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Macrophages contribute to Ebola virus disease through their susceptibility to direct

infection, their multi-faceted response to ebolaviruses, and their association with

pathological findings in tissues throughout the body. Viral attachment and entry

factors, as well as the more recently described influence of cell polarization, shape

macrophage susceptibility to direct infection. Moreover, the study of Toll-like

receptor 4 and the RIG-I-like receptor pathway in the macrophage response to

ebolaviruses highlight important immune signaling pathways contributing to the

breadth of macrophage responses. Lastly, the deep histopathological catalogue of

macrophage involvement across numerous tissues during infection has been

enriched by descriptions of tissues involved in sequelae following acute infection,

including: the eye, joints, and the nervous system. Building upon this knowledge

base, future opportunities include characterization of macrophage phenotypes

beneficial or deleterious to survival, delineation of the specific roles macrophages

play in pathological lesion development in affected tissues, and the creation of

macrophage-specific therapeutics enhancing the beneficial activities and reducing

the deleterious contributions ofmacrophages to the outcomeof Ebola virus disease.
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Introduction

Ebolavirus infection is a threat to human health in both Sub-Saharan Africa and

abroad. The first recorded ebolavirus outbreak occurred in 1976 in the Democratic

Republic of the Congo, formerly known as Zaire, with subsequent outbreaks occurring

throughout the Sub-Saharan region, from Sierra Leone in the west, to Uganda in the east
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(Malvy et al., 2019). The asymptomatic infection of an animal

handler in Virginia, United States of America, has also been

documented (Albariño et al., 2017). The largest outbreak to date

occurred from 2013-2016 in the countries of Guinea, Sierra

Leone, and Liberia, with over 28,000 cases, including cases

exported to other African countries, Europe, and the United

States (Malvy et al., 2019; Centers for Disease Control and

Prevention, 2022; World Health Organization, 2022). As

recently as 2022, an outbreak occurred in the Democratic

Republic of the Congo (World Health Organization, 2022).

Since 1976, human cases of infection have been reported for

five of the six known species in the genus Ebolavirus: Zaire

ebolavirus, Sudan ebolavirus, Reston ebolavirus, Tai Forest

ebolavirus, and Bundibugyo ebolavirus, Bombali ebolavirus

being the exception. Representative viruses are Ebola virus

(EBOV), Sudan virus (SUDV), Reston virus (RESTV), Taï

Forest virus (TAFV), Bundibugyo virus (BDBV), and Bombali

virus (BOMV), respectively. The fatality rate averages to roughly

45% across all known human outbreaks, with fatality rates

ranging from 0%, in the case of RESTV, to greater than 80%

in some EBOV outbreaks (Kuhn et al., 2021). Natural infection

of primates with ebolaviruses has also been documented

(Geisbert et al., 1992; Wyers et al., 1999).

Like other filoviruses, ebolaviruses are filamentous negative-

sense, single-stranded ribonucleic acid (RNA) viruses (Rougeron

et al., 2015). The RNA genome encodes for seven viral proteins:

nucleoprotein (NP), polymerase cofactor (VP35), matrix protein

(VP40), glycoprotein (GP), transcriptional activator (VP30), RNA

complex-associated protein (VP24), and large protein (L). NP,

VP24, VP30, VP35, and the L polymerase manage replication of

the RNA genome. VP40 mediates recruitment of the resulting

ribonucleoprotein complexes to the cell membrane. GP is a type I

transmembrane protein that facilitates virus attachment and entry.

Six products of the GP gene have been reported: GP, shed GP,

secreted GP (sGP), sGP-GP subunit 2 heterodimers, secondary

secreted GP, and D-peptide (Kuhn et al., 2021). In addition to these

roles, several of these viral proteins, including VP24, VP30, VP35,

VP40, GP, shed GP, and sGP regulate the immune response to

ebolavirus infection (Baseler et al., 2017; Kuhn et al., 2021).

Ebolavirus infection is not only frequently fatal in humans,

but it also can cause chronic sequelae. Direct contact with body

fluids, which can be contaminated with the virus, is the most

likely form of transmission. EBOV isolation (blood, breast milk,

saliva, semen) or RNA detection (rectal swab, vaginal swab, skin,

stool, sweat, tears) has been done for various specimens,

indicating multiple avenues for potential exposure to

infectious virus (Judson et al., 2015). Early symptoms of

disease include fever, fatigue, anorexia, myalgia, and headache,

followed by gastrointestinal symptoms, such as nausea,

vomiting, and diarrhea. In severe cases, patients can develop

multi-organ dysfunction syndrome. Following the resolution of

acute infection, patients can experience fatigue, uveitis, hearing

loss, arthralgia, insomnia, and other sequelae (Jacob et al., 2020).
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Macrophages are one of the key cells implicated in the

pathogenesis of Ebola virus disease (EVD). Infection of

macrophages, as well as dendritic cells, is thought to occur

initially in dermal or submucosal tissues, or within lymph

nodes. The infection may then progress systemically to other

tissues through the circulation (Schnittler and Feldmann, 1998;

Kuhn et al., 2021). Certain organs, such as the liver and spleen,

may be more rapidly susceptible to the virus as their resident

macrophage populations interact directly with the blood

(Schnittler and Feldmann, 1998). Macrophages respond to the

infection with dysregulated cytokine production, in contrast to

dendritic cells, which demonstrate impaired activation following

infection (Mahanty et al., 2003; Leung et al., 2011; Rogers and

Maury, 2018). The various subpopulations of macrophages,

distinguished both by lineage (resident vs monocyte-derived)

and polarization, including M1 (pro-inflammatory Th1

response) and M2 (anti-inflammatory, Th2 activation,

phagocytosis of apoptotic cells, angiogenesis, depending on the

phenotype) macrophages, lay the foundation for a complex

response by this cell population (Shapouri-Moghaddam et al.,

2018). Much research, summarized in this review, has focused

on understanding (macrophage), susceptibility to ebolavirus

infection, macrophage activation, and pathological findings

associated with macrophages in EVD.
Ebolavirus entry into macrophages

Multiple C-type lectins enhance ebolavirus entry into host

cells by mediating virus attachment to macrophages (Figure 1).

Macrophages transduced with lentiviruses encoding either

Dendritic Cell-specific Intercellular Adhesion Molecule 3-

grabbing Non-integrin (DC-SIGN), one of the titular members

of this sugar-binding protein family, or DC-SIGN-related

protein (DC-SIGNR) show enhanced EBOV entry, though the

expression level of these lectins in this model needs to be

confirmed (Simmons et al., 2003; Zhang et al., 2014).

However, the inability to make T cells susceptible to EBOV

GP-pseudotyped Human Immunodeficiency virus infection by

DC-SIGN- or DC-SIGNR-encoding lentivirus transduction

indicates that, while these lectins may facilitate virion binding,

they are not necessarily sufficient to facilitate virus entry

(Simmons et al., 2003). Nevertheless, as DC-SIGN is expressed

by alveolar macrophages in the lung and decidual macrophages

in the placenta, DC-SIGN, and its relatives, are important to

consider for understanding macrophage susceptibility to

ebolavirus infection (Soilleux et al., 2002).

