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Abstract

Anti-helminth responses require robust type 2 cytokine production that simultaneously pro-
motes worm expulsion and initiates the resolution of helminth-induced wounds and
hemorrhaging. However, how infection-induced changes in hematopoiesis contribute to
these seemingly distinct processes remains unknown. Recent studies have suggested the
existence of a hematopoietic progenitor with dual mast cell-erythrocyte potential. Nonethe-
less, whether and how these progenitors contribute to host protection during an active infec-
tion remains to be defined. Here, we employed single cell RNA-sequencing and identified
that the metabolic enzyme, carbonic anhydrase (Car) 1 marks a predefined bone marrow-
resident hematopoietic progenitor cell (HPC) population. Next, we generated a Car1-
reporter mouse model and found that Car1-GFP positive progenitors represent bipotent
mast cell/erythrocyte precursors. Finally, we show that Car1-expressing HPCs simulta-
neously support mast cell and erythrocyte responses during Trichinella spiralis infection.
Collectively, these data suggest that mast cell/erythrocyte precursors are mobilized to pro-
mote type 2 cytokine responses and alleviate helminth-induced blood loss, developmentally
linking these processes. Collectively, these studies reveal unappreciated hematopoietic
events initiated by the host to combat helminth parasites and provide insight into the evolu-
tionary pressure that may have shaped the developmental relationship between mast cells
and erythrocytes.
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Author summary

Helminth parasites infect approximately 2 billion people and represent a significant public
health concern. Helminths undertake complex developmental life cycles through multiple
organs and as a result cause substantial tissue damage. To combat this, mammals have
evolved mechanisms to initiate balanced immune responses that promote inflammation
needed to seclude parasites in granulomas, reduce parasitic burdens and mitigate the con-
sequences of helminth-induced wounds. Despite their clinical importance, the mecha-
nisms that regulate these events remain poorly defined. Here we have uncovered a unique
progenitor cell that supports both proinflammatory mast cell responses and red blood cell
development, thereby simultaneously initiating both of these host-protective responses.
Collectively, these studies reveal unappreciated events initiated by the host to combat
pathogens that infect billions of individuals worldwide.

Introduction

It is estimated that close to one third of the world’s population is infected with one or more
parasitic helminths, making them among the most prevalent pathogens worldwide[1, 2].
Although helminth infections rarely result in mortality, they represent a substantial cause of
debilitating morbidities. For example, children infected with helminths often suffer from
developmental and cognitive issues thought to be caused by infection-induced malnutrition
and anemia[2]. Helminths have infected humans for millennia and as a result have coevolved
and developed sophisticated relationships with their mammalian hosts. These relationships are
reflected by the complex life cycles of helminths that require their passage through several host
tissues. While the completion of these life cycles allows the parasites to reach their reproductive
stages, they are detrimental to the host and result in the substantial wounding of affected
organs. Therefore, to promote protection the host must initiate highly regulated forms of
inflammation that are strong enough to expel the worms but measured in scope to allow for
the healing of helminth-affected tissues in order to prevent additional hemorrhaging and
blood loss.

Host-protective responses to helminths are highly dependent on the initiation of type 2
cytokine-mediated inflammation. While type 2 cytokine production is necessary to seclude the
parasites in granulomas and to expel the worms, type 2 inflammation also initiates critical
healing and tissue remodeling events required to mitigate infection-induced wounding[3-5].
It is well established that many terminally differentiated immune cells participate in these pro-
cesses including T helper type 2 cells (Ty2), group 2 innate lymphocytes (ILC2s), eosinophils,
basophils, mast cells and M2 macrophages[6]. In addition, emerging studies have also demon-
strated that specialized hematopoietic progenitor cell (HPC) populations are rapidly mobilized
from the bone marrow, enter the periphery and also support protective immunity to hel-
minths[7-10]. Despite these advances, the cellular and molecular events that regulate hel-
minth-mobilized HPCs and their exact contributions to host-protective responses remain
unknown.

