells may originate at distinct he-
matopoietic site(s) and migrate to the bone marrow following meta-
morphosis (Maniatis and Ingram, 1971).

While the liver periphery and spleen tissues were thought to be the
principal sites of hematopoiesis in adult X. laevis (Hadji-Azimi et al.,
1987; Lane and Sheets, 2002), our work demonstrated that the devel-
opment of macrophage, granulocyte and at least some dendritic
cell-lineages occur in the bone marrow of these animals (Hossainey
et al.,, 2023; Yaparla et al., 2019) Fig. 1). Notably, other leukocyte
precursors such as B cells are clearly derived within the X. laevis liver
periphery and spleen tissues and not in the bone marrow (Hadji-Azimi
et al., 1990; Marr et al., 2007).

As demonstrated in well-characterized mammalian species, myelo-
poiesis (X. laevis myelopoiesis depicted in Fig. 1A&C) is the branch of
hematopoiesis through which common myeloid progenitor (CMP) cells
give rise to granulocyte/macrophage progenitors (GMPs) or megakar-
yocyte/erythrocyte progenitors (MEP (Ciau-Uitz et al., 2014; Cumano
and Godin, 2007; Orkin and Zon, 2008)). In turn, GMPs differentiate
into either granulocyte (Gran)- or macrophage (Me)-lineage cells in
response to lineage-specific growth factors (De Kleer et al., 2014). With
these progressions through lineage commitment steps, GMP lose their
Gran-producing capacities, becoming monocyte/macrophage and den-
dritic cell progenitors (MDP). Subsequently, MDP give rise to either
common monocyte progenitors (cMoP) that are precursors to extensive
repertoires of morphologically and functionally distinct macrophage
subsets (Naik et al., 2006) or to common dendritic cell (DC) precursor
(CDP). Distinct macrophage subsets acquire their respective functional
states upon exposure to tissue- and/or immune response-specific factors.
However, and as described in greater detail below, all macrophage
development requires signaling through the colony stimulation factor-1
receptor (CSF-1R, i.e., macrophage colony-stimulating factor receptor;
M-CSFR) on the surface of GMP and CDP (Lin et al., 2019). Signaling
through the CSF-1R is elicited by two ligands, CSF-1 (i.e., M-CSF) and
interleukin-34 (IL34) (Boulakirba et al., 2018; Chihara et al., 2010),
which culminates in macrophage differentiation and functionality
(Belosevic et al., 2006; Bonifer and Hume, 2008; Jones and Ricardo,
2013). Our recent work indicates that cells in the X. laevis bone marrow
have the potential for differentiating into granulocytes, distinct macro-
phage subsets or into dendritic cells in response to cognate granulocyte-
(CSF-3), macrophage- (CSF-1/IL-34) or dendritic cell- (fms-like tyrosine
kinsase-3 ligand, FLT3L) specific growth factors (Hossainey et al., 2023)
Fig. 1A). This suggests that if the X. laevis myelopoiesis follows down the
same sequential differentiation pathways as those characterized in
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Fig. 1. Xenopus laevis segregates myelopoiesis away from general hematopoi-
esis. (A) X. laevis pluripotent, lymphoid and some myeloid progenitors are
located in the subcapsular (peripheral) liver whereas granulocyte/macrophage
precursors are found in the bone marrow of these animals. (B) Granulocyte
(Gran)/macrophage (Mg) precursors (GMP) are trafficked/homed to the
X. laevis bone marrow by the CXCL12 chemokine. (C) Once in the bone marrow,
GMP are differentiated into distinct myeloid subsets via stimulation with
lineage-specific cytokines/growth factors. Abbreviations: CDP-common den-
dritic cell (DC) precursor; CLP-common lymphoid progenitor; cMoP-common
monocyte/macrophage precursor; CMP-common myeloid progenitor; CSF-
colony-stimulating factor; FLT3L-fms-like tyrosine kinase 3 ligand; GMP-
granulocyte/macrophage precursor; HSC-hematopoietic stem cell; IL34-
interleukin-34; MDP-monocyte/dendritic cell (DC) precursor; MEP-
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megakaryocyte/erythrocyte precursor. Images in panels A and B were gener-
ated via BioRender.

