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ABSTRACT Pathogenic intracellular mycobacteria, such as Mycobacterium tuberculo-
sis and Mycobacterium avium, which cause lung diseases, can grow in macrophages.
Extracellular mycobacteria have been reported in the lungs, blood, and sputum of
patients, indicating the involvement of these pathogens in disease progression.
Erythrocytes are involved in the symptoms associated with pulmonary mycobacterial
diseases, such as bloody sputum and hemoptysis; however, little attention has been
paid to the role of erythrocytes in mycobacterial diseases. Herein, we found that
Mycobacterium avium subsp. hominissuis (MAH) and Mycobacterium intracellulare
colocalized with erythrocytes at the sites of lung infection, inside capillaries and ne-
crotic areas of granulomas, using histopathological examinations. Electron micros-
copy showed that MAH adhered and entered human erythrocytes when they were
cocultured in vitro. MAH adhered to erythrocytes through complement receptor 1
and cell-surface sialo-glycoproteins. Importantly, MAH grew vigorously without caus-
ing any pronounced damage to erythrocytes. This erythrocyte-mediated enhance-
ment of MAH growth occurred extracellularly depending on its direct attachment to
erythrocytes. In contrast, MAH failed to multiply inside erythrocytes. Similarly, eryth-
rocytes augmented the growth of other pathogenic mycobacteria, such as M. intracellulare
and M. tuberculosis. THP-1 cell-derived human macrophages preferentially phagocytosed
erythrocytes that were attached to mycobacteria (compared to bacteria alone), suggesting
that erythrocyte-attached mycobacteria are an efficient infectious source for macrophages.
Our findings provide new insights into the pathogenesis of mycobacterial diseases and
offer an alternative and useful strategy for treating mycobacterial disease.

IMPORTANCE Pathogenic mycobacteria, such as Mycobacterium tuberculosis, Mycobacterium
avium subsp. hominissuis (MAH), and Mycobacterium intracellulare, cause pulmonary infec-
tions as intracellular parasites of lung macrophages and epithelial cells. Here, using histo-
pathological examinations we found that MAH and M. intracellulare colocalized with eryth-
rocytes in lung infection sites. Subsequent studies demonstrated that direct interaction
with erythrocytes enhances the extracellular proliferation of mycobacteria based on the fol-
lowing results: 1. MAH adhered and invaded human erythrocytes upon coculture in vitro;
2. MAH adhered to erythrocytes through complement receptor 1 and cell-surface sialo-glyco-
proteins; 3. MAH rapidly proliferated when directly attached to erythrocytes but not within
them; 4. other mycobacteria, such as M. intracellulare and M. tuberculosis, also proliferated in
the same way as MAH. The finding that pathogenic mycobacteria grow extracellularly in an
erythrocyte-dependent manner is of considerable clinical importance for understanding
disease progression and latent infection.
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Mycobacterial diseases, namely, tuberculosis and nontuberculous mycobacteria
(NTM) lung disease, pose threats to global public health (1–5). Mycobacterium tu-

berculosis was responsible for 1.4 million deaths in 2019 (1) and NTM is known to cause
pulmonary infections in both immunocompromised and immunocompetent individu-
als, with a marked increase in incidence (2–5). Among them, Mycobacterium avium
subsp. hominissuis (MAH) is one of the most common NTMs causing chronic lung dis-
eases in humans. These pathogenic mycobacteria are believed to predominantly func-
tion as intracellular parasites in macrophages and epithelial cells. However, extracellu-
lar mycobacteria are often observed at the site of mycobacterial infections.

Numerous extracellular M. tuberculosis bacilli have been reported at the central ne-
crotic area of mature granulomas, and a few have been reported at the rim of mature
granulomas where foam cells and giant cells are located (6). In the granuloma region,
macrophages are abundant and are known to polarize into M1 or M2 phenotypes,
which play critical roles in killing pathogens and resolving inflammation, respectively.
One or both of these phenotypes may be involved in the extracellular localization and
proliferation of mycobacterial bacilli. In the caseous core of necrotic granulomas, M. tu-
berculosis bacilli are thought to replicate slowly or to exist in a nonreplicating state (7),
suggesting the potential for latent infection. Moreover, it has been reported that
extracellular M. tuberculosis can proliferate markedly in liquefied caseous granulomas
and in open cavities (6, 7), representing active infection. As the liquefied regions of ca-
seous granulomas and open cavities are known to be connected to the airways and
blood vessels (8), bacilli can be released into the airways through coughing, and en-
counter erythrocytes in blood vessels. Consequently, mycobacterial cells in the blood
can survive and proliferate extracellularly (9). Thus, extracellular bacilli may contribute
significantly to the progression of disease. It is well known that extracellular M. avium
or M. tuberculosis are present in the blood of patients with disseminated infections; he-
matogenous dissemination of M. tuberculosis and M. avium can occur at many sites,
but the spleen, liver, and bone marrow are the most common sites of dissemination
(10, 11). In addition, recent studies have demonstrated that extracellular mycobacteria
have the potential to cross the blood-brain barrier (12). Taken together, many extracel-
lular mycobacteria have been observed at infection sites, indicating their involvement
in disease progression, and have been shown to be capable of extracellular prolifera-
tion; however, these mechanisms remain to be further elucidated.

When mycobacteria grow extracellularly, they are likely to encounter erythrocytes.
Several reports have indicated the interaction between mycobacteria and erythrocytes,
including: 1. bloody sputum and hemoptysis are one of the most common symptoms
associated with pulmonary mycobacterial diseases; 2. anemia is a common complication of
tuberculosis and disseminatedM. avium infections (11, 13); 3. granuloma formation is associ-
ated with angiogenic processes, which serve as a source of immune cells, oxygen, nutrients
for pathogens, and erythrocytes (14); and 4. necrotic areas of the granuloma contains both
large bronchi and thrombosed blood vessels, serving as a likely sources of hemorrhage and
an escape routes for the contents of the cavity into the environment (6, 14, 15).

Furthermore, the primary role of erythrocytes is transporting gases between the
lungs and tissues. In addition, human erythrocytes play a role in defense mechanisms
by eliminating invading pathogens from the circulation. Human erythrocytes capture
pathogens using complement receptor 1 (CR1) and transfer them, along with CR1, to
resident macrophages in the liver and spleen, while the remaining erythrocytes (those
with reduced CR1) return to the circulation (16, 17). Although these findings suggest
that mycobacteria interact with erythrocytes and influence virulence and infection
defense, little attention has been paid to their roles in mycobacterial infections.

The purpose of this study was to clarify the mechanism by which erythrocytes
interact with mycobacteria and their role in mycobacterial infection. We found that clinical
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mycobacterial strains colocalized with erythrocytes in lung infection sites, including inside
capillaries and necrotic areas of granulomas. Our findings provide evidence that mycobacte-
ria have the potential to adhere to erythrocytes for extracellular proliferation.