Trichinella spiralis is one of several species of Trichinella that are reported to infect a broad
range of mammals and other hosts, including birds and reptiles[11]. T. spiralis is contracted by
the consumption of infected tissue and undergoes a life cycle that includes an acute intestinal
phase where infectious larvae mature into adults, and a long-lived muscle phase where new-
born larvae encyst in skeletal muscle[11]. Our previous work recently identified a unique HPC
population that enters the periphery following a T. spiralis challenge and promotes mast cell
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responses that contribute to worm clearance[12]. Functional and transcriptional profiling of
T. spiralis-mobilized HPCs revealed that their enhanced mast cell potential is associated with
their elevated expression of the metabolic enzymes carbonic anhydrase (Car)1 and 2. Critically,
our previous studies also demonstrated that Car enzyme inhibition was sufficient to prevent
Trichinella-induced mast cell responses, type 2 cytokine-mediated inflammation and worm
clearance[12]. Despite these advances, whether these HPCs acquire Car enzyme expression
after entering the periphery, or Car-enzyme expressing cells are bone marrow-resident at
steady-state remains unknown. Moreover, the full developmental capacity and contributions
of these specialized HPCs to both worm clearance and the mitigation of helminth-induced
wounding remains to be defined.

Here we performed unbiased single cell RNA-sequencing (RNA-seq) analysis of bone mar-
row-resident progenitor cells from naive mice and determined that specific cell clusters were
defined by their high expression of carbonic anhydrase 1 and 2. To further evaluate Car
enzyme-expressing HPCs, we generated a Carl-green fluorescent protein (GFP) reporter
mouse model that allowed us to evaluate this unique cell population at both steady-state and in
the context of a Trichinella spiralis infection. Using a combination of discovery-based and clas-
sical reductionist approaches we were able to determine that Car enzyme-expressing progeni-
tors are mobilized following infection and possess dual mast cell and erythrocyte potential.
Further, adoptive transfer studies demonstrate that the dual potential of Car-expressing cells
allows them to support mast cell and erythrocyte development following a T. spiralis infection.

Emerging studies investigating the relationships of distinct cell lineages indicate that mast
cell and erythrocyte development are highly related[13-15]. Despite these advances, the sur-
face markers and molecular signatures of mast cell/erythrocyte progenitors remain to be fully
defined. Additionally, the benefits provided by having these distinct cell types developmentally
linked remains unknown. Importantly, Carl enzyme expression is a shared feature of both
mast cell and erythrocyte lineage commitment[12, 16], and the studies presented here identify
Carl as a defining feature of a mast cell/erythrocyte progenitor population. Although addi-
tional studies are needed to determine how these mast cell/erythrocyte progenitors act in the
context of other parasitic helminth infections, it is possible that these bipotent cells might be
capable of promoting host-protective responses needed to expel parasites while simultaneously
supporting recovery from infection-induced anemia. Collectively, these data provide insight
into the role that mast cell/erythrocyte progenitors play in the context of infection and high-
light some of the possible benefits that may result from having these distinct lineages develop-
mentally linked. Finally, these studies identify Carl as a potential therapeutic target for the
treatment of mast cell- and erythrocyte-associated disorders.

Results
Carl1 expression is a defining feature of specific progenitor cell populations

Our previous studies revealed that Carl and Car2 are highly expressed by mast cell progenitors
that enter the periphery, expand in number and promote immunity to Trichinella spiralis[12].
Further, these studies demonstrated that pharmacologically or genetically interrupting Car1
activity is sufficient to prevent mast cell development. Collectively, these data suggest that

Carl operates as a positive regulator of mast cell development and mast cell-mediated immu-
nity to T. spiralis[12]. Despite these advances, whether Car enzyme expression is acquired
post-infection as the progenitor cells are mobilized or whether there are predefined subsets of
Carl-expressing progenitors that exist in the bone marrow at steady-state remains unknown.
To further address this question, we took an unbiased discovery-based approach and per-
formed single cell RNA-sequencing on bone marrow-resident cells to determine if Carl and/
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or Car2 are signature genes that define subsets of naive progenitor populations. In order to fur-
ther enrich for progenitor cells, we excluded mature lymphocytes and neutrophils from our
single cell input population. Single cell RNA-sequencing analysis of bone marrow-resident
cells revealed the presence of 20 distinct cell clusters using the Seurat workflow (Fig 1A). This
approach entails cell-to-cell normalization, scaling, dimensional clustering and finally gene
marker identification per cluster[17]. Importantly, the generated gene lists identify the defin-
ing genes for each cluster and illustrate the expression of genes associated with mature cell
populations, such as basophils, that are identified by expression of the genes encoding the
mast cell protease (Mcpt) 8 and the high affinity IgE receptor FceRIo that were enriched in
cluster 16[18] (S1 Fig, S1 Table). Critically, these data also illustrate that Carl and Car2 were
genes significantly associated with clusters 13 and 19, respectively (Fig 1A and 1B), (S1 Fig).
Interestingly, cluster 19 was also defined by the erythrocyte-associated hemoglobulin chains
(Hbb-bt, Hba-a2, Hba-al and Hbb-bs) (S1 Fig, S1 Table)[19]. In contrast, cluster 13 expressed
lower levels of erythrocyte-associated genes but expressed higher levels of metallothionein 2
(Mt2), which has previously been associated with activation of basophils and mast cells (S1
Fig, S1 Table) [20]. To further confirm our observation, we evaluated publicly available single
cell RNA-seq data generated using an alternative Microwell-Seq platform[21]. Analysis of data
available for bone marrow-resident cells revealed the presence of 11 distinct clusters (Fig 1C).
Further, when the defining genes distinguishing those clusters were evaluated, CarI and Car2
were among the top genes that defined cluster 8 (Fig 1C and 1D). Collectively, these unbiased
discovery-based studies suggest that CarI and Car2 are genes that define specific subsets of
bone marrow-resident progenitor cells that may play important host-protective roles following
a helminth challenge.