<

mammals, then the bone marrow of these animals contains GMP, MDP,
cMoP, and CDP (Fig. 1C).

Some amphibian species, such as those belonging to the genus Rana,
additionally utilize their bone marrow as a site for erythropoiesis
(Carver and Meints, 1977). It is noteworthy that amphibians that utilize
their bone marrow for hematopoiesis tend to be more terrestrial. As an
example, studies of bone marrow vasculature in urodelian and anuran
species have revealed that the appearance of fat in the bone marrow is
unrelated to its involvement as a hematopoietic site (Tanaka, 1976). In
contrast and akin to the mammalian bone marrow, which consists of
sub-endosteal veins that are used for draining blood, more terrestrial
amphibian species appear to have similar bone marrow vasculature
concomitant with more developed bone marrow hematopoietic activity
(Tanaka, 1976). This contrasts the earlier branching amphibian lineages
such as caecilians (limbless amphibians), urodelians (salamander-
s/newts) and primitive anurans (frogs/toads; Bombina and Xenopus
genera), which have limited to no bone marrow hematopoietic activity
and likewise lack extensive vascular innervation of these sites, reviewed
in (Grayfer and Robert, 2016). It has thus been aptly proposed that the
evolution and intricacy of bone marrow vasculature is linked to the
occurrence and efficacies of hematopoiesis in this tissue (Tanaka, 1976).

1.5. Monopoiesis in anuran amphibians

Monopoiesis refers to the development of macrophage-lineage cells,
and the commitment of myeloid progenitor cells to this lineage is
marked by the surface expression of colony stimulating factor-1 receptor
(CSF-1R; Tagoh et al., 2002). As macrophage progenitors develop and
undergo differentiation, the magnitude of CSF-1R expression increases,
both at transcriptional and protein levels (Bonifer and Hume, 2008;
Krysinska et al., 2007; Rosa et al., 2007). The CSF-1R expression is
indispensable for macrophage-lineage cell commitment, differentiation
and often survival (Cecchini et al., 1994; Stanley et al., 1978). Indeed,
recent single-cell sequencing analyses of immune cell populations from
seven evolutionarily distinct vertebrate species including fish, frogs, and
mammals, underlined CSF1R as the single most important macrophage
signaling component across all of these species (Jiao et al., 2023). This
contrasts with many other marker and effector genes, which vary
depending on the species source of macrophages, presumably coinciding
with their unique respective physiological and immune demands.