Indeed, DC-SIGN and DC-SIGNR are not the only C-type

lectins implicated in macrophage susceptibility to ebolavirus

infection. Liver and lymph node sinusoidal endothelial cell C-

type lectin (LSECtin) is expressed by Kupffer cells, the

re s iden t phagocy te s o f the l i ve r , and by thymic

macrophages (Dominguez-Soto et al., 2007; Domı ́nguez-
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Soto et al., 2009). This protein may also serve as an ebolavirus

attachment factor as EBOV GP binding to dendritic cells is

partially abrogated by anti-LSECtin polyclonal antiserum and

because transfection-induced LSECtin expression in a

chronic myelogenous leukemia cell line enhanced EBOV

GP-pseudotyped lent ivirus entry (Dominguez-Soto

et al., 2007).

In addition to the C-type lectins, several other proteins

contribute to ebolavirus attachment to, or entry into,

macrophages (Figure 1). siRNA knock-down of Niemann-Pick

C1 (NPC1), Mer, Integrin aV, or Scavenger Receptor A (SR-A)

reduces the entry of lentivirus expressing EBOV GP into

macrophages, as measured at 72 hours post-infection. SR-A

inhibition by tannic acid pre-incubation also reduces entry of

this pseudotyped virus into macrophages in a dose-dependent

manner. In contrast, EBOV infection of macrophages was

reduced by siRNA knock-down of Integrin aV or a

combination knock-down of Mer, SR-A, and NPC1, but not

Mer, SR-A, nor NPC1 alone (Dahlmann et al., 2015). NPC1-

mediated entry is influenced by the GP sequence, as the F88A

mutation in GP is associated with reduced entry into

macrophages. GP interaction with human NPC1 appears to be

more sensitive to this mutation than murine NPC1 (Martinez

et al., 2013b). Lastly, Ficolin-1, a defense collagen protein

activating the lectin complement pathway, both binds to

EBOV GP and also enhances EBOV infection of macrophages

(Favier et al., 2016; Casals et al., 2019). Taken together, NPC1, a
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protein well-known for its role in EBOV entry, as well as other

cellular proteins, contribute to ebolavirus entry into

macrophages. Future study of the multiple ebolavirus

attachment and entry factors will benefit from use of true

virus as much work to date has been done using pseudotyped

viruses, which may not completely replicate the function of

actual virions.

Research has also been done on whether monocytes, which

can differentiate into macrophages, can also be infected by

ebolaviruses. Monocytes have been reported to support

ebolavirus replication when looking at one or more days post-

infection. These cells even produced TNF-a, IL-6, IL-8, and gro-
alpha in response to EBOV and RESTV, which were also

produced by macrophages infected with the same viruses

(Ströher et al., 2001). Further work in this area has shown that

monocytes begin to support EBOV virus-like particle (VLP)

entry after 20 hours in culture. THP-1 cells (human monocyte-

like cell line) treated with phorbol myristate acetate (PMA) to

induce differentiation showed a trend toward enhanced EBOV

VLP entry. However, treating monocytes with PMA showed a

trend toward reduced EBOV VLP entry (Martinez et al., 2013a).

Thus, while cell differentiation status may influence

susceptibility to ebolavirus infection, this phenomenon

remains to be fully clarified in monocytes. Further study of

ebolavirus infection of monocytes will benefit from the use of

real virus as actual virions may act in a way incompletely

recapitulated by VLPs.
FIGURE 1

Factors altering macrophage susceptibility to ebolavirus entry. Entry into the cytoplasm is mediated by attachment factors, which facilitate virion
adherence to the cell surface, and entry factors, which are involved in membrane fusion. Macrophage susceptibility is enhanced by a M2a
phenotype, associated with increased C-type lectin expression, and reduced by a M1 phenotype, driven by IFN-y signaling. (Created with
Biorender.com).
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Recent work has shown that macrophage polarization is also

key to susceptibility to ebolavirus infection (Figure 1).

Polarization towards a M2a phenotype (anti-inflammatory,

tissue remodeling phenotype) is associated with enhanced

EBOV GP-pseudotyped vesicular stomatitis virus (VSV)

infection in human monocyte-derived macrophages and

murine peritoneal macrophages as well as increased expression

of the C-type lectins SIGNR3 and SIGNR5 in murine peritoneal

macrophages (Shapouri-Moghaddam et al., 2018; Rogers et al.,

2019). LSECtin, one of the proposed ebolavirus attachment

factors expressed on Kupffer cells, is induced by IL-4

stimulation, consistent with alternative activation (Dominguez-

Soto et al., 2007). Moreover, IL-10, which is associated with the

induction of a M2c phenotype (associated with phagocytosis of

apoptotic cells), enhances EBOV VLP entry into human

monocyte-derived macrophages (Shapouri-Moghaddam et al.,

2018; Stantchev et al., 2019). In contrast, macrophage

polarization towards a M1 phenotype may protect

macrophages from infection. CD40 has been shown to be

important for IL-12-mediated IFN-g production (IFN-g
contributes to a M1 phenotype), which reduces EBOV

infection of murine peritoneal macrophages (Rogers et al.,

2021; Shapouri-Moghaddam et al., 2018). In addition, serum

from Plasmodium yoelii-infected mice, which contains high

levels of IFN-g, also protects mouse peritoneal macrophages

against EBOV GP-pseudotyped VSV infection (Rogers et al.,

2020). Several interferon-stimulated genes upregulated by IFN-g
in human monocyte-derived macrophages, including Interferon

regulatory factor 1, Vesicle-associated membrane protein 5,

Guanylate Binding Protein 5, and Retinoic acid receptor

responder protein 3, are associated with reduced EBOV

infection of HeLa cells over-expressing these genes (Rhein

et al., 2015). In summary, M1 macrophage polarization may

be a protective response while M2 polarization may increase

macrophage susceptibility to virus entry. Further studies on the

role of macrophage polarization in ebolavirus entry with true

virus and in vivo models will enrich this area of study by more

closely replicating infection as compared to the pseudovirus or

VLP models and in vitro macrophages used in several of these

studies to date.
Macrophage response to ebolavirus

Macrophages exposed to Ebolavirus species produce several

different cytokines and chemokines (Figure 2). EBOV-infected

human monocyte-derived macrophages produce TNF-a
(proinflammatory cytokine), MIP-1a (chemokine attracting

lymphocytes, neutrophils, and eosinophils), RANTES

(chemokine attracting lymphocytes, neutrophils, and

eosinophils), and MCP-1 (macrophage chemoattractant).

Interestingly, these signaling molecules are even produced, to

at least some extent, by irradiated virus, suggesting that
Frontiers in Cellular and Infection Microbiology 04
mechanisms both dependent on, and independent of, virus

replication contribute to this response (Gupta et al., 2001).

Many of the gene expression changes induced by virions in

primary human macrophages are also induced in a similar

manner by GP-VP40 VLPs, but not VP40-only VLPs,

suggesting that interactions between GP and macrophages are

key for the activation profile of these cells (Wahl-Jensen

et al., 2011).