Carl-expressing progenitor cells expand in the periphery post-Trichinella
infection

Unlike some carbonic anhydrase family members that are expressed on the surface of cells,
Carl and Car2 reside in the cytoplasm, which precludes their use for sort-purification strate-
gies[22]. To address this issue, we generated mice that contain an internal ribosome entry site
(IRES) and green fluorescent protein (GFP) tag immediately following the eighth and final
exon of Carl (Fig 2A) via CRISPR/Cas9 technology. Carl was chosen based on our previous
work demonstrating that it appears to play a more important role in mast cell development
than Car2[12]. This mouse model allows for the expression of Car1 to be tracked by GFP
expression without interrupting its enzymatic functions. Conventional and AMNIS-based
image flow cytometric analysis demonstrated that Carl-expressing cells could be found in the
bone marrow and spleen of Carl-GFP reporter mice when compared to littermate controls
(Fig 2B-2D). First, we sort-purified Car1-GFP+ cells to confirm that Carl gene expression
was enriched in the GFP+ compartment. The relative expression levels of Carl was found to
average 2.9 in the Car1-GFP- compartment and 11,398 in the Carl-GFP+ compartment (Fig
2E). Next, we stained for surface markers associated with mature cell lineages and demon-
strated that the vast majority of Carl-expressing cells were lineage negative in both the bone
marrow and the spleen (Fig 2F, S2A Fig). Further, flow cytometric analysis revealed that
Carl-GFP+ cells express several markers that have been previously associated with hematopoi-
etic progenitors (S2B Fig), suggesting they represented hematopoietic stem/progenitor cells.
To further determine the identity of Car1-GFP positive cells we gated on markers known to
traditionally define various subsets of hematopoietic progenitors and evaluated Carl-GFP
expression within those gated populations. The most apparent Car1-GFP expression was
found in compartments traditionally described as megakaryocyte-erythroid progenitors
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Fig 1. Carbonic anhydrase 1 and 2 are highly expressed by specific subsets of progenitor cells. (A), t-distributed
stochastic neighbor embedding (TSNE) plot illustrating defined clusters of cells generated by single cell RNA-seq of
live, CD45+ CD19- CD3- Ly6G- bone marrow-resident cells. (B), Heat map illustrating the top 10 marker genes for
cluster 13 and their expression levels in other relevant clusters. (C), TSNE plots from bone marrow samples
downloaded from NCBI (GSE108097). (D), TSNE plots illustrating expression of Car1 and Car2 across clusters. (A),
Generated by pooling bone-marrow cells from 3 individual mice.

https://doi.org/10.1371/journal.ppat.1008579.g001

(MEPs) and mast cell progenitors (MCPs) with lower expression levels present in granulocyte/
macrophage progenitors (GMPs) and FMS-like tyrosine kinase 3 (FLT3) negative common
myeloid progenitors (CMPs). Little to no expression was detected in other progenitor com-
partments including basophil progenitors (BaPs) and eosinophil progenitors (EoPs) (Fig 2G).
Collectively, these data demonstrate that Carl expression marks previously unappreciated het-
erogeneity within bone marrow-resident progenitor cell populations that is not detected by
traditional surface staining. Next, we monitored the presence of Car1-GFP+ cell numbers fol-
lowing a T. spiralis challenge and found that they were significantly decreased in the bone mar-
row on day 4 post-infection (Fig 2H). Importantly, the decreased presence of Carl-expressing
cells in the bone marrow was associated with an increased presence of Car1-GFP+ cells in
both the spleen and gut-associated lymphoid tissue on day 4 post-Trichinella (Fig 2I and 2J).
Consistent with a heightened proliferative state, significantly more Carl-GFP+ cells were also
found to be BrdU positive following infection (S3A-S3C Fig). These findings are consistent
with our previous studies showing that Carl-expressing progenitor populations expand in the
periphery and promote protective immunity to T. spiralis[12].