RESULTS AND DISCUSSION
Mycobacteria adhered to erythrocytes via complement receptor 1 (CR1) and

sialo-glycoproteins. We examined the histopathology of mouse lungs 4 weeks after
infection with M. avium and M. intracellulare. Ziehl–Neelsen staining, which can identify
acid-fast organisms, such as mycobacteria, showed that M. avium and M. intracellulare
were present inside the macrophages (Fig. 1A and C, arrowhead); it also revealed the
colocalization of these mycobacteria with erythrocytes in vasodilated alveolar capilla-
ries, in which the erythrocytes were not deformed (Fig. 1A–D, arrow). We also observed
that MAH colocalized with human erythrocytes in the necrotic granuloma regions of lung
specimens surgically resected from a patient infected with MAH (Fig. 1E–G, arrow). In this
region, we observed erythrocytes and numerous extracellular MAH (Fig. 1E–G). Specific
mycobacterial antigens were detected on the erythrocytes using polyclonal antibodies
against antigen-85B (Fig. 1H) and mycobacterial DNA-binding protein 1 (MDP-1) (Fig. 1I).
An anti-Mycobacterium tuberculosis var. bovis BCG (BCG) polyclonal antibody-stained
human erythrocytes in alveolar capillaries (Fig. 1J). These mycobacterial antibodies are spe-
cific for M. tuberculosis and are also cross-reactive for MAH (18, 19). Together, these data
demonstrate that erythrocytes and mycobacterial pathogens do indeed interact in vivo.

Next, we verified the interaction of MAH with human erythrocytes using scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). These analyses
revealed that MAH attached to—and invaded—erythrocytes (Fig. 2A) after coculturing
human erythrocytes with MAH in Roswell Park Memorial Institute (RPMI) 1640 medium

FIG 1 Histopathological examination of mouse and human lung tissues infected with M. avium or M.
intracellulare. Lung tissues were obtained from mice infected with (A, B) M. avium 33 and (C, D) M. intracellulare
198 at 4 weeks postinfection, and (E–J) from the resected surgical specimen of a patient with pulmonary MAH
infection. Paraffin-embedded lung sections were stained with (A–G) Ziehl–Neelsen stain, (H) an anti-antigen-85B
antibody, (I) an anti-MDP-1 antibody, or (J) an anti-BCG antibody. Mycobacteria were observed to colocalize
with erythrocytes (arrows) and macrophages (arrowheads). Original magnification: A, C, and F, 400�; B, D, E,
and G–J, 1,000�.
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supplemented with 10% human serum, either untreated or heat-treated. MAH exhibited a
higher frequency of close contact with erythrocyte membranes in the culture medium con-
taining untreated serum than in medium containing heat-treated serum (Fig. 2A). When the
medium contained untreated serum, the adhesion rate was significantly higher than that
when the medium contained heat-treated serum (Fig. 2B; P = 6.46e 2 14). These observa-
tions could be attributable to MAH adhesion via CR1 expressed on human erythrocytes (16,
17), since complement proteins are inactivated in heat-treated serum. Inhibition experiments
using anti-CR1 antibodies showed that the anti-CR1 antibody significantly, albeit incom-
pletely, inhibited MAH adhesion (Fig. 2B; P = 0.0047; control versus anti-CR1 antibody; P ,

0.001 control antibody versus anti-CR1 antibody).
Incomplete inhibition was suggestive of the presence of adhesion factors other

than CR1. We hypothesized that sialo-glycoproteins could be involved in the interac-
tion, because erythrocyte membranes contain abundant sialo-glycoproteins (also
known as glycophorins) (20, 21). Actually, influenza virus, Plasmodium falciparummero-
zoites, and Mycoplasma target sialo-glycoproteins to attach to—and invade—host cells
(22–25). To assess whether sialo-glycoproteins function as adhesion factors, we enzy-
matically removed sialic acids from sialo-glycoproteins, in accordance with a reported
method (25), which significantly reduced the adhesion rate of MAH in both media
(Fig. 2C and P = 0.0052 and P = 0.013; determined in the medium containing heat-treated
and untreated serum, respectively). These results indicate that both CR1 and sialo-glyco-
proteins were involved in mediating the adhesion of MAH to erythrocytes.

Blocking CR1 and removing sialo-glycoproteins could not completely abrogate MAH-
erythrocyte interaction, suggesting that these molecules cannot fully explain the adhesion

FIG 2 Attachment and invasion of MAH to human erythrocytes. (A) Images of MAH attachment/invasion into human
erythrocytes using SEM and TEM analysis. The culture medium was supplemented with heat-treated (left) or untreated serum
(right). White and black bars indicate 2 mm and 200 nm, respectively. (B) The adhesion rate of MAH to erythrocytes was
determined in the presence of 10 mg/mL anti-human CR1 antibody, a control antibody (IgGk), or complement component 2 or 3.
The adhesion rates were compared between culture media (containing untreated or heat-treated serum) using Kruskal–Wallis rank-
sum tests (***, P = 6.46e 2 14). The adhesion rates were also compared between the antibody- and complement-treated groups
using one-way analysis of variance (ANOVA; P = 0.000012) followed by Dunnett’s multiple-comparisons test and generating adjusted
P values via a single-step method (**, P = 0.0047 control versus 1 anti-CR1 antibody; ***, P , 0.001 control antibody [IgGk] versus
1 anti-CR1 antibody). (C) Removal of cell-surface sialic acids from erythrocytes by sialidase reduced the adhesion rate. **, P = 0.0052,
*, P = 0.013 using two-tailed Student's t test. (B, C) The error bars indicate standard deviations (SDs; n = 3–4).
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mechanisms. With respect to the molecules of MAH responsible for the adhesion, we tested
well-known mycobacterial adhesins, such as DnaK, Cpn60.2, extracellular DNA, trehalose
dimycolate, glycopeptidolipid, heparin-binding hemagglutinin, and MDP-1. However, no
contribution of any of these molecules to MAH adhesion was observed (S1 text and Fig. S1),
suggesting that a mycobacterial adhesin—adhesins other than those tested above—may
be necessary for MAH adhesion to erythrocytes.

Erythrocytes promote extracellular, but not intracellular mycobacterial growth.
To assess the viability of mycobacteria adhering to human erythrocytes, MAH growth
assays were performed using a colony forming unit (CFU)-counting method. Green fluo-
rescent protein (GFP)-expressing MAH was incubated with human erythrocytes for 1 h at
a 1:1 ratio. After removing unbound MAH, erythrocytes with attached bacteria were culti-
vated for 14 days. MAH growth exponentially increased up to 3 days after coculture in both
untreated and heat-treated serum-containing media, after which the growth transitioned to
the stationary phase (Fig. 3A, left panel). Microscopic observations also showed that the
quantity of MAH increased considerably over time in both settings (Fig. 3B). The proliferation
rates of MAH obtained in both media were comparable (Fig. 3A, left panel, first 3 days),
even though the respective adhesion rates to erythrocytes were significantly different, sug-
gesting that MAH proliferation might proceed in a CR1-independent manner.