More recent work has shed light on the role GP-activated

Toll-like receptor signaling plays in macrophage activation by

ebolaviruses (Figure 2). EBOV GP, but not RESTV GP, activates

GP-mediated NF-kB signaling through Toll-like receptor 4

(TLR4) in macrophages (Olejnik et al., 2017). As many of the

signaling molecules induced by EBOV-mediated macrophage

activation, including TNF-a, MIP-1a, RANTES, and MCP-1,

are expressed downstream of TLR4 signaling, this pathway may

play a key role in the inflammatory response during EVD (Gupta

et al., 2001; Newton and Dixit, 2012). Moreover, GP-mediated

TLR4 signaling may help explain Tissue Factor, a downstream

product of the NF-kB pathway involved in the coagulation

cascade, expression by macrophages in in vitro and in vivo

models of EBOV infection (Geisbert et al., 2003b; Newton and

Dixit, 2012; Greenberg et al., 2020). As TLR4 antagonism has

been shown to reduce murine mortality from ebolavirus

infection, additional study of the contributions of TLR4 to

severe and fatal EVD as well as TLR4-modulating therapeutics

is warranted (Younan et al., 2017).

In addition to the production of inflammatory cytokines

and chemokines, interferon production by macrophages also

contributes to the immune response to Ebolavirus species.

The activation of interferon correlates with ebolavirus

pathogenicity, as EBOV promotes greater expression of

Type-I and Type-III interferon genes, as well as interferon-

stimulated genes, as compared to RESTV (Olejnik et al.,

2017). EBOV VLPs also elicit early Type-I Interferon gene

expression by macrophages (Ayithan et al., 2014). RIG-I-like

receptor signaling has been studied in a loxP-flanked

homologous recombination mitochondrial antiviral

signaling protein knock-out (MAVS-/-) mouse model of

EBOV infection, which has an impaired Type-I interferon

response. Cell deconvolution of RNA expression in the

spleens of these mice showed that the peak accumulation of

macrophages in the spleen was delayed in the knockout mice

compared with wildtype mice. Follow-up analysis of viral

antigen in a monocyte/macrophage-specific MAVS knock-

out mouse model (conditional cre-lox knock-out under the

myeloid cell LysM promoter) showed that the lack of MAVS

expression in these cells was associated with greater viral

antigen in the liver and spleen as well as reduced mouse

survival. Taken together, these data highlight that monocyte/

macrophage RIG-I-like receptor signaling contributes to the

antiviral response to EBOV (Dutta et al., 2017). These

ac t i va t ions o f the in t e r f e ron pa thway and the i r
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contributions to the inflammatory response are important to

understand because EBOV antagonizes this response via

VP24, which impairs STAT1 homodimer and STAT1/2

heterodimer signaling, and VP35, which interferes with

multiple factors, including RIG-I, which is involved in the

detection of viral RNA (Kühl and Pöhlmann, 2012).

CD163, a protein playing a role in other macrophage-related

diseases, is also involved in EVD. Macrophages expressing

CD163, a hemoglobin/haptoglobin scavenger receptor

associated with anti-inflammatory functions, is present in

multiple tissues, including the liver, spleen, heart, and testis

(McElroy et al., 2019; Skytthe et al., 2020). Co-localization of

EBOV antigen with CD163+ macrophages has been observed in

the liver and spleen (McElroy et al., 2019). CD163 is shed from

the cell by multiple mechanisms, including protease-mediated

cleavage following TLR activation by lipopolysaccharide

(Figure 2) (Hintz et al., 2002; Møller, 2012). While increases in

soluble CD163 are associated with fatal ebolavirus infection in

patients, this difference may be driven by a small number of

outlier patients who have extremely high levels of this protein in

their serum (McElroy et al., 2019). This marker also shows up in

animal models of filovirus infection, with CD14+CD163+

macrophages (M2-like) showing a more terminally

differentiated/exhausted phenotype in EBOV-challenged,

compared to Marburg virus-challenged, Rag2−/−gc−/−CD47−/−

mice engrafted with fetal human bone marrow, liver, and

thymus (Lavender et al., 2018). While CD163 has been

highlighted as a potentially important marker in ebolavirus
Frontiers in Cellular and Infection Microbiology 05
infection, further research defining its mechanistic or

phenotypic significance to macrophage activity is needed.

Ebolavirus infection also induces changes at the gene

expression level in monocyte/macrophage populations in the

blood and in tissues. Single-cell RNA-seq analysis of

peripheral blood mononuclear cells in a cynomolgus

macaque (Macaca fascicularis) model of EBOV, using an

algorithm to associate gene expression with cell type,

predicted that many of the differentially expressed genes

within the library were most likely expressed by monocyte-,

macrophage- or dendritic-like cells (Versteeg et al., 2017).

Microarray analysis of lung tissue from a porcine EBOV

model highlighted increased expression of macrophage-

related genes, including surface markers (CD14, CD163),

cytokines/chemokines (IL-6, CCL2, AMCF-II), macrophage

differentiation/activation-related proteins (GM-CSF, RETN),

and TLRs (TLR4) (Nfon et al., 2013). Additionally, in a rhesus

macaque (Macaca mulatta) BDBV model, myeloid-derived

suppressor cell-related transcripts (S100A8, S100A9, PTGS2,

CEBPB, CXCR1, LILRA3, and others), as well as CD163, were

generally less elevated in macaques surviving mild-to-

moderate disease versus those surviving severe disease, when

normalized against fatal disease (Woolsey et al., 2021). Taken

together, these data support macrophage activation status and

signaling activity as noteworthy components of the immune

response to ebolavirus infection as macrophage-related

transcripts are frequently differentially expressed during

ebolavirus infection.
FIGURE 2

Macrophage activity during ebolavirus infection. Virion glycoprotein binding to TLR4 may activate multiple responses, including the shedding of
CD163 (detectable in serum), the expression of various inflammatory cytokines and chemokines, and the expression of Tissue Factor (part of the
coagulation cascade). (Created with Biorender.com).
frontiersin.org
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Macrophage histopathology in
different organs during
ebolavirus disease

Liver

Macrophage positivity for virus material is commonly reported

in the liver in human autopsies and animal necropsies (rhesus

macaques, chimpanzee (natural infection), mice, guinea pigs)

(Figure 3) (Jaax et al., 1996; Bray et al., 1998; Connolly et al.,

1999; Wyers et al., 1999; Bray, 2001; Raymond et al., 2011; Groseth

et al., 2012; Hoenen et al., 2015; Spengler et al., 2016; Lavender et al.,

2018; Woolsey et al., 2021). These cells are among the earliest cells

positive for virus material in the liver. Ebolavirus RNA-positivity

has been reported in Kupffer cells and monocytes as early as 2 days

post-infection (DPI), with virus antigen-positive Kupffer cells

detected at 3 DPI, in EBOV-infected cynomolgus macaques

(Geisbert et al., 2003a). Kupffer cell virus antigen- or RNA-

positivity has been reported as early as 3 DPI in EBOV-

challenged rhesus macaques, as well as in mouse-adapted EBOV-

challenged BALB/c mice (antigen+, RNA+); these cells were also

observed at 1 DPI in guinea pigs (Gibb et al., 2001; Cross et al., 2015;