Carl-expressing progenitor cell responses are associated with Trichinella-
induced anemia and mastocytosis

Analysis of Carl-expressing cells suggests that they represent progenitors that fall within com-
partments of various developmental potential, with their prevalence being most pronounced
in the MCP and MEP compartments (Fig 2G). These data are consistent with previous reports
illustrating that Car enzymes are highly expressed during erythrocyte development as well as
our previous studies identifying Carl as a critical regulator of mast cell lineage commitment
and the development of mast cell-dependent immunity to T. spiralis. [12, 16]. Further, these
findings provoke the hypothesis that Carl-expressing progenitor cells may possess the poten-
tial to support both mast cell and erythrocyte development following a helminth challenge.

To further evaluate their developmental capacity, we sort-purified Carl-expressing cells
from the bone marrow of naive mice and cultured them using methylcellulose conditions that
are permissive for granulocyte, macrophage and erythrocyte lineages[23, 24]. Importantly,
sort-purified lineage negative Carl-expressing cells were found to be highly enriched for mast
cell (Fig 3A and 3B) and erythrocyte development (Fig 3C and 3D) compared to sort-purified
lineage negative Carl negative cells. Further, the majority of progeny from Carl-positive cells
isolated from the bone marrow were found to be erythrocytes and mast cells with very few
macrophages, neutrophils, or basophils detected post-culture (Fig 3E). This was in contrast to
Car1-GFP negative cultures that exhibited robust macrophage and neutrophil development
under the same conditions (S4A and S4B Fig). Similar results were also seen when Carl-ex-
pressing cells in the spleen were evaluated (Fig 3F-3H, S4C and S4D Fig). These data are con-
sistent with Carl expression being present in MCP and MEP compartments and further
suggest that these cells might support mast cell and erythrocyte development post-Trichinella
infection (Fig 2G). To further assess this possibility, we evaluated whether Carl-expressing
progenitor cell responses post-Trichinella were associated with recovery from infection-
induced anemia and mast cell activation. While no signs of anemia were evident on day 2
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Fig 2. Carl-expressing HPCs are found in the gut-associated lymphoid tissue post-Trichinella infection. (A),
Schematic illustrating targeting strategy and placement of IRES following exon 8 of Carl. Flow cytometric analysis of
(B) bone marrow-resident cells or (D) splenic cells from control or Carl-GFP™* mice illustrating Car1-GFP
expression. (C), AMNIS imaging flow cytometry illustrating Car1-GFP expression from bone marrow-resident cells.
(E), Carl expression levels within sort-purified lineage- GFP- and lineage- GFP+ cells from the bone marrow were
evaluated by RT-PCR. (F), Car1-GFP expression within lineage- and lineage+ compartments in the bone marrow was
determined by flow cytometric analysis. (G), Car1-GFP expression by bone marrow-resident MEPs, MCPs,
Flt3-CMPs, Flt3+CMPs MDPs, GPs, MP+cMoPs, BaPs and EoPs was evaluted. Car1-GFP+ cells were quantified in the
(H) bone marrow, (I) spleen and (J) mesenteric lymph nodes (MLNs) on day 4 post-Trichinella infection. (A, B, D-]),
Representative of at least 3 separate experiments. (C), Representative picture taken from a single experiment analyzing
thousands of cells bf = bright field.

https://doi.org/10.1371/journal.ppat.1008579.9002

post-infection (S4E Fig), infected mice exhibited significantly reduced hemoglobin levels by
day 4 post-infection that returned to baseline by day 7 post-infection (Fig 3I). Further, Trichi-
nella-induced mast cell responses, as determined by serum levels of Mcptl, were evident by
day 4 post-infection and persisted through day 7 post-infection (Fig 3]). These important data
illustrate that the increased pool of Carl-expressing GEP positive cells in the periphery (Fig 21
and 2J) is associated with recovery from Trichinella-induced blood loss and the initiation of
infection-induced mastocytosis.