To evaluate the effect of the MAH inoculum size on its multiplication, MAH was cul-
tured at different concentrations (2 � 105–2 � 108 cells/mL), with or without erythro-
cytes in medium containing untreated serum, and the growth kinetics were investigated
by performing CFU assays (Fig. 3C). Significant MAH growth was observed in the pres-
ence of erythrocytes at all inoculated concentrations (P , 0.001) compared with that in
the absence of erythrocytes. At a low initial inoculum concentration (2 � 105 cells/mL),
the MAH cells did not grow in the absence of erythrocytes. MAH multiplied in an erythro-
cyte-dependent manner with a generation time of 11 h. This generation time is compa-
rable to that of MAH in an optimized culture medium (10–12 h), and faster than that of
MAH multiplication inside human-derived macrophages (20–108 h) (26). These results
demonstrate that erythrocytes promoted the vigorous growth of MAH.

The number of erythrocytes was unchanged up to 7 days after culturing in both media,
regardless of the presence or absence of MAH (Fig. 3A, right panel). Beyond a week after cul-
tivation, the number of erythrocytes gradually decreased when untreated serum was used,
probably due to the occurrence of hemolysis (Fig. 3A right, 3B). Thus, no hemolysis was
observed during MAH growth; however, hemolysis occurred after the growth peak. During
these cultivation periods, no hemagglutination was observed under microscopic observa-
tion (Fig. 3B) and hemagglutination assays (Fig. S2A). Compared with erythrocytes cultured
alone, erythrocytes cocultured with MAH showed no significant reduction in the resistance
to osmotic fragility after 1 h or 3 days of culture (Fig. S2B–G). Thus, the adhesion of MAH to
human erythrocytes caused only minimal damage to erythrocyte membranes and caused
vigorous MAH proliferation. As these observations fulfill all the requirements for infection—
the invasion and multiplication of microorganisms that are not normally present within the
body—we concluded that MAH cells are capable of infecting erythrocytes.

Next, we investigated the potential of MAH to grow inside erythrocytes. When
erythrocytes cocultured with MAH were treated with amikacin, a membrane-imperme-
able bactericidal agent, the total number of MAH cells decreased over time (Fig. 3D).
TEM observations showed that the envelopes of MAH cells engulfed by erythrocytes were
damaged, even without amikacin treatment (Fig. 2A). These results clearly indicate that
MAH cannot survive inside erythrocytes. Additionally, we assessed whether direct interac-
tion with erythrocytes is necessary for erythrocyte-dependent extracellular proliferation of
MAH (Fig. 3E). Using cell culture inserts (CIs), we examined MAH proliferation by separating
MAHs from erythrocytes in the culture medium (with CIs), by direct interaction (without CIs),
or in the absence of erythrocytes (with/without CIs). The results revealed active MAH cell
proliferation when the cells directly interacted with erythrocytes (Fig. 3E and P = 0.00012).
Even when the erythrocytes were replaced with their lysates in the culture medium, the
MAH cells grew well with comparable growth rates (Fig. 3F). These results indicate that MAH
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growth on the outside of the erythrocytes was highly dependent on its direct interaction with
erythrocytes and/or erythrocyte components. Regarding bacterial growth, iron is known to be
an essential nutrient, and some bacteria, includingM. tuberculosis andMycolicibacterium smeg-
matis, can utilize heme and/or hemoglobin as iron sources (27, 28). It is possible that MAH cells
attached to erythrocytes directly capture heme and/or hemoglobin as iron sources.

FIG 3 Extracellular growth of MAH. (A) Multiplication of MAH cells attached to erythrocytes. MAH (left panel)
and erythrocyte cell counts (right panel). Erythrocytes were cultured in the presence or absence of MAH. (B)
Microscopic images of the MAH cells and erythrocytes described in panel A. (C) Effect of the MAH inoculation size
(2 � 105–2 � 108 cells/mL) on its growth in the presence or absence of erythrocytes (1 � 108 cells/mL). (D) Reduction
of the number of live MAH cells following amikacin treatment. (E) Promotion of MAH extracellular growth via the
direct attachment to erythrocytes. The culture conditions are indicated. MAH cells coexisting with erythrocytes
(squares); MAH cells separated from erythrocytes via cell culture inserts (CIs; circles); no erythrocytes, with (triangles) or
without CIs (diamonds). (F) Growth of MAH coexisting with whole or hemolyzed erythrocytes. MAH cells (1 � 105/mL)
were inoculated into medium containing whole erythrocytes, erythrocyte lysate, or no erythrocytes. We included
1 � 108 (circles) or 1 � 106 (squares) erythrocyte cells or hemolyzed erythrocyte cell equivalents/mL. (C, E, F) All
assays were conducted in culture medium with untreated serum. (A, C–F) The error bars indicate SDs (n = 3–4); ***, P
, 0.001, as determined using Friedman’s rank-sum test.
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Erythrocytes promoted the growth of all tested mycobacterial species: M. tuberculo-
sis, M. intracellulare, and BCG (Fig. 4A–C). As with MAH, we confirmed that (i) BCG could
directly attach to and invade erythrocytes (Fig. S3A–D), (ii) M. intracellulare could not
survive inside erythrocytes (Fig. S3E), (iii) direct attachment of M. tuberculosis to eryth-
rocytes was essential for its own multiplication (Fig. S3F, G), and (iv) no decrease in
erythrocyte osmotic fragility occurred after the addition of M. intracellulare (Fig. S3H–
M). These results demonstrate that the vigorous extracellular growth induced by eryth-
rocytes is a common property of pathogenic mycobacterial species.

Macrophages preferentially engulfed erythrocytes with MAH attached over
MAH alone. Macrophages are target cells for infection by mycobacteria (29), although
they are intrinsically capable of phagocytosing microbes and killing virus-infected cells,
clearing dead and senescent cells, and repairing damaged tissues (29–32). Further, we
assessed the effect of MAH-attached erythrocytes on the phagocytic capability of mac-
rophages compared to MAH cells alone. The extent of phagocytosis of MAH cells was
expressed as the ratio of the number of MAH cells engulfed by THP-1 monocyte-
derived macrophages to the number of inoculated MAH cells. Macrophages engulfed
more MAHs attached to erythrocytes than did MAH cells alone, as determined by
examining the extent of phagocytosis (Fig. 5A and P , 0.001) and confocal microscopy
analysis (Fig. 5B). Melhrn et al. demonstrated that pathogen binding to CR1 on human
erythrocytes promotes ATP release and consequently stimulates the phagocytosis of
immune-adherent immune complexes (33). Our results may also be influenced by
these effects. These findings suggest that erythrocyte-attached mycobacteria could be
an efficient infectious source for macrophages.

Extracellular infection and pathogenesis. Our findings demonstrate that patho-
genic mycobacteria adhered to human erythrocytes through CR1 and sialo-glycopro-
teins on erythrocytes and rapidly proliferated. We clarified that this proliferation
required direct interaction with human erythrocytes or the presence of components of
erythrocytes. During mycobacterial proliferation, there was no significant damage to
the cell membrane of erythrocytes. These results revealed the involvement of erythro-
cytes in the extracellular proliferation of mycobacteria. In other words, pathogenic
mycobacteria can infect human erythrocytes and promote extracellular proliferation.
Unfortunately, our study did not reveal adhesins on the surface of mycobacterial cells,
although they may be an important factor explaining the active growth of mycobacte-
ria, and thus, should be clarified in future studies.