Liu et al., 2022). Another study reported infected macrophages
Frontiers in Cellular and Infection Microbiology 06
(non-Kupffer cells) at 2 DPI in green monkeys by electron

microscopy, one day prior to the observation of infected Kupffer

cells (Ryabchikova et al., 1999). In rhesus macaques, antigen-

positive Kupffer cells are observed in both aerosol and oral

challenge models (Johnson et al., 1995; Mire et al., 2016). Kupffer

cell virus antigen-positivity can also vary based on the ebolavirus

challenge species within the same animal model. In IFN-a/bR−/−

mice, virus antigen-positive Kupffer cells were noted in animals

challenged with SUDV and EBOV, but not BDBV (Brannan et al.,

2015). Similarly, in NSG™-SGM3 human immune system mice,

virus antigen-positive Kupffer cells were more common following

challenge with EBOV than RESTV (Spengler et al., 2018).

Additionally, virus antigen accumulation in hepatic macrophages

may correlate with the onset of symptomatic disease in macaques.

For example, antigen-positive macrophage increases in a

cynomolgus macaque model of EBOV infection occurred

between 3-4 DPI, in association with the onset of fever, rash,

anorexia, and dehydration (Geisbert et al., 2003a).

Ebolavirus infection in humans is associated with Kupffer

cell hyperplasia (Zaki and Goldsmith, 1999) (Figure 3).

Macrophages have also been reported to accumulate within

the liver in primates (naturally infected with RESTV or TAFV

or laboratory-challenged with BDBV) as well as in NSG™-

SGM3 human immune system mice (laboratory-challenged with
FIGURE 3

Histologic characteristics of macrophages in the liver during ebolavirus infection. The involvement of macrophages within the liver has been
substantiated by multiple histologic findings: an increase in the number of macrophages (macrophage hyperplasia), the presence of viral
inclusion bodies visible by light and electron microscopy, and the detection of virus antigen- or nucleic acid-positive macrophages. Moreover,
macrophage degeneration has been observed later in the infection. (Created with Biorender.com).
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EBOV/Makona) (Geisbert et al., 1992; Wyers et al., 1999;

Spengler et al., 2016; Woolsey et al., 2021). Macrophages also

accumulate in areas of infection in macaques naturally infected

with RESTV (Dalgard et al., 1992). Guinea pigs and NSG™-

SGM3 human immune system mice present with a unique form

of pathology, which can include the presence of granulomatous

or granuloma-like foci containing macrophages (Ryabchikova

et al., 1996; Mateo et al., 2011; Spengler et al., 2016). The source

of this increase in macrophages within the liver ought to be

explored as these cells can derive from multiple sources,

including resident (Kupffer cell) or systemic sources

(monocyte differentiation) (Guillot and Tacke, 2019).

The observation of ebolavirus inclusions within hepatic

macrophages demonstrates that macrophages not only pick up

viral material, as indicated by virus antigen-positive

macrophages, but that they can also be directly infected by

ebolaviruses. Hepatic macrophages have been shown to harbor

intracytoplasmic ebolavirus inclusions in humans, rhesus

macaques (light microscopy only), chimpanzees (natural

infection, light microscopy only), mice, and guinea pigs

(Ryabchikova et al., 1996; Goldsmith et al., 1997; Bray et al.,

1998; Wyers et al., 1999; Gibb et al., 2001; Liu et al., 2022)

(Figure 3). In humans, inclusion-containing Kupffer cells are

often periportal (Goldsmith et al., 1997). In rhesus macaques,

virions are observed to bud from Kupffer cells (Jaax et al., 1996).

Kupffer cell degeneration or necrosis can be associated with

Kupffer cells bearing virus inclusions in rhesus (light microscopy

only) and cynomolgus macaques infected with EBOV, as well as

in guinea pigs (Connolly et al., 1999; Geisbert et al., 2003a; Liu

et al., 2022). In humans, plasma membrane proliferations may

be observed in infected Kupffer cells (Goldsmith et al., 1997).

Non-viral cytoplasmic tubuloreticular inclusions, observed in

RESTV-infected cynomolgus macaques (naturally infected),

may be distinguished from viral inclusions by electron

microscopy and virus antigen staining. These inclusions are

associated with the rough endoplasmic reticulum and have

been reported in multiple cells, including circulating

monocytes and macrophages as well as Kupffer cells (Geisbert

et al., 1992). As such, care should be taken to distinguish viral

inclusion bodies from non-viral inclusion bodies in pathological

descriptions of these cells.

Moreover, histologic descriptions of macrophages within the

liver during EVD abound, including notation of a shift toward

macrophage degeneration as the disease progresses (Figure 3).

Enlarged macrophages and hypertrophic Kupffer cells were

reported in macaques naturally infected with RESTV and

BDBV-challenged macaques, respectively (Geisbert et al., 1992;

Woolsey et al., 2021). Macrophages containing Periodic Acid-

Schiff-positive material have been documented in human EVD

patients (World Health Organization/International Study Team,

1978) . In a huNSG-A2 mouse mode l (NOD.Cg-

Prkdcscid Il2rgtm1Wjl Tg(HLA-A2.1)1Enge/SzJ mice, severely

immune-compromised, expressing HLA-A2.1, irradiated and
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engrafted with human CD34+ human hematopoietic stem cells)

of EBOV and RESTV, virus replication correlated with

inflammatory cell infiltration into the liver, including

monocytes/macrophages, in mice succumbing to infection. In

mice surviving RESTV infection, phagocytosis of RESTV

antigen-positive cells by Iba1+ monocytes/macrophages was

observed (Escudero-Pérez et al., 2019). Macrophages containing

brown pigment, as well as macrophages with or without iron

pigment, have also been reported (Dietrich et al., 1978; World

Health Organization/International Study Team, 1978; Spengler

et al., 2016; Escaffre et al., 2021). Additionally, fibrin deposition

has been documented around hepatic macrophages positive for

virus material, including infected macrophages, suggesting a

potential role for macrophages in activation of the coagulation

cascade (Geisbert et al., 2003a; Geisbert et al., 2003b). As the

infection progresses, macrophage degeneration and necrosis

occur, described in cynomolgus macaque and BALB/c mouse

models of EVD (Gibb et al., 2001; Geisbert et al., 2003a).

Degenerate or necrotic macrophages have also been reported in

the liver of human patients as well as in RESTV-infected

cynomolgus macaques (naturally infected) (Murphy, 1978;

Geisbert et al., 1992). Kupffer cell necrosis was more frequent

than macrophage necrosis in RESTV-infected cynomolgus

macaques (natural infection) (Geisbert et al., 1992). Free

ebolavirus virions have also been found in association with

Kupffer cell debris (Connolly et al., 1999; Geisbert et al., 2003a).
Spleen

Macrophage infection and association with viral material,

phagocytic activity, and other findings support an active role of

macrophages within the spleen during ebolavirus infection.