Prior to commitment (indicated by CSF-1R surface expression),
stimulation of HSCs with macrophage growth factor, colony stimulating
factor-1 (CSF-1) does not drive the monopoiesis of HSCs, underlining the
importance of CSF-1R (Bartelmez et al., 1989; Kriegler et al., 1994).
Notably, while liver periphery of X. laevis is considered to be the primary
site of hematopoiesis (Hadji-Azimi et al., 1987, 1990; Lane and Sheets,
2002), the progenitor cells that are committed to macrophage-lineage
appear to reside predominantly, if not exclusively in the bone marrow,
away from the liver periphery (Grayfer and Robert, 2013a; Yaparla
et al., 2016). Consistent with this notion, upon recombinant (r)CSF-1
stimulation, X. laevis bone marrow cells significantly upregulate genes
encoding hallmark transcription factors (TFs) associated with macro-
phage differentiation (Yaparla et al., 2020). In contrast, cells derived
from X. laevis liver periphery possess greater baseline expression of TFs
associated with HSCs, erythroid, and lymphoid cell differentiation,
compared to the bone marrow (Yaparla et al., 2020). Based on these
findings, we anticipate that while the final stages of macrophage and
granulocyte development occur within the Xenopus bone marrow, the
precursor populations to these cells arise from the hematopoietic liver
periphery and/or spleen tissues. In support of this hypothesis, we
recently demonstrated that such progenitors are produced in the liver
periphery and likely undergo migration/homing to the bone marrow
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through blood circulation in response to the CXCL12 chemokine, pro-
duced by the bone marrow (Yaparla et al., 2020; Fig. 1B). This is
consistent with what occurs in mammals, wherein CXCL12 is respon-
sible for homing HSCs to the bone marrow (Hill et al., 2004; Khurana
et al.,, 2014). It is intriguing that this strategy for homing/retaining
macrophage progenitors has been evolutionarily conserved in X. laevis.
Notably, HSC migration and homing in mammals is influenced by a
variety of additional factors such as adhesion molecules, activa-
tion/signaling molecules and extracellular calcium concentration in the
bone marrow (Ciriza et al., 2012; Ciriza and Garcia-Ojeda, 2010; Lam
et al., 2011; Potocnik et al., 2000; Smith-Berdan et al., 2011). Likely,
several of these factors are also involved in facilitating retention and
further differentiation of GMPs in the X. laevis bone marrow.

1.6. Colony stimulating factor-1 and vertebrate macrophages
differentiation

As described above, colony stimulating factor-1 (CSF-1, M-CSF) ac-
tivates CSF-1R, expressed on macrophage precursors and derivative
phagocyte populations (Guilbert and Stanley, 1980; Lichanska et al.,
1999). In birds and mammals, single, alternatively spliced mRNA codes
for membrane-bound and secretory forms of CSF-1 (Manos, 1988;
Rettenmier and Roussel, 1988). The N-terminal region (150 amino
acids) of the two forms of CSF-1 in mammals is sufficient for mediating
the biological activity of these cytokines and is not affected by splicing
(Koths, 1997; Taylor et al., 1994). Teleost fish express two CSF-1 genes
on distinct chromosomes that are believed not to undergo the extensive
alternative splicing seen in the mammalian counterparts (Wang et al.,
2008). Whether the gene products encoded by these two teleost CSF-1
genes are similar to mammalian CSF-1 splice variants in functionality
remains to be explored. Xenoponidae amphibians possess a single CSF-1
gene (Grayfer and Robert, 2013b, 2015) that undergoes alternative
splicing.

Xenopus CSF-1R includes five putative immunoglobulin domains,
structurally conserved cysteine residues, and a disrupted tyrosine kinase
domain (Grayfer et al., 2014). Although the protein sequences of CSF-1R
across vertebrates are poorly conserved, especially in the region that
codes for the extracellular domain, the trademark features such as those
mentioned above seem to be evolutionary conserved. The amino acid
sequence of the respective CSF-1 ligands among vertebrates also display
poor sequence identity (Grayfer et al., 2014), which presumably reflects
the selective pressure to enable the cognate ligand-receptor binding.

1.7. Interluekin-34 and vertebrate macrophage differentiation

In addition to CSF-1, CSF-1R is also activated by an alternative
ligand, interleukin-34 (IL-34), which contributes to monopoiesis (Lin
et al., 2008). Although both CSF-1 and IL-34 share the same receptor,
these cytokines exhibit distinct tissue-specific gene expression patterns,
suggesting that they are involved in disparate biological functions
(Boulakirba et al., 2018; Ge et al., 2019). Immunomodulatory effects of
IL-34 have also been characterized in autoimmune diseases such as
rheumatoid arthritis (RA), a condition which is associated with bone
destruction (Chemel et al., 2012). Macrophages are the central immune
cells in RA pathogenesis, and IL-34 facilitates the infiltration and dif-
ferentiation of these cells and enhances the production of proin-
flammatory cytokines (Chemel et al., 2012), suggesting that IL-34 has a
proinflammatory function. IL-34-deficient mice display a substantial
reduction in microglia and Langerhans cells, underlining the importance
of this cytokine in the differentiation of these cell types (Greter et al.,
2012; Wang and Colonna, 2014). Remarkably, IL-34 may also be
involved in anti-inflammatory contexts, whereby IL-34 produced by T
regulatory cells contributes to transplant tolerance (Bézie et al., 2015).