FIG 4 Erythrocytes promoted the growth of other mycobacteria. (A–C) Pathogens were inoculated into the media in the
presence (solid markers) or absence (open markers) of erythrocytes. ***, P , 0.001, as determined by two-way repeated
measures ANOVA. (A) M. tuberculosis H37Rv cells expressing luciferase were challenged at 2 � 106 CFU/mL (triangles) or
2 � 105 CFU/mL (circles), after which the relative light units (RLUs) were measured. (B) M. intracellulare 198 challenged at
1 � 106 CFU/mL (triangles). (C) BCG challenged at 3 � 105 CFU/mL (circles) or 3 � 104 CFU/mL (squares). Assays were
conducted in culture medium with untreated serum.
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In the present study, erythrocytes with/without attached mycobacteria and numer-
ous extracellular MAH cells were observed in the necrotic granuloma region of a pul-
monary MAH disease patient. Previous studies have also reported extracellular M. tu-
berculosis cells in such regions (6). These extracellular mycobacteria are thought to
result from the necrotic breakdown of macrophages. In addition, polarized M1-like
macrophages are abundantly present in the necrotic granuloma region, whereas M2-
like macrophages are abundant at the rim of mature granulomas (34). Furthermore, it
has been reported that mycobacteria grow vigorously in an extracellular milieu created
by the absence of macrophages or through macrophage necrosis (6). Our findings,
along with those of previous studies, suggest that macrophage polarization may affect
the growth of extracellular mycobacteria as well as mycobacteria within macrophages.
Consequently, granulomas may serve as a niche for mycobacteria to proliferate extrac-
ellularly by interacting with erythrocytes. Mycobacterial infection of erythrocytes may
also be involved in anemia. Most patients with disseminated MAH disease experience
severe anemia (10), whereas tuberculosis-associated anemia is usually mild and resolves with
antituberculosis treatment (13, 35). One possibility is that infected erythrocytes may promote
their phagocytosis by macrophages, as shown by our results, which may lead to anemia.

Possible role for the attachment of mycobacteria to erythrocytes in pathogenesis.
We showed that erythrocytes are present in the capillaries and necrotic granulomas of
lungs from mice and human (Fig. 1). In vitro studies demonstrated that erythrocytes
promoted the extracellular growth of mycobacteria (Fig. 3 and 4). Erythrocyte-depend-
ent extracellular proliferation may contribute to the abundance of mycobacterial cells
at the center of necrotic granulomas.

The mycobacterial attachment to the erythrocytes suggests a role in the hematogenous
dissemination of mycobacterial pathogens through releasing into blood vessels from liquefied
caseous granulomas and open cavities. Most microbes captured by erythrocytes through CR1
are decayed by resident macrophages in the liver and spleen. Unlike other microbes, myco-
bacteria can survive and proliferate in this environment; thus, hematogenous dissemination
may lead to disease exacerbation. This hypothesis is supported by the fact that hematogenous

FIG 5 Macrophages preferentially engulfed erythrocytes with attached MAH cells over MAH cells alone. (A)
Promotion of macrophage phagocytosis of MAH cells adhering to erythrocytes. The ratio of the number of MAH
cells engulfed by THP-1 monocyte-derived macrophages to the number of inoculated MAH cells is presented.
MAH cells were inoculated under the following three situations: MAH adhering to erythrocytes, MAH alone, and
MAH plus erythrocytes. ***, P , 0.001, as determined using Dunnett's multiple-comparisons test; P values were
adjusted using a single-step method. (B) Confocal microscopy images of macrophages that engulfed MAH cells
(green) adhering to erythrocytes. All error bars indicate SDs (n = 3–4).
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dissemination of mycobacteria is more frequently observed in the liver and spleen compared
with other organs (9, 10).

We showed that the erythrocytes capture of mycobacteria is partially dependent on
CR1 (Fig. 2). It was also considered that adhesion factors other than CR1 (Fig. 2) may
prevent migration to the liver and spleen, thus promoting the circulation of mycobac-
terial pathogens throughout the body. Such circulating erythrocyte-attached mycobac-
teria will ultimately be engulfed by tissue-resident macrophages, as we observed that
THP1 cell–derived macrophages preferentially phagocytosed mycobacteria-erythrocyte
complex to mycobacteria alone (Fig. 5). All tested mycobacterial strains in this study,
such as M. tuberculosis, BCG, MAH, and M. intracellulare adhered to erythrocytes and
experienced high levels of proliferation in the presence of erythrocytes, suggesting
that adhesion to erythrocytes and subsequent augmented proliferation are common
for mycobacteria. Understanding the adhesion of mycobacteria to erythrocytes will
help to elucidate the mechanisms underlying the systemic dissemination of mycobac-
teria and their role in disease progression.

Two facets of the interaction between erythrocytes andmycobacteria. Erythrocytes
transport gases and eliminate pathogens from the host circulation (16, 17, 32, 33).
Thus, it can be said that the role of erythrocytes in mycobacterial infection has two fac-
ets: erythrocytes play a defensive role against infection and could also be the target
cells of mycobacterial infection. It is likely that the balance between these two facets is
an important determinant of the outcome of mycobacterial infection. If the defense
system optimally functions, mycobacterial diseases can be controlled or the incubation
period can be prolonged. However, if the mycobacterial attack is overwhelming, myco-
bacterial diseases may develop and sometimes disseminated throughout the body.
Our findings provide a platform to address the following unsolved issues of mycobac-
terial infections in future studies: (i) The incubation period of tuberculosis is long,
sometimes decades, but the period has not been well characterized (36). 2) The mecha-
nisms underlying the dissemination of MAC infection (10) and tuberculosis, which is
known as miliary tuberculosis, are not well understood (9). 3) The mechanism by which
anemia becomes associated with mycobacterial infection (10, 13, 35) is unclarified.

Conclusion. Pathogenic mycobacteria infected human erythrocytes and promoted
their own extracellular multiplication. Our findings provide insights into new aspects of
mycobacterial disease pathogenesis and immunity against mycobacterial infection, which
offer alternative strategies for the development of mycobacterial disease therapies.

MATERIALS ANDMETHODS
Histopathology. We used paraffin-embedded lung tissues prepared from a group of five mice

infected with M. avium 33 or M. intracellulare 198 (37), and from surgically resected human lung speci-
mens. The samples were obtained from a patient with MAH infection, who had undergone surgical
resection in the Osaka Toneyama Medical Center. This experiment was approved by the Osaka
Toneyama Medical Center Institutional Ethical Review Board for Human Subject Experimentation and
complied with international guidelines for studies involving human subjects; all recruited individuals
provided written informed consent. Sections were stained with the Ziehl–Neelsen stain, and immunohis-
tochemical staining was performed using a rabbit polyclonal antibody against M. tuberculosis antigen-
85B, a rabbit polyclonal antibody against M. tuberculosis MDP-1 (38), or a polyclonal anti-BCG antibody.
The antigens 85B and MDP-1 are mycobacterium-specific proteins and show a high degree of homology
between M. tuberculosis H37Rv and MAH 104 (85% and 97% of the N-terminal 103 amino acids, respec-
tively). These antibodies show cross-reactivity with MAH (19). Immunohistochemistry was performed as
previously described (38). Immunohistochemical staining with the anti-BCG antibody was outsourced to
Kyodo Byori, Inc. (Kobe, Japan).