Virus antigen-positive red pulp macrophages have been

reported in human EVD cases (Martines et al., 2015).

Ebolavirus antigen-positive macrophages or macrophage-like

cells have also been reported in the spleen, including in either

the white pulp or red pulp, across multiple animal models

(macaques, mice, chimpanzees (natural infection), guinea pigs)

and virus species (EBOV, SUDV, TAFV, BDBV) (Johnson et al.,

1995; Jaax et al., 1996; Connolly et al., 1999; Wyers et al., 1999;

Bray, 2001; Brannan et al., 2015; Herbert et al., 2015; Wong et al.,

2016a; Woolsey et al., 2021). Macrophages within the spleen

become positive for viral nucleic acid by Day 2 in EBOV-infected

cynomolgus macaques and mouse-adapted EBOV-infected mice

(Gibb et al., 2001; Geisbert et al., 2003a). Ebolavirus inclusions

have also been reported in splenic macrophages in naturally

infected macaques and a naturally infected chimpanzee (light

microscopy only) as well as in ebolavirus-challenged macaques,

guinea pigs, and mice (Geisbert et al., 1992; Jaax et al., 1996;

Ryabchikova et al., 1996; Connolly et al., 1999; Wyers et al., 1999;

Gibb et al., 2001). Compared to wild-type mice, fewer virus

inclusions were observed in splenic macrophages in importin-
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a7-/- mice (Gabriel et al., 2015). Non-viral inclusions were

observed in circulating monocytes and macrophages in

macaques naturally infected with RESTV (Geisbert et al.,

1992). Tingible body macrophages were observed in rhesus

macaque, guinea pig, and A129 interferon a/b receptor-

deficient mouse models (Lever et al., 2012; Twenhafel et al.,

2013; Twenhafel et al., 2015; Cross et al., 2015; Woolsey et al.,

2021). Splenic macrophages containing necrotic cell debris were

also reported in a mouse model of SUDV (Escaffre et al., 2021).

Fibrin was reported in association with activated marginal zone

and red pulp macrophages in EBOV-challenged macaques or

near degenerate macrophages in a guinea pig model of EBOV

(guinea pig-adapted virus) (Connolly et al., 1999; Geisbert et al.,

2003b). TUNEL+ apoptotic bodies were observed in splenic

macrophages as early as 2 DPI (Geisbert et al., 2003a).

Ebolavirus infected macrophages were also noted to be

degenerate or necrotic in a mouse-adapted EBOV mouse

model (Gibb et al., 2001). Brown pigments have been observed

in splenic macrophages in mouse models (Spengler et al., 2016;

Escaffre et al., 2021). In Escaffre et al. (2021), these brown

pigments were suspected to be due to hemosiderin or bilirubin

from internal hemorrhage. Multinucleated giant cells have also

been reported in a mouse model (Spengler et al., 2016). Future

work exploring the potential transmission of virions from local

infected macrophages to T cells could identify a contribution of

macrophages to lymphocyte death, which is noted to occur in

the spleen, as abortive T cell infection with ebolavirus has been

suggested as a potential cause of T cell death (Younan et al.,

2019; Jacob et al., 2020). Macrophages may also play a role in the

clean-up of dead lymphocytes or other debris during infection,

as evidenced by the presence of tingible body macrophages.
Lung

Macrophage populations in the lungs are important to

consider in EVD as pulmonary disease is present in both acute

infection as well as in some recovered patients. Pulmonary

symptoms can persist long after the resolution of acute EVD,

with patients complaining of shortness of breath, cough, excess

sputum, wheezing, and paroxysmal nocturnal dyspnea (Jacob

et al., 2020) (Figure 4). Ebolavirus inclusion-containing, virus

antigen-positive, or virus nucleic acid-positive alveolar

macrophages, or virions sometimes in association with

macrophages, have been reported in the lungs of human EVD

patients (Goldsmith et al., 1997; Zaki and Goldsmith, 1999;

Martines et al., 2015). Non-viral inclusions were observed in

monocytes and circulating macrophages in macaques naturally

infected with RESTV (Geisbert et al., 1992). Virus antigen-

positive macrophages have been reported in the alveoli,

alveolar interstitium, alveolar septae, tracheo-bronchial lymph

nodes, or bronchial- or bronchiolar-associated lymphoid tissue

in primate models of EVD (including aerosol challenge) or in
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primates naturally infected with RESTV or TAFV (Geisbert

et al., 1992; Johnson et al., 1995; Jaax et al., 1996; Wyers et al.,

1999; Twenhafel et al., 2013; Woolsey et al., 2021). Virus

antigen-positive regions of macrophages and fibrin have been

observed in the blood vessels of the nares, larynx, trachea, and

bronchial tree in EBOV-challenged rhesus macaques (Jaax et al.,

1996). In porcine models, virus antigen-positive macrophages

have been reported in the lung, including alveolar and septal

macrophages (Kobinger et al., 2011; Marsh et al., 2011;

Weingartl et al., 2012; Nfon et al., 2013). In guinea pig models

(including aerosol challenge), virus antigen- or nucleic acid-

positive alveolar macrophages have been reported (Connolly

et al., 1999; Steele et al., 2001; Cross et al., 2015; Twenhafel et al.,

2015). Macrophages recently recruited from the circulation

(Mac387+) that are also virus antigen-positive are present in

the lungs of a porcine model of ebolavirus infection (Zwadlo

et al., 1988; Goebeler et al., 1994; Nfon et al., 2013). Increased

Mac387+ cells are also seen in the lungs of RESTV-infected

cynomolgus macaques (natural infection) (Ikegami et al., 2002).

Macrophage accumulations have been reported in the alveoli as

well as in the alveolar walls in rhesus macaque models (including

aerosol challenge) (Johnson et al., 1995; Jaax et al., 1996; Wong

et al., 2016b). There were necrotic macrophages in the lymph

nodes and lymphoid follicles of the respiratory tract in a green

monkey model of EBOV (Ryabchikova et al., 1999). Inclusions

have been reported in macrophages in the alveoli, vascular

spaces, tracheo-bronchial lymph nodes, or interstitium of the

lung in macaques naturally infected or challenged (including

aerosol challenge) with ebolaviruses (Dalgard et al., 1992;

Geisbert et al., 1992; Johnson et al., 1995; Jaax et al., 1996;