Under pathological conditions, IL-34 contributes to the pathogenesis
of various diseases such as neurological, inflammatory, transplant
rejection, and infections by exerting its effects on a variety of cell types
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including regulatory T cells, osteoclasts and fibroblasts (Ge et al., 2019).
Our recent work indicates that the X. laevis IL-34 is essential for the
development of a subset(s) of macrophages that protect frogs from Frog
Virus 3 (FV3; Grayfer and Robert, 2015, 2014; Yaparla et al., 2018) and
mycobacteria (Popovic et al., 2019) infections. Moreover, we now know
that these antiviral and anti-mycobacterial properties of IL-34-derived
macrophages are conserved in humans (Paquin-Proulx et al., 2018;
Popovic et al., 2019).

IL-34 also binds to receptor protein-tyrosine phosphatase zeta (PTP-
¢) and syndecan-1, which are expressed on neural progenitors, glial cells
and glioblastoma cells, indicating that this cytokine plays additional
roles beyond monopoiesis (Nandi et al., 2013). PTP-{ is not expressed by
mammalian or frog macrophages, and to our knowledge, there are no
reports of involvement of syndecan-1 in myelopoiesis.

1.8. Xenopus laevis CSF-1- and IL-34-macrophages

While the biological necessity of two macrophage growth factors
remains to be fully understood, X. laevis macrophage subsets derived
from recombinant (r)CSF-1 and rIL-34 (CSF-1-macrophages and IL-34-
macrophages, respectively) are functionally distinct (Grayfer and Rob-
ert, 2014, 2015; Yaparla et al., 2018). This is underscored by the fact
that these macrophage subsets not only bear striking morphological
differences (Fig. 2A), but they also express vastly different gene reper-
toires, including distinct proportions and types of genes involved in
immune and non-immune processes (Fig. 2B). In line with these tran-
scriptional differences, the frog CSF-1-Mgs are more phagocytic and
display significantly more robust bactericidal activity upon challenge
with Escherichia coli, in comparison to IL34-macrophages (Grayfer and
Robert, 2015). Compared to CSF-1-macrophages, the frog
IL-34-macrophages possess considerably greater capacity to generate
reactive oxygen species (ROS) and accordingly, exhibit greater tran-
script levels of genes that encode NADPH oxidase enzyme (Grayfer and
Robert, 2015). Moreover, these differences are supported by in vivo
studies (Grayfer and Robert, 2015), underlining the functional differ-
ences of these macrophage subsets.