Mycobacterial strains, antibodies, and culture conditions. We used the following mycobacterial
strains: MAH 104 strain expressing GFP (39); a rough variant of MAH 104 (MAH 104R), which was natu-
rally derived from MAH 104 and does not produce glycopeptidolipid (39); M. intracellulare 198 (36); BCG
Tokyo; and M. tuberculosis H37Rv expressing luciferase (40). Mycobacterial strains were grown at 37°C in
Middlebrook 7H9 broth (BD Biosciences [BD], Franklin Lakes, NJ) supplemented with 10% Middlebrook
albumin-dextrose-catalase enrichment (BD) and 0.2% (vol/vol) glycerol or 0.05% (vol/vol) Tween 80.
Viability was determined by counting CFU on Middlebrook 7H11agar plates supplemented with 0.5%
(vol/vol) glycerol and 10% Middlebrook oleic acid-albumin-dextrose-catalase enrichment (BD), with 10-
fold serial dilutions. Seven days after cultivation, the colonies were counted using a stereo microscope.
Luciferase activities in bacterial suspensions (50 ml) were measured for 15 s using a LUMAT LB 9507 lumi-
nometer (Berthold Bad Wildbad, Germany). Mycobacteria were grown for 7 to 14 days and resuspended
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in saline. Then, they were adjusted to an OD660 of 1 (corresponding to 1 � 109 CFU/mL) in saline prior to
coculturing with erythrocytes. The following antibodies were used at a concentration of 10 mg/mL: a
purified mouse anti-human CD35 antibody (anti-CR1, 558768, BD Bioscience) and a mouse IgG1 k iso-
type control antibody (554121, BD Bioscience).

Human erythrocytes and culture conditions. Blood samples from donors were kindly provided by
the Japanese Red Cross Kinki Block Blood Center of the Japanese Red Cross Society. This research was
approved by the Institutional Ethical Review Board of Osaka City University. Blood donors agreed to a
comprehensive analysis with written informed consent. Serum was prepared from plasma by removing
clots after adding CaCl2 (final concentration: 10 mmol/l) and incubating the plasma for 30 min at 37°C. A
portion of the serum was treated by heating at 56°C for 30 min. Untreated and heat-treated sera were
stored at 220°C until use. Erythrocytes were washed three times with sterile saline and centrifuged at
800 � g for 8 min at 4°C. Next, the erythrocytes were plated at a concentration of 1 � 108 cells/mL sus-
pension in RPMI 1640 medium supplemented with 25 mM HEPES and 10% heat-treated or untreated
human serum on petri dishes or 24-well tissue culture plates.

Coculturing mycobacteria with human erythrocytes. Erythrocytes were cultured overnight in a
5% CO2 incubator at 37°C prior to coculture. Human erythrocytes (1 � 108 cells/mL) were cocultured
with different concentrations of mycobacteria (2 � 105–2 � 108 cells/mL) for 1 h to 2 weeks. Unbound
bacilli were removed from the erythrocytes by washing them with saline three or four times, as needed.
The viabilities of mycobacteria and erythrocytes were assessed by CFU counting and by a hemocytome-
ter. Cocultured samples were examined using a TCS-SP5 confocal laser-scanning microscope (Leica,
Wetzlar, Germany). To kill extracellular bacilli, mycobacteria cocultured with erythrocytes were treated
with 40 mg/mL amikacin throughout the culture period. The amikacin concentration and exposure time
were determined by determining the minimum-inhibitory concentration and minimum-bactericidal con-
centration values of amikacin against MAH (Table S1, Fig. S4). To separate mycobacteria from erythro-
cytes, we used a CI with 0.4 mm pore size (BD Biosciences) in a 24-well plate. Following overnight precul-
ture of erythrocytes (1 � 108 cells/mL), mycobacteria were inoculated at a 1:100 ratio into the CI (to
separate the mycobacteria from the erythrocytes), into wells without a CI (coexisting mycobacteria with
erythrocytes), or in the absence of erythrocytes. Then, the cells were cultured for 7 to 11 days, and the
number of mycobacterial cells was counted. To prepare medium containing components of hemolyzed
erythrocytes, we added an equal volume of sterilized water to a concentrated erythrocyte suspension
(2 � 109 cells/mL), which was mixed well to permit complete hemolysis. The hemolyzed solution was
diluted in culture medium to achieve the desired concentration (1 � 106 or 1 � 108 cell equivalents/mL).
All experiments were performed with three or four biological replicates. The data shown are representa-
tive of at least two independent experiments.

Rate of MAH adhesion to erythrocytes. The adhesion rate was determined by dividing the number
of mycobacteria bound to erythrocytes by the total number of mycobacteria inoculated in each well. We
cocultured human erythrocytes with MAH organisms in medium supplemented with untreated or heat-
treated serum for 1 h at 37°C, followed by washing erythrocytes with saline and centrifugation at 800 � g
for 8 min at 4°C, three or four times. After washing, the erythrocytes were hemolyzed, and mycobacterial
cell counts were assayed by determining the CFU. Erythrocytes were preincubated with 10 mg/mL of anti-
human CR1 antibody or control antibody (IgGk) and complement components 3 or 2 for 30 min prior to
the infection with MAH. For sialidase treatment, erythrocytes were incubated with 150 mU/mL sialidase
(11080725001, Roche) at 37°C overnight, followed by washing the erythrocytes.

SEM and TEM experiment. For SEM experiments, erythrocytes were cocultured with mycobacteria for
1 h at a 1:1 ratio in RPMI 1640 culture medium supplemented with 10% untreated or heat-treated human se-
rum. After removing unbound mycobacteria by washing, the erythrocytes were placed on coverslips
(Thermanox Plastic coverslips, Thermo Fisher Scientific Inc., Waltham, MA, USA) and prefixed for 10 min in a
solution of 2.5% (vol/vol) glutaraldehyde in 0.1 mol/l cacodylate buffer (CB, pH 7.4) and then rinsed three
times in CB. Next, fixation and subsequent sample preparation were performed as previously described (39).
The samples were observed using a S4700 scanning electron microscope (Hitachi Ltd., Tokyo, Japan).

For TEM preparation, erythrocytes cocultured with mycobacteria were prepared as described above
and fixed for 1 h with 2.5% glutaraldehyde in CB. Erythrocytes were pelleted and embedded in agar. The
agar blocks were fixed again with 2.5% glutaraldehyde for 1 h followed by three rinses with CB. Then,
the blocks were resuspended in 1% (vol/vol) osmium tetroxide in CB for 1 h, rinsed twice with CB, and
dehydrated using a graded-ethanol series (50, 70, 90, 99, and 100%) and propylene oxide (twice for
15 min). Next, the blocks were embedded using the Spurr Resin kit (Polysciences, Warrington, PA, USA),
cut into thin sections, and stained with 5% uranyl acetate, followed by Reynold’s lead citrate. Stained
sections were viewed using a JEM-1200EXII transmission electron microscope (JEOL, Tokyo, Japan).