Expression of c-Kit and integrin B7 identify developmentally distinct
subsets of Carl-expressing cells

Mast cell progenitors are reported to increase in the periphery following a helminth challenge
where they contribute to mast cell-mediated immunity[7, 10, 12]. Our data suggest that in addi-
tion to supporting protective immunity, these progenitor cells may also possess the capacity to
alleviate helminth-induced anemia. Traditionally, progenitors with mast cell potential have
been identified by their expression of c-Kit and integrin 7. Therefore, we sought to test whether
Carl-GFP+ cells expressed these well-described surface markers and to determine if mast cell
and erythrocyte potential could be separated within the Carl-GFP+ compartment[25, 26].
While no Carl-GFP+ c-Kit- B7+ cells were identified, three readily identifiable Car1-positive
populations were defined by c-Kit and integrin 7 expression: (Carl-GFP+ c-Kit- f7-),
(Car1-GFP+ c-Kit+ B7-) and (Carl-GFP+ c-Kit+ B7+) cells (Fig 4A and 4B).

To evaluate the developmental capacity of these various populations we sort-purified them
and cultured them in the same methylcellulose conditions described above. While Car1-GFP+
c-Kit- B7- cells failed to give rise to progeny of any cell type, Car1-GFP+ c-Kit+ B7- cells
showed a slight capacity to develop into erythrocytes (Fig 4C and 4D) but not mast cells (Fig
4F and 4F). In contrast, Carl-GFP+ c-Kit+, B7+ cells showed substantial erythrocyte (Fig 4C
and 4D) and mast cell (Fig 4E and 4F) potential. Further, when the progeny of Car1-GFP+ c-
Kit+ B7+ were evaluated for the presence of other lineages, little to no macrophage and neutro-
phil development was detected (Fig 4G). Again, this is in contrast to Car1-GFP- cultures
under the same conditions that showed robust development of macrophages and neutrophils
(S5A and S5B Fig). Although basophils were consistently identified in cultures seeded with
Carl-GFP+ c-Kit+ 7+ cells, they were found at low levels compared to mast cells (Fig 4G).
These data suggest that Carl-GFP+ c-Kit+ B7+ cells are highly enriched for mast cell and
erythrocyte potential that can support host protective responses to helminths.

CD24a defines heterogeneity within Carl-expressing cells

Although our flow cytometric analysis revealed heterogeneity within the Carl-expressing com-
partment (Fig 4A and 4B), we sought to further identify strategies that might allow us to sepa-
rate mast cell and erythrocyte potential within this compartment. Therefore, to gain further
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PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008579 May 18, 2020 9/23


https://doi.org/10.1371/journal.ppat.1008579

PLOS PATHOGENS Mast cell-erythrocyte progenitors support anti-helminth immunity

and basos were determined post-culture. (I), Hemoglobin (Hb) levels were quantified on days 4 and 7 post-Trichinella infection. (J), Serum levels of mast cell
protease 1 (Mcptl) were quantified on days 4 and 7 post-Trichinella spiralis (Ts) infection. (A-]), Representative of at least 3 separate experiments. (E,H),
Illustrate data pooled from 2 separate experiments.

https://doi.org/10.1371/journal.ppat.1008579.9003

resolution and evaluate heterogeneity with the Carl-GFP+ compartment, we performed single
cell RNA-sequencing on Carl-GFP+ cells. Single cell analysis of Car1-GFP+ cells revealed the
presence of 4 distinct clusters (Fig 5A). When heat maps were generated to determine the
genes that define each cell cluster, it was found that CD24a was a defining gene of cluster 1
(S6A Fig). In addition to CD24a4, cluster 1 was also defined by expression of the erythrocyte-
associated genes heme binding protein 1 (Hebp1) and the hemoglobin chains Hba-al and
Hbb-bt, suggesting that cluster 1 was likely to contain erythrocyte potential (S6B Fig).
Although cluster 1 expressed other genes including glycophorin A (Gypa), cathespin E (Ctse)
and cyclin D3 (Ccnd3), none of the identified genes were strong indicators of mast cell poten-
tial. However, the identification of CD24a (S6A Fig red arrow) as a marker of heterogeneity
within the Carl-GFP+ compartment provided the opportunity to further separate Carl-ex-
pressing cells in order to test their developmental capacity. To evaluate this possibility, we first
determined if CD24a surface expression could be detected on Car1-GFP+ cells by flow cyto-
metric analysis. Critically, CD24a was found to be expressed on approximately 50% of Car1-
expressing cells, suggesting that CD24a can be used for sort-purification strategies and may
allow us to more definitely determine the developmental potential of these cellular subsets and
how they may operate post-helminth infection (S6B Fig). Importantly, the patterns of c-Kit,
B7 and CD24a within the Car1-GFP+ compartment also remained consistent following a T.
spiralis challenge (S6C Fig).