1.9. The roles of amphibian macrophages during intracellular infections

1.9.1. Frog Virus 3

Infections by Frog Virus 3 (FV3; family Iridoviridae) and other
members of the Ranavirus genus represent a serious concern to global
amphibian populations (Bayley et al., 2013; Chinchar, 2002; Gray et al.,
2009). While the precise FV3 cell tropisms remains to be fully defined,
amphibian macrophages appear to be critical not only to antiviral de-
fenses against this pathogen but also to the FV3 infection strategies
(Grayfer and Robert, 2015, 2016). Consistent with this notion, X. laevis
CSF-1- and IL-34-macrophages play very different roles during FV3 in-
fections (Grayfer and Robert, 2014, 2015; Yaparla et al., 2018). While
the tadpole and frog CSF-1-macrophages confer susceptibility to FV3
infection, IL-34-macrophages contribute to antiviral resistance against
this pathogen (Grayfer and Robert, 2014, 2015; Yaparla et al., 2018).
Enriching tadpole IL-34-macrophages before FV3-challenge extends
animal survival whereas enriching tadpole CSF-1-macrophages prior to
infection, reduces animal survival times (Grayfer and Robert, 2014).
Moreover, the heightened antiviral capacities seen in frog
IL-34-macrophages reflect their robust gene expression of type I and
type III interferon cytokines as well as genes that encode for antiviral
restriction factors (Yaparla et al., 2018). We also found that akin to frog
CSF-1-/IL-34-macrophage antiviral dichotomy, human
CSF-1-macrophages are significantly more susceptible to HIV-1 than
human IL-34-macrophages (Paquin-Proulx et al., 2018). Supporting this
role of the human IL-34, this cytokine has also been shown to inhibit
Hepatitis B Virus replication in humans, both in vivo and in vitro,
although the underlying mechanisms behind this inhibition are
currently unknown (Cheng et al., 2017).
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Fig. 2. X. laevis macrophages differentiated by
colony-stimulating factor-1 and interleukin-34 (CSF-
1- and IL-34-Mgs, respectively) are morphologically
and transcriptionally distinct. (A) Scanning electron
microscopy images of X. laevis CSF-1- and IL-34-Mgs.
(B) Next Gen RNA sequencing analysis of X. laevis
CSF-1- and IL-34-Mgs indicates that these cells
possess drastically different immune and non-immune
gene expression profiles. These differences include
distinct proportions and types of genes (depicted by
inset pie charts in B) involved in processes such as
immune responses, cell adhesion and signaling,
endocytosis and phagocytosis as well as housekeeping
genes.
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Converging studies indicate that although anuran amphibians clear
primary FV3 infections, residual virus persists within the frog kidneys
and myeloid populations (Robert et al., 2007, 2014; Samanta et al.,
2021), thus presumably serving as reservoir sources of environmental
dissemination. Notably, the transcriptional status of the persisting FV3
has not been well defined, with questions regarding whether this virus
becomes quiescent or maintains an active transcriptional state during
such prolonged/chronic infections. In this regard, our findings indicate
that at least in juvenile froglets infected with FV3, the virus remains
transcriptionally active and infectious, contesting the idea of quies-
cence/latency (Hossainey et al., 2021). It appears that FV3-infected frog
CSF-1-macrophages result in more prominent kidney FV3 infections in
both tadpoles and adult frogs and culminate in more substantial reser-
voirs of lingering, transcriptionally active and infectious FV3 in
post-metamorphic animals. These infections are marked by infiltrating
leukocytes, fibrosis, and an overall immunosuppressive state.
Conversely, we observed that the antiviral effects of IL-34-macrophages
are short-lived and are lost as FV3 infections progress. Further studies
across different developmental stages of disparate frog species are
needed to reconcile whether and under what immune/physiological
contexts FV3 and other ranaviruses might become quiescent.

1.9.2. Mycobacteria

The causative agent of human tuberculosis (TB), Mycobacterium
tuberculosis (Mtb) continues to be a major cause of death by an infectious
agent around the globe (WHO, 2016.). A key feature of mycobacterial
disease is the formation of granulomas around mycobacteria-infected
macrophages, surrounded by infiltrating uninfected macrophages,
foamy macrophages, multi-nucleated cells, epithelial cells, T cells and
fibroblasts (Cosma et al., 2004; Ramakrishnan et al., 2000). These
granuloma-enclosed mycobacteria remain dormant as latent infections,
which may reactivate in response to stress or injury, leading to active
infectious TB months to years after initial infections (Bouley et al.,
2001). Unfortunately, a lack of animal models that permit combined in
vitro and in vivo studies of Mtb has been a major barrier to research in this
field. In turn, the causative agent of aquatic vertebrate TB, Mycobacte-
rium marinum (Mm) has gained prominence as an alter-
native/complementary TB model, granting many new insights into
mycobacteria-host interactions (Berg and Ramakrishnan, 2012; Bouley
etal., 2001; Ramakrishnan, 2013), owing to its close genetic relatedness
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to Mtb and the availability of alternative, natural host aquatic animal
models.