Phagocytosis assay with human THP-1 monocyte-derived macrophages. We used the human
monocytic THP-1 cell line, which was purchased from the Riken BioResource Research Center (Tsukuba,
Japan). The cells were cultured in RPMI 1640 medium containing 10% heat-treated human serum, 100
units/mL of penicillin, and 100 mg/mL of streptomycin, and subcultured every 3 to 4 days. At 48 h prior
to infection, THP-1 cells (5 � 105 cells in 500 ml) were cultured in 24-well plates, and then differentiated
in the presence of 100 nM phorbol 12-myristate 13-acetate (Sigma-Aldrich, St. Louis, MO, USA).
Differentiated monolayered cells were washed three times with Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% untreated or heat-treated human serum. THP-1 monocyte-derived
macrophages were cocultured with MAH and erythrocytes. Coculture was performed in the following
three ways: inoculated MAH cells were free in the presence or absence of erythrocytes or were adhered
to erythrocytes. MAH cells adhering to erythrocytes were prepared by coculturing erythrocytes with
MAH for 24 h, washing the erythrocytes to remove the unbound MAH, resuspending the erythrocytes in
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culture medium, and adjusting the erythrocytes to a concentration of 108 cells/mL. The numbers of
attached and free MAH cells in the culture media were counted by performing CFU assays. After incuba-
tion for 3 h to allow macrophages to phagocytose MAH or MAH to adhere to erythrocytes, the number
of viable MAH cells engulfed by macrophages was determined by performing CFU assays. To determine
the number of engulfed MAHs, the macrophages were washed four times with DMEM to remove the
nonphagocytosed MAH cells and erythrocytes, after which they were lysed with 1% Triton X-100 in
phosphate-buffered saline. The ratio of engulfed MAH was calculated by dividing the number of
engulfed MAH cells by the number of inoculated cells.

Statistical analysis. Statistical analyses were performed using R software version 3.5.0 (2018-04-23)
(41). The Bartlett test was used to verify the assumption that variances were equal across different groups or
samples. When equal variance across samples was found, one-way or two-way repeated ANOVA was per-
formed for repeated measures followed by Dunnett’s multiple-comparisons posttest. When unbalanced var-
iance across samples was detected, the Kruskal–Wallis rank-sum test or Friedman’s test was used for
repeated measures, followed by the pairwise Wilcoxon rank-sum test to calculate pairwise comparisons
between groups, with corrections for multiple testing. To compare two independent groups with equal var-
iances, a two-tailed Student's t test was used. Results with P, 0.05 were considered significant.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1 MB.

ACKNOWLEDGMENTS
We gratefully acknowledge the Japanese Red Cross Kinki Block Blood Center for

donating human erythrocytes and plasma. We gratefully thank Hideki Nakagawa and
Takao Kenko for SEM and TEM sample preparation, pathological specimen preparations,
and technical assistance in Research Support Platform of Osaka City University Graduate
School of Medicine.

Y.N., F.M., and S.M. were supported by the Japan Agency for Medical Research and
Development (AMED) under grant numbers JP16fk0108306, JP19fk0108043, JP20fk0108129,
and JP21fk0108129. Y.N. and F.M. were supported by the JSPS KAKENHI grant number
20H00562. Y.N. was supported by the JSPS KAKENHI grant number J192540028 and by the
Institute for Fermentation, Osaka (IFO) under grant number G-2017-1-038.

The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Y.N. conceptualized the study; Y.N., Y.T., Y.O., and T.Y. performed investigations; Y.N.,
H.H., M.M., and S.K. performed histopathological analyses; H.H., M.M., and S.K. provided
medical resources; Y.N. performed formal analysis; Y.N., F.M., and S.M. acquired funding
and wrote original draft; S.M. supervised the study. All authors reviewed and edited the
manuscript.

We have no conflicts of interest to declare.

REFERENCES
1. World Health Organization. 2020. Global tuberculosis report. Available from:

https://www.who.int/tb/publications/global_report/en/. Accessed August
27, 2020.

2. Nishiuchi Y, Iwamoto T, Maruyama F. 2017. Infection sources of a common
non-tuberculous mycobacterial pathogen, Mycobacterium avium Complex.
Front Med (Lausanne) 4:27. https://doi.org/10.3389/fmed.2017.00027.

3. Griffith DE, Aksamit T, Brown-Elliott BA, Catanzaro A, Daley C, Gordin F,
Holland SM, Horsburgh R, Huitt G, Iademarco MF, Iseman M, Olivier K,
Ruoss S, von Reyn CF, Wallace RJ, Winthrop K, Infectious Disease Society
of America. 2007. ATS Mycobacterial Diseases Subcommittee. An official
ATS/IDSA statement: diagnosis, treatment, and prevention of nontuber-
culous mycobacterial diseases. Am J Respir Crit Care Med 175:367–416.
https://doi.org/10.1164/rccm.200604-571ST.

4. Daley CL, Iaccarino JM, Lange C, Cambau E, Wallace RJ, Andrejak C, Böttger
EC, Brozek J, Griffith DE, Guglielmetti L, Huitt GA, Knight SL, Leitman P,
Marras TK, Olivier KN, Santin M, Stout JE, Tortoli E, van Ingen J, Wagner D,
Winthrop KL. 2020. Treatment of nontuberculous mycobacterial pulmonary
disease: an official ATS/ERS/ESCMID/IDSA clinical practice guideline: execu-
tive summary. Clin Infect Dis 71:e1–e36. https://doi.org/10.1093/cid/ciaa241.

5. Prevots DR, Loddenkemper R, Sotgiu G, Migliori GB. 2017. Nontuberculous
mycobacterial pulmonary disease: an increasing burden with substantial costs.
Eur Respir J 49:1700374. https://doi.org/10.1183/13993003.00374-2017.

6. Ramakrishnan L. 2012. Revisiting the role of the granuloma in tuberculo-
sis. Nat Rev Immunol 12:352–366. https://doi.org/10.1038/nri3211.

7. Sarathy JP, Dartois V. 2020. Causeum: a niche for Mycobacterium tubercu-
losis drug-tolerant persisters. Clin Microbiol Rev 33:e00159-19. https://doi
.org/10.1128/CMR.00159-19.

8. Hunter RL, Jagannath C, Actor JK. 2007. Pathology of postprimary tuber-
culosis in humans and mice: contradiction of long-held beliefs. Tubercu-
losis (Edinb) 87:267–278. https://doi.org/10.1016/j.tube.2006.11.003.

9. McDonald LC, Archibald LK, Rheanpumikankit S, Tansuphaswadikul S,
Eampokalap B, Nwanyanawu O, Kazembe P, Dobbie H, Reller LB, Jarvis
WR. 1999. Unrecognized Mycobacterium tuberculosis bacteraemia among
hospital inpatients in less developed countries. Lancet 354:1159–1163.
https://doi.org/10.1016/S0140-6736(98)12325-5.

10. Moule MG, Cirillo JD. 2020. Mycobacterium tuberculosis dissemination
plays a critical role in pathogenesis. Front Cell Infect Microbiol 10:65.
https://doi.org/10.3389/fcimb.2020.00065.