CD24a expression separates cells with erythrocyte potential from cells with
erythrocyte/mast cell potential

Our previous data demonstrated that Car1-GFP+ c-Kit+ B7+ cells were highly enriched for
mast cell and erythrocyte potential (Fig 4C-4F). Therefore, we first sought to determine if we
could use CD24a to further separate this compartment. Flow cytometric analysis demonstrated
that approximately 70% of Carl-GFP+ c-Kit+ 7+ cells expressed CD24a (Fig 5B). To further
evaluate the developmental potential of these distinct populations we sort-purified Car1-GFP
+ c-Kit+ 7+ CD24a- and Car1-GFP+ c-Kit+ 7+ CD24a+ cells and evaluated their ability to
generate erythrocytes and/or mast cells using our in vitro culture system. While CD24a- cells
showed a substantial capacity to generate erythrocytes (Fig 5C), very few mast cells could be
detected post-culture (Fig 5D). In contrast, CD24a+ cells demonstrated the capacity to gener-
ate substantial erythrocyte and mast cell populations (Fig 5C and 5D). Our previous cultures
demonstrated that Car1-GFP+ c-Kit+ 7+ cells were also capable of generating small but read-
ily detectable CD49b+ FceRlIo+ basophil populations (Fig 4G). Consistent with these data
Carl-GFP+ c-Kit+ B7+ cells possessed a very limited but reproducible capacity to generate
basophils while other cell lineages were not consistently detected (Fig 5E). Collectively, these
data suggest that lineage negative Car1-GFP+ c-Kit+ 7+ CD24a+ cells may represent unique
progenitor cells with erythrocyte, mast cell and limited basophil potential.

CD24a+ Carl-expressing cells are potent mast cell and erythrocyte
precursors

To further evaluate the developmental capacity of Carl-GFP+ c-Kit+ 37+ CD24a- and CD24a
+ cells and their potential roles following a helminth infection, they were sort-purified and
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flow cytometric analysis post-culture. (G), The number of macrophages (macs), neutrophils (neu), MCs and basophils
(baso) were quantified from Car1-GFP+ c-Kit+ B7+ seeded cultures. (A-G), Representative of at least 3 separate
experiments. (G), Illustrates data pooled from 2 separate experiments.

https://doi.org/10.1371/journal.ppat.1008579.9004

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008579 May 18, 2020 11/23


https://doi.org/10.1371/journal.ppat.1008579.g004
https://doi.org/10.1371/journal.ppat.1008579

PLOS PATHOGENS

Mast cell-erythrocyte progenitors support anti-helminth immunity

Car1 positive cells

50:

25

tSNE_2
(=]

-25

30 20 70 0 10 20 30
B
10.1 1
N~
e > > 37
7 = | o
E g O ]
U3 £ 3
E 3
-l ™ T T T T -| TITT T T Ty
Sca-1 Integrin 7
erythrocytes
C 207 ns
526 T
S
% 104 1
3
o
— ==
A ol— . ;
' T media CD24a- CD24a+
MCs
D CD24a- CD24a+ 150-
] 263 ] 55.6
E p=0.002
_ ) 5 I
X o \:, 754
1 4 ; E
/ e —
= o / i
‘x‘) E ; 4 O T T T
g T L y i media CD24a- CD24a+
E CD24a+ basophils
250+
] 00| ] 217
] p=0.01
JiiC
| T 1259
&1 D i}
St = f —
8 4 - O T T T
T T T T ™ T media CD24a- CD24a+

FceRlo -

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008579 May 18, 2020


https://doi.org/10.1371/journal.ppat.1008579

PLOS PATHOGENS

Mast cell-erythrocyte progenitors support anti-helminth immunity

Fig 5. CD24a expression distinguishes erythrocyte potential from mast cell-erythrocyte potential within
Carl-GFP positive cells. (A), TSNE plot illustrating defined clusters of cells generated by single cell RNA-seq of live
CD45+ Carl-GFP+ cells sort-purified from the bone marrow of naive mice. (B), Plots illustrating gating strategy used
to fractionate bone marrow-resident Carl-GFP+ cells. Car1-GFP