We recently adopted the Xenopus laevis frog-Mm surrogate infection
model to study host susceptibility and resistance to mycobacteria. Using
a combination of in vitro and in vivo studies, we showed that adult
X. laevis CSF-1-macrophages exacerbate Mm infections, are more sus-
ceptible to infiltration by mycobacteria and possess less robust myco-
bactericidal capacities than frog IL-34-macrophages (Popovic et al.,
2019). We linked this susceptibility to greater CSF-1l-macrophage
expression of receptors used for mycobacterial entry as well as greater
capacity of Mm to escape phago-lysosomal killing once inside
CSF-1-macrophages. Conversely, frog IL-34-macrophages exhibit
greater resistance to mycobacteria in vivo, are less susceptible to Mm
entry and more effectively eliminate internalized mycobacteria, at least
in part through phago-lysosomal destruction. Moreover, adult frogs
enriched for IL-34-macrophages and challenged with heat-killed Mm
possessed significantly lower mycobacterial burdens than control or
CSF-1-macrophage-enriched frogs (Hossainey et al., 2023) upon
rechallenge with viable Mm, suggesting that frog IL-34-macrophages
may also facilitate better priming of these animals’ adaptive immune
responses. This is consistent with our observation that frog
IL-34-macrophages express greater levels of surface MHC class I, are
better at eliciting mixed leukocyte responses and are much more tran-
scriptionally similar to frog dendritic cells than CSF-1-macrophages
(Hossainey et al., 2023). Akin to what appears to be an evolutionarily
conserved CSF-1-/IL-34-macrophage antiviral dichotomy, we also found
that human CSF-1-macrophages are likewise much more permissive to
mycobacterial entry and spread than counterpart human
IL-34-macrophages (Popovic et al., 2019).

Possibly all vertebrate CSF-1-macrophages are more prone to intra-
cellular macrophage-tropic pathogens than IL-34-macrophages,
although we anticipate that tissue microenvironments play additional
critical roles in how these macrophage types respond to pathogens in
vivo. Indeed, we showed that both CSF-1- and IL-34-macrophages may
be counter-polarized by IL-34 and CSF-1 to be respectively less and more
susceptible to pathogens like Mm and FV3 (Popovic et al., 2019; Yaparla
et al.,, 2018). We found that these frog macrophage subsets possess
disparate pathogen recognition capacities, while stimulation with
certain microbe-associated molecular patterns renders
CSF-1-macrophages more resistant to FV3 and IL-34-macrophages more
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susceptible to this pathogen (Yaparla et al., 2020). It stands to reason
that other cytokines, activation factors and immune stimuli within local
tissue milieu may have similar consequences on the functionality of
CSF-1- and IL-34-differentiated macrophages.

1.9.3. Concluding remarks

Macrophage-lineage cells encompass a vast array of tissue specific
cell types such as skin-resident Langerhans cells, brain microglia, con-
nective tissue histiocytes, bone osteoclasts, liver Kupffer cells and
alveolar macrophages, amongst many others. And while we tend to
think of macrophages as cells of the immune system, the biological roles
played by these cell types far exceed their capacities as immune pur-
veyors. Every vertebrate tissue has its own designated macrophage type
(s), ready to respond to whatever derivation from homeostasis, towards
returning that tissue back to its designated function.

Our world is inhabited by remarkable spectrum of evolutionary
diverged vertebrate species, occupying diverse environments, with their
physiologies adapted to those landscapes. In turn, each of those animals’
physiologies is comprised of many diverse and specialized tissues, each
relying on their own macrophage subset(s) to maintain the integrity of
those tissues. One could argue that macrophages are what all vertebrates
have in common and thus, by studying the divergent and converged
aspects of macrophage biology across these species, we move closer to
understanding what unifies and sets apart all vertebrate life on Earth.
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