Mycobacterial Extracellular Infection of Erythrocytes Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.02454-21 11

https://www.who.int/tb/publications/global_report/en/
https://doi.org/10.3389/fmed.2017.00027
https://doi.org/10.1164/rccm.200604-571ST
https://doi.org/10.1093/cid/ciaa241
https://doi.org/10.1183/13993003.00374-2017
https://doi.org/10.1038/nri3211
https://doi.org/10.1128/CMR.00159-19
https://doi.org/10.1128/CMR.00159-19
https://doi.org/10.1016/j.tube.2006.11.003
https://doi.org/10.1016/S0140-6736(98)12325-5
https://doi.org/10.3389/fcimb.2020.00065
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02454-21


11. Horsburgh CR., Jr. 1999. The pathophysiology of disseminated Mycobac-
terium avium complex disease in AIDS. J Infect Dis 179:S461–S465. Sup-
plement 3. https://doi.org/10.1086/314804.

12. van Leeuwen LM, Boot M, Kuijl C, Picavet DI, van Stempvoort G, van der
Pol SMA, de Vries HE, van der Wel NN, van der Kuip M, van Furth AM, van
der Sar AM, Bitter W. 2018. Mycobacteria employ two different mecha-
nisms to cross the blood-brain barrier. Cell Microbiol 20:e12858. https://
doi.org/10.1111/cmi.12858.

13. Minchella PA, Donkor S, Owolabi O, Sutherland JS, McDermid JM. 2015.
Complex anemia in tuberculosis: the need to consider causes and timing
when designing interventions. Clin Infect Dis 60:764–772. https://doi.org/
10.1093/cid/ciu945.

14. Batista LAF, Silva KJS, da Costa e Silva LM, de Moura YF, Zucchi FCR. 2020.
Tuberculosis, a granulomatous disease mediated b epigenetic factors. Tu-
berculosis (Edinb) 123:101943. https://doi.org/10.1016/j.tube.2020.101943.

15. Russell DG. 2007. Who puts the tubercle in tuberculosis? Nat Rev Micro-
biol 5:39–47. https://doi.org/10.1038/nrmicro1538.

16. Birmingham DJ, Hebert LA. 2001. CR1 and CR1-like: the primate immune
adherence receptors. Immunol Rev 180:100–111. https://doi.org/10.1034/
j.1600-065x.2001.1800109.x.

17. Lindorfer MA, Hahn CS, Foley PL, Taylor RP. 2001. Heteropolymer-medi-
ated clearance of immune complexes via erythrocyte CR1: mechanisms
and applications. Immunol Res 183:10–24. https://doi.org/10.1034/j.1600
-065x.2001.1830102.x.

18. Drowart A, De Bruyn J, Huygen K, Damiani G, Godfrey HP, Stelandre M,
Yernault JC, van Vooren JP. 1992. Isoelectrophoretic characterization of
protein antigens present in mycobacterial culture filtrates and recognized
by monoclonal antibodies directed against the Mycobacterium bovis
BCG antigen 85 complex. Scand J Immunol 36:697–702. https://doi.org/
10.1111/j.1365-3083.1992.tb03130.x.

19. Matsumoto S, Furugen M, Yukitake H, Yamada T. 2000. The gene encod-
ing mycobacterial DNA-binding protein I (MDPI) transformed rapidly
growing bacteria to slowly growing bacteria. FEMS Microbiol Lett 182:
297–301. https://doi.org/10.1111/j.1574-6968.2000.tb08911.x.

20. Gahmberg CG, Jokinen M, Andersson LC. 1978. Expression of the major sialo-
glycoprotein (glycophorin) on erythroid cells in human bone marrow. Blood
52:379–387. https://doi.org/10.1182/blood.V52.2.379.bloodjournal522379.

21. Bulai T, Bratosin D, Pons A, Montreuil J, Zanetta JP. 2003. Diversity of the
human erythrocyte membrane sialic acids in relation with blood groups.
FEBS Lett 534:185–189. https://doi.org/10.1016/s0014-5793(02)03838-3.

22. Shelton H, Ayora-Talavera G, Ren J, Loureiro S, Pickles RJ, Barclay WS,
Jones IM. 2011. Receptor binding profiles of avian influenza virus hemag-
glutinin subtypes on human cells as a predictor of pandemic potential. J
Virol 85:1875–1880. https://doi.org/10.1128/JVI.01822-10.

23. Malpede BM, Lin DH, Tolia NH. 2013. Molecular basis for sialic acid-depend-
ent receptor recognition by the Plasmodium falciparum invasion protein
erythrocyte-binding antigen-140/BAEBL. J Biol Chem 288:12406–12415.
https://doi.org/10.1074/jbc.M113.450643.

24. Roberts DD, Olson LD, Barile MF, Ginsburg V, Krivan HC. 1989. Sialic acid-de-
pendent adhesion of Mycoplasma pneumoniae to purified glycoproteins. J
Biol Chem 264:9289–9293. https://doi.org/10.1016/S0021-9258(18)60528-9.

25. Bergelson LD, Bukrinskaya AG, Prokazova NV, Shaposhnikova GI,
Kocharov SL, Shevchenko VP, Kornilaeva GV, Fomina-Ageeva EV. 1982.
Role of gangliosides in reception of influenza virus. Eur J Biochem 128:
467–474. https://doi.org/10.1111/j.1432-1033.1982.tb06988.x.

26. Pathak S, Wentzel-Larsen T, Asjö B. 2010. Effects of in vitro HIV-1 infection
on mycobacterial growth in peripheral blood monocyte-derived macro-
phages. Infect Immun 78:4022–4032. https://doi.org/10.1128/IAI.00106
-10.

27. Jones CM, Niederweis M. 2011. Mycobacterium tuberculosis can utilize
heme as an iron source. J Bacteriol 193:1767–1770. https://doi.org/10
.1128/JB.01312-10.

28. Tullius MV, Harmston CA, Owens CP, Chim N, Morse RP, McMath LM,
Iniguez A, Kimmey JM, Sawaya MR, Whitelegge JP, Horwitz MA, Goulding
CW. 2011. Discovery and characterization of a unique mycobacterial heme
acquisition system. Proc Natl Acad Sci U S A 108:5051–5056. https://doi
.org/10.1073/pnas.1009516108.

29. Torrelles JB, Schlesinger LS. 2017. Integrating lung physiology, immunol-
ogy, and tuberculosis. Trends Microbiol 25:688–697. https://doi.org/10
.1016/j.tim.2017.03.007.

30. Gordon S, Pluddemann A. 2017. Tissue macrophages: heterogeneity and
functions. BMC Biol 15:53. https://doi.org/10.1186/s12915-017-0392-4.

31. Ehlers S, Schaible UE. 2012. The granuloma in tuberculosis: dynamics of a
host-pathogen collusion. Front Immunol 3:411. https://doi.org/10.3389/
fimmu.2012.00411.

32. de Back DZ, Kostova EB, van Kraaij M, van den Berg TK, van Bruggen R.
2014. Of macrophages and red blood cells; a complex love story. Front
Physiol 5:9. https://doi.org/10.3389/fphys.2014.00009.