Twenhafel et al., 2013). Inclusions have also been reported in

alveolar macrophages in a RESTV porcine model and in an

EBOV guinea pig model (aerosol challenge, light microscopy

only) (Twenhafel et al., 2015; Haddock et al., 2021).
Heart

While the cardiovascular system is strained during acute EVD

and long-term cardiac sequelae can persist in patients, the

inconsistency of macrophage association with virus material in

this organ suggests other causes for cardiac injury. Severe EVD

often includes the development of hypovolemic shock secondary

to low blood volume and/or septic shock, which can include

vascular leakage. Moreover, EVD survivors can continue to

experience cardiac symptoms, including an irregular heart rate,

heart murmurs, palpitations, and cardiogenic edema (Jacob et al.,

2020) (Figure 4). While macrophages are present within the

tissues of the heart, they are not consistently associated with the

virus in this organ. In a patient who died from EBOV infection,

CD163+ cardiac macrophages were not noted to be EBOV

antigen-positive, though some cardiomyocytes did stain positive

for the virus (McElroy et al., 2019). Similarly, no virus antigen-
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positive macrophages were observed in the heart of a wild

chimpanzee that succumbed to natural TAFV infection (Wyers

et al., 1999). In contrast, macrophages infiltrating heart valve

tissue in EBOV-challenged Hartley guinea pigs were observed to

contain intracytoplasmic inclusions suggestive of direct infection

(light microscopy only) (Cooper et al., 2018). This inconsistency

in the viral burden of cardiac macrophages sets these cells apart

from macrophages routinely infected in other tissues, such as the

liver and spleen. Elucidation of the difference between cardiac

macrophages, or their tissue context, and those of more heavily

burdened organs may shed light on macrophage susceptibility to

ebolavirus infection as well as the role of macrophages in cardiac

pathogenesis secondary to EVD.
Joints

Macrophages may also play a role in the development of

arthralgia during and after EVD as infected macrophages are

present in these tissues. Patients can experience joint pain within

the first few days of disease or as part of post-Ebola syndrome

(Jacob et al., 2020) (Figure 4). Evidence for macrophage

involvement within joints has been reported in a rhesus

macaque challenge study. Some rhesus macaques challenged

with mouse-adapted EBOV/Yambuku-Mayinga showed mild

recruitment of macrophages (some of which showed signs of

degeneration) into the stifle joint (knee). Intimal CD68+
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macrophages in the stifle joint stained positive for EBOV GP

antigen. Intimal and subintimal macrophages in the stifle

synovium contained, or were near, virus particles, nucleocapsid

inclusions, and budding virions. In contrast, few stifle joints from

rhesus macaques challenged with EBOV/Kikwit or EBOV/

Makona-C05 showed histologic pathologies despite the presence

of virus antigen-positivity within the joint (Cooper et al., 2020). As

specific descriptions of, or staining for, macrophages were not

mentioned for the EBOV/Kikwit nor EBOV/Makona-C05 groups,

comparison of macrophage-specific findings in joint tissue across

multiple EBOV species would clarify how broadly the above

findings apply. Nevertheless, the recruitment of macrophages

into the joint and the detection of infected macrophages in this

tissue supports their potential role in joint pain experienced by

patients with EVD.
Primary lymphoid tissues

Macrophage involvement within primary lymphoid tissues,

including the thymus and bone marrow, may contribute to

disruption of other immune cell lineages. Virus antigen-positive,

as well as virus inclusion- and budding virion-bearing, macrophages

were observed in the bone marrow of rhesus macaques challenged

with EBOV. Bone marrow necrosis was observed in all macaques,

along with hemorrhage in some cases (Jaax et al., 1996). Infected

macrophages have also been reported in the bone marrow of guinea
FIGURE 4

Clinical disease in macrophage-laden tissues during or following Ebola virus disease. Many of the observable manifestations of acute Ebola virus
disease, as well as sequelae, are linked to the injury of organs containing macrophage populations (clinical signs and symptoms reported in the
macrophage-laden tissues described in this paper as reviewed in Jacob et al. (2020)). (Created with Biorender.com).
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pigs challenged with EBOV (determination by light or electron

microscopy not specifically stated) (Connolly et al., 1999). In the

thymus, small foci of EBOV-positive macrophage-like cells were

observed in cynomolgus macaques (determination by light or

electron microscopy not specifically stated) (Geisbert et al.,

2003a). Virus antigen-positive subcapsular macrophages were also

observed in the thymus at 4 DPI in BALB/c mice challenged with

mouse-adapted EBOV. Macrophage viral antigen-positivity

preceded lymphocytolysis by a day, providing a temporal

correlation for the role of macrophage infection in lymphocyte

demise (Gibb et al., 2001). Whether the activation of infected or

virus material-associated macrophages within these tissues impair

their being a source of immune cells, including lymphocytes, should

be further studied. In addition, the temporal correlation between

macrophage virus antigen-positivity and lymphocytolysis shown by

Gibb et al. (2001) suggests a potential cause-and-effect relationship

that should be clarified. Given that infected macrophages could

serve as a local tissue source of virus, this could lead to abortive T

cell infection, which has been suggested to lead to T cell death

(Younan et al., 2019).
Lymph nodes

Macrophage histological descriptions and association with

ebolavirus material within the lymph nodes has been reported

across multiple animal models. Virus antigen- or nucleic acid-

positive macrophages have been reported in lymph nodes in

primate (including naturally infected) and guinea pig models of

ebolaviruses, including in the subcapsular sinus, medullary

sinus, or cortical sinus (Geisbert et al., 1992; Connolly et al.,

1999; Wyers et al., 1999; Geisbert et al., 2003a). Virus antigen- or

nucleic acid-positive macrophages are reported as early as 2-3

DPI in lymph nodes in a macaque model and 2 DPI in a mouse

model (Gibb et al., 2001; Geisbert et al., 2003a). Virus inclusions

have been reported in various lymph nodes across naturally

infected macaques as well as ebolavirus-challenged macaques,

guinea pigs, and mice (Geisbert et al., 1992; Jaax et al., 1996;

Connolly et al., 1999; Gibb et al., 2001). Moreover, tingible body

macrophages were observed in lymph nodes, except for in the

axillary lymph nodes, in a rhesus macaque model of EBOV

(Alves et al., 2016). In addition, fibrin-enclosed ebolavirus-

infected macrophages were also reported in the inguinal

lymph nodes in EBOV-infected macaques (Geisbert et al.,

2003b). Lymph node sinus histiocytosis as well as

macrophages and necrotic cell debris in the subcapsular and

medullary sinuses were reported in an EBOV-challenged rhesus

macaque model (Jaax et al., 1996). Increased virus antigen- or

nucleic acid-positive macrophage counts in the axillary lymph

nodes (at 48 hours post-infection) as well as macrophage

degeneration were observed in guinea pigs (Ryabchikova et al.,

1996; Connolly et al., 1999). The activity of macrophages within

various lymph nodes and their association with virus material, or
Frontiers in Cellular and Infection Microbiology 10
their direct infection by ebolaviruses, could promote lymphocyte