33. Melhorn MI, Brodsky AS, Estanislau J, Khoory JA, Illigens B, Hamachi I,
Kurishita Y, Fraser AD, Nicholson-Weller A, Dolmatova E, Duffy HS, Ghiran
IC. 2013. CR-1-mediated ATP release by human red blood cells promotes
CR1 clustering and modulates the immune transfer process. J Biol Chem
288:31139–31153. https://doi.org/10.1074/jbc.M113.486035.

34. Marino S, Cilfone NA, Mattila JT, Linderman JJ, Flynn JL, Kirschner DE. 2015.
Macrophage polarization drives granuloma outcome during Mycobacterium
infection. Infect Immun 83:324–338. https://doi.org/10.1128/IAI.02494-14.

35. Lee SW, Kang YA, Yoon YS, Um SW, Lee SM, Yoo CG, Kim YW, Han SK,
Shim YS, Yim JJ. 2006. The prevalence and evolution of anemia associated
with tuberculosis. J Korean Med Sci 21:1028–1032. https://doi.org/10
.3346/jkms.2006.21.6.1028.

36. Lillebaek T, Dirksen A, Baess I, Strunge B, Thomsen V, Andersen A. 2002.
Molecular evidence of endogenous reactivation of Mycobacterium tuber-
culosis after 33 years of latent infection. J Infect Dis 185:401–404. https://
doi.org/10.1086/338342.

37. Tateishi Y, Hirayama Y, Ozeki Y, Nishiuchi Y, Yoshimura M, Kang J, Shibata
A, Hirata K, Kitada S, Maekura R, Ogura H, Kobayashi K, Matsumoto S.
2009. Virulence of Mycobacterium avium complex strains isolated from
immunocompetent patients. Microb Pathog 46:6–12. https://doi.org/10
.1016/j.micpath.2008.10.007.

38. Osada-Oka M, Tateishi Y, Hirayama Y, Ozeki Y, Niki M, Kitada S, Maekura R,
Tsujimura K, Koide Y, Ohara N, Yamamoto T, Kobayashi K, Matsumoto S.
2013. Antigen 85A and mycobacterial DNA-binding protein 1 are targets
of immunoglobulin G in individuals with past tuberculosis. Microbiol
Immunol 57:30–37. https://doi.org/10.1111/j.1348-0421.2012.12005.x.

39. Totani T, Nishiuchi Y, Tateishi Y, Yoshida Y, Kitanaka H, Niki M, Kaneko Y,
Matsumoto S. 2017. Effects of nutritional and ambient oxygen condition on
biofilm formation inMycobacterium avium subsp. hominissuis via altered gly-
colipid expression. Sci Rep 7:41775. https://doi.org/10.1038/srep41775.

40. Ozeki Y, Igarashi M, DO E, Doe M, Tamaru A, Kinoshita N, Ogura Y, Iwamoto
T, Sawa R, Umekita M, Enany S, Nishiuchi y, Osada-Oka M, Hayashi T, Niki M,
Tateishi Y, Hatano M, Matsumoto S. 2015. A new screen for tuberculosis
drug candidates utilizing a luciferase-expressing recombinant Mycobacte-
rium bovis bacillus Calmette-Gueren. PLoS One 10:e0141658. https://doi.org/
10.1371/journal.pone.0141658.

41. R Core Team. 2018. R: A language and environment for statistical. R Foun-
dation for Statistical Computing, Vienna, Austria. Available from. https://
www.R-project.org/. Accessed December 12, 2018.

Mycobacterial Extracellular Infection of Erythrocytes Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.02454-21 12

https://doi.org/10.1086/314804
https://doi.org/10.1111/cmi.12858
https://doi.org/10.1111/cmi.12858
https://doi.org/10.1093/cid/ciu945
https://doi.org/10.1093/cid/ciu945
https://doi.org/10.1016/j.tube.2020.101943
https://doi.org/10.1038/nrmicro1538
https://doi.org/10.1034/j.1600-065x.2001.1800109.x
https://doi.org/10.1034/j.1600-065x.2001.1800109.x
https://doi.org/10.1034/j.1600-065x.2001.1830102.x
https://doi.org/10.1034/j.1600-065x.2001.1830102.x
https://doi.org/10.1111/j.1365-3083.1992.tb03130.x
https://doi.org/10.1111/j.1365-3083.1992.tb03130.x
https://doi.org/10.1111/j.1574-6968.2000.tb08911.x
https://doi.org/10.1182/blood.V52.2.379.bloodjournal522379
https://doi.org/10.1016/s0014-5793(02)03838-3
https://doi.org/10.1128/JVI.01822-10
https://doi.org/10.1074/jbc.M113.450643
https://doi.org/10.1016/S0021-9258(18)60528-9
https://doi.org/10.1111/j.1432-1033.1982.tb06988.x
https://doi.org/10.1128/IAI.00106-10
https://doi.org/10.1128/IAI.00106-10
https://doi.org/10.1128/JB.01312-10
https://doi.org/10.1128/JB.01312-10
https://doi.org/10.1073/pnas.1009516108
https://doi.org/10.1073/pnas.1009516108
https://doi.org/10.1016/j.tim.2017.03.007
https://doi.org/10.1016/j.tim.2017.03.007
https://doi.org/10.1186/s12915-017-0392-4
https://doi.org/10.3389/fimmu.2012.00411
https://doi.org/10.3389/fimmu.2012.00411
https://doi.org/10.3389/fphys.2014.00009
https://doi.org/10.1074/jbc.M113.486035
https://doi.org/10.1128/IAI.02494-14
https://doi.org/10.3346/jkms.2006.21.6.1028
https://doi.org/10.3346/jkms.2006.21.6.1028
https://doi.org/10.1086/338342
https://doi.org/10.1086/338342
https://doi.org/10.1016/j.micpath.2008.10.007
https://doi.org/10.1016/j.micpath.2008.10.007
https://doi.org/10.1111/j.1348-0421.2012.12005.x
https://doi.org/10.1038/srep41775
https://doi.org/10.1371/journal.pone.0141658
https://doi.org/10.1371/journal.pone.0141658
https://www.R-project.org/
https://www.R-project.org/
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02454-21

	RESULTS AND DISCUSSION
	Mycobacteria adhered to erythrocytes via complement receptor 1 (CR1) and sialo-glycoproteins.
	Erythrocytes promote extracellular, but not intracellular mycobacterial growth.
	Macrophages preferentially engulfed erythrocytes with MAH attached over MAH alone.
	Extracellular infection and pathogenesis.
	Possible role for the attachment of mycobacteria to erythrocytes in pathogenesis.
	Two facets of the interaction between erythrocytes and mycobacteria.
	Conclusion.

	MATERIALS AND METHODS
	Histopathology.
	Mycobacterial strains, antibodies, and culture conditions.
	Human erythrocytes and culture conditions.
	Coculturing mycobacteria with human erythrocytes.
	Rate of MAH adhesion to erythrocytes.
	SEM and TEM experiment.
	Phagocytosis assay with human THP-1 monocyte-derived macrophages.
	Statistical analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