depletion. Infected macrophages could serve as a local source of

virus, which could promote abortive infection of T cells, which

has been suggested as a potential cause of T cell death (Younan

et al., 2019). Additionally, the presence of tingible body

macrophages indicates that these cells may play a beneficial

role by clearing debris accumulating during infection, which

could serve as material for antigen presentation.
Mouth and pharynx

Macrophage infection and pathological findings have also

been reported in and around the mouth, one of the potential

routes for ebolavirus transmission. EBOV has been isolated from

saliva and transmission through ebolavirus exposure via the oral

mucosa is possible (Jacob et al., 2020) (Figure 4). Degenerate

macrophages, as well as RESTV antigen-positive macrophages in

the submucosa and tonsillar lymphoid crypts, have been observed

in the pharynx of RESTV-infected (natural infection) cynomolgus

macaques (Geisbert et al., 1992). Macrophages positive for virus

material have been observed in the lamina propria of the tongue,

the olfactory mucosa, dental pulp, and the gingival submucosa in

Strain 13 guinea pigs infected with guinea pig-adapted EBOV/

Mayinga (Connolly et al., 1999). Histiocytic inflammation around

foci of necrotic acinar cells in the parotid gland, which foci were

virus antigen- or nucleic acid-positive in some cases, as well as a

few macrophages with intracytoplasmic inclusions in salivary

glands, were observed in outbred Hartley guinea pigs challenged

with EBOV (light microscopy only) (Cooper et al., 2018). The

response of macrophages to tissue injury as well as their infected

status in these regions suggest the potential for macrophages to

contribute to both the infection response in these tissues and virus

transmission via the oral route.
Gastrointestinal tract

Macrophage involvement in various portions of the intestinal

tract and the pancreas suggest a role for macrophages in the

gastrointestinal disease that is part of EVD. Patients with EVD

commonly experience vomiting and diarrhea, which can lead to

extensive fluid and solute losses (Jacob et al., 2020) (Figure 4).

Ebolavirus-infected, inclusion-bearing, or virus antigen- or

nucleic acid-positive monocytes or macrophages have been

reported in intestinal tissues in a macaque model of EBOV

(lamina propria and submucosa) and macaques naturally

infected with RESTV as well as in the gut-associated lymphoid

tissue in a mouse EBOV model and in the intestines and pancreas

of guinea pigs (Cooper et al. (2018) only performed light

microscopy) (Geisbert et al., 1992; Jaax et al., 1996; Connolly

et al., 1999; Gibb et al., 2001; Cooper et al., 2018). Moreover, virus

nucleic acid-positive monocytes/macrophages were observed in
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the vicinity of submucosal hemorrhages in the colon of EBOV/

Kikwit-infected rhesus macaques. EBOV GP associated with

CD68+ monocytes/macrophages was observed within the

colonic mucosa (Reisler et al., 2018). In addition, in a TAFV-

infected chimpanzee (natural infection), infiltrating macrophages

were present in pyogranulomatous lesions in the intestine (Wyers

et al., 1999). There were necrotic macrophages in the lymph nodes

and lymphoid follicles of the gastrointestinal tract in a green

monkey model of EBOV (Ryabchikova et al., 1999). Taken

together, monocytes or macrophages, including cells infected by

ebolaviruses or associated with ebolavirus material, are present

within gastrointestinal tissues, and, in some cases, also observed

near pathological intestinal lesions. Future study clarifying the

macrophage phenotypes present in these tissues, as well as their

mechanistic contribution to pathological lesion development/

resolution would enrich the understanding of gastrointestinal

injury during ebolavirus infection.
Urinary tract

Macrophages are also present in the urinary tract during

ebolavirus infection. Clinically, acute kidney injury can occur

during ebolavirus infection and some survivors experience

urinary tract dysfunction (Figure 4) (Jacob et al., 2020). In

cynomolgus macaques, EBOV antigen-positive macrophage-

like cells have been reported in the kidney (Geisbert et al.,

2003a). However, in a TAFV-infected chimpanzee (natural

infection), no antigen-positive macrophages were observed in

the interstitium of the renal parenchyma (Wyers et al., 1999).

Virus antigen- or nucleic acid-positive macrophages have also

been reported in the kidney and bladder in a guinea pig model

(Connolly et al., 1999). Viral inclusions have been reported in

renal circulating and interstitial macrophages and circulating

monocytes in RESTV-infected cynomolgus macaques (natural

infection) (Geisbert et al., 1992). Enlarged macrophages present

in the renal proximal tubules were observed in a RESTV-infected

cynomolgus macaque (natural infection) (Ikegami et al., 2002).

The presence of macrophages positive for viral material, or even

containing viral inclusions, suggests their potential role in the

infection within these tissues. Future work focused on the

urinary tract could determine the possible beneficial or

detrimental contributions of macrophages during the course of

infection, including with respect to clinical findings, such as the

development of acute kidney injury and chronic urinary

tract dysfunction.
Endocrine tissues

Virus antigen- and nucleic acid-positive, as well as infected,

macrophages have also been observed in select endocrine

tissues within the body. Virus antigen- or nucleic acid-
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positive or infected macrophages have been reported in the

adrenal glands of macaques naturally infected with RESTV as

well as macaque (light microscopy only) or mouse models of

EBOV (Geisbert et al., 1992; Gibb et al., 2001; Geisbert et al.,

2003a; Liu et al., 2022). Low numbers of inclusion-bearing

macrophages have also been reported in the thyroid in a guinea

pig model of EBOV. Virus antigen- or nucleic acid-positive as

well as degenerate macrophages have also been reported within

the thyroid in this model (light microscopy only) (Cooper

et al., 2018). Taken together, these data demonstrate the

presence of infected macrophages or macrophages associated

with virus material in the adrenal gland and the thyroid. Future

work should be done to clarify the mechanistic role of these

cells, whether protective or detrimental, in the development or

resolution of the lesions that can be present in these tissues

during ebolavirus infection (Cooper et al., 2018; Liu

et al., 2022).
Nervous system

Macrophage involvement in the nervous system is important

to consider. During acute disease, patients can experience

encephalopathy (Jacob et al., 2020) (Figure 4). EBOV antigen-

positive CD68+ microglia have been reported in the brain in a

rhesus macaque surviving challenge (36 DPI) (Zeng et al., 2017).

Moreover, EBOV antigen-positive CD68+ macrophages have

been detected within the dorsal root ganglion (no EBOV

antigen co-localization with microglia (Iba1+) or satellite cells

(GFAP+)) in an EBOV-infected rhesus macaque. CD68+

macrophages were also increased in numbers in the

interstitium of dorsal root ganglia and autonomic ganglia in

EBOV-challenged rhesus macaques compared with controls.

The CD68+ cells around dorsal root ganglia neurons were

large, plump/ameboid, and had foamy cytoplasm (Liu et al.,

2020). Inclusion bodies have been reported in macrophages

within ganglia in EBOV-infected guinea pigs (light microscopy

only) (Cooper et al., 2018). Inclusion bodies and filamentous

EBOV particles were present in macrophages near the neuronal

perikaryon in the ganglia of the seminal vesicle and adrenal

gland in an EBOV-infected rhesus macaque model (Liu et al.,

2020). Lipid-laden macrophages in an axillary/brachial nerve

without inclusion bodies were also observed in an EBOV-

infected guinea pig model (light microscopy only) (Cooper

et al., 2018). Taken together, these findings demonstrate that

ebolavirus-infected macrophages can be present within

peripheral nervous tissues. Further work is warranted to

determine whether the virus antigen-positive macrophages

observed in the brain also harbor functional virions. Moreover,

determining whether these cells contribute to clinical

manifestations of neurologic disease during and following

acute infection would add functional outcomes to

these observations.
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Eye

Macrophages within the eye may contribute to virus

persistence and ocular sequelae in EVD survivors. Patients can

develop eye pain, vision alterations, and uveitis following

recovery from infection (Figure 4). Three forms of uveitis have

been reported: anterior uveitis, affecting the iris, ciliary body and

anterior chamber of the eye, posterior uveitis, affecting the

choroid or posterior retina, or panuveitis (Figure 5A)

(Rosenbaum and Dick, 2018; Jacob et al., 2020). Macrophages

were found to be among the cells infiltrating the conjunctival

subepithelial tissue in a rhesus macaque which developed

unilateral eye swelling following challenge with EBOV/Kikwit.

Virus antigen-positive mononuclear cells, potentially of

histiocytic origin, were present. Perivascular mononuclear cells

associated with the choroid plexus were also occasionally virus

antigen positive (Alves et al., 2016). Moreover, macrophages
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were among the cells infiltrating the ciliary body, iris, the sclera

near the iridocorneal angles, as well as along cyclitic membranes

in survivor macaques. In addition, inflammatory cells with

macrophage morphology were present in the vitreous humor

next to the retinal inner limiting membrane. CD68+ monocytes/

macrophages were present in various parts of the eye and, in

some cases, co-localized with EBOV antigen (Zeng et al., 2017).

These studies demonstrate that infiltrating and virus antigen-

positive macrophages are present in the tissues affected in EVD-

related uveitis (Figure 5A). Further elucidation of macrophage-

related mechanisms of ebolavirus persistence and inflammation

within the eye, along with therapeutic strategies, may help

prevent eye injury in convalescent patients. In addition,

determination of whether virus antigen-positive macrophages

also contain functional virions would clarify the extent to which

macrophages may harbor functional virus within the eye

following the resolution of acute infection.
A B

FIGURE 5

Histologic characteristics of macrophages in organs associated with long-term virus presence following ebolavirus infection. (A) The eye has
been identified as a site harboring ebolaviruses well after the resolution of acute infection in certain cases. Inflammation of the eye can occur in
the anterior or posterior chamber of the eye, as well as throughout the eye. Macrophage infiltration as well as macrophages positive for viral
antigen have been observed in the eye, including in CD68+ macrophages. (B) The male reproductive tract has been associated with rare
ebolavirus transmission. The following findings have been reported in macaques: Macrophages positive for viral antigen have been observed in
the epididymis and penis. CD68+ macrophages, some of which are virus antigen-positive, have been observed in the epididymis. Macrophage
infiltration during infection has also been observed in the epididymis and penis. Degenerate macrophages have been observed in the
epididymis. (Created with Biorender.com).
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Reproductive system

Macrophages may also be important for sexual transmission

and dysfunction by survivors of EVD. Sexual dysfunction in

both men and women, including both orchitis and amenorrhea,

as well as rare sexual transmission by men have been reported in

survivors of EVD (Jacob et al., 2020) (Figure 4). In male

reproductive tissues, macrophages have been reported in the

interstitial connective tissue of the epididymis in a rhesus

macaque surviving EVD. CD68+ monocytes/macrophages are

among the cells within the epididymis, some of which were

EBOV antigen positive, on Day 43 post-challenge. Necrotic cell

debris within the epididymal tubular lumen included degenerate

macrophages (Zeng et al., 2017). EBOV antigen-positive

macrophages have also been reported in the epididymal

interstitium and in the lamina propria of the penis in another

rhesus macaque model of EBOV. In addition, EBOV antigen-

positive circulating monocytes were also present in the lamina

propria of the penis in this model. Macrophage infiltrates into

the penile hypodermis and the submucosa of the urethra

following EBOV infection have also been reported in rhesus

macaques (Liu et al., 2022) (Figure 5B). In female reproductive

tissues, SUDV antigen-positive cells included macrophages that

were also positive for malarial parasite pigment within the

placenta in a human case. Malarial parasite pigment-laden

macrophages were also found in areas of fibrin deposition. In

a human BDBV case, virus antigen-positive circulating

macrophages were reported in the placenta, along with

atypical macrophages, which had degenerate-appearing nuclei,
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cytoplasmic blebs, and potential viral inclusions (no virions were

observed in the tissue by transmission electron microscopy)

(Muehlenbachs et al., 2017). EBOV antigen- or nucleic acid-

positive macrophages have also been reported within the

endocervix, the ectocervix, the lamina propria or submucosa

of the vagina, and the ovaries in a rhesus macaque model of

EBOV (Liu et al., 2022). Virus inclusions within ovarian stromal

macrophages have also been reported in a rhesus macaque

model (Jaax et al., 1996). EBOV-infected guinea pigs can also

have virus inclusion-bearing, virus antigen-positive, or virus

nucleic acid-positive macrophages within the female genital

tract (light microscopy only) (Cooper et al., 2018). The

presence of macrophages positive for viral material or

macrophages containing viral inclusions may make these cells

a virus source for sexual or vertical transmission or indicate that

they are contributors to the response to the infection in these

tissues, which could modulate the development of acute or

chronic reproductive tissue injury caused by EVD. Future

examination of these various reproductive tissues by electron

microscopy will help determine whether ebolavirus-infected

macrophages are present.
Discussion

Macrophages have long been recognized for their role in

ebolavirus infection, with contributions to host susceptibility,

the inflammatory response, and tissue injury. Ebolavirus entry

into macrophages is enhanced by a M2-like phenotype and is
FIGURE 6

Opportunities for future research on the role of macrophages in ebolavirus infection. The ebolavirus field will benefit from (1) identifying the
contribution of specific macrophage populations to fatal versus non-fatal infection, (2) defining the role of macrophages in the injury or repair
of tissues during and following infection, and (3) promoting patient survival by developing macrophage-directed interventions suppressing
harmful functions or enhancing beneficial functions of these cells. (Created with Biorender.com).
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facilitated by various host molecules, including multiple

scavenger receptors. Both macrophage exposure to, and

infection by, ebolaviruses result in the production of numerous

inflammatory cytokines. In vivo, ebolavirus antigen- or nucleic

acid-positive, as well as infected, macrophages have been

observed in a multitude of tissues, from principal sites of

pathological findings, like the liver and spleen, to tissues that

are potential reservoir sites, including the eyes and testes.

The mechanisms by which macrophages contribute to tissue

injury in vivo, the macrophage phenotypes associated with

disease severity, and macrophage-directed treatments all stand

as opportunities to advance the understanding of, and

countermeasures against, EVD (Figure 6). While pathological

lesions are present in multiple organs, often in concert with the

presence of macrophages, the extent of damaging versus

reparative functions of macrophages remains to be

determined. Moreover, identifying macrophage phenotypes

contributing to disease versus healing using more recent and

sophisticated phenotyping methods for macrophage

populations, such as in the liver, will help clarify which

macrophage populations are key contributors to severe disease

outcomes (Guillot and Tacke, 2019). Identifying these cell

populations and key contributory cellular pathways will not

only expand understanding of the host response to ebolavirus

infection but will also lay the foundation for enhanced

therapeutic approaches countering EVD.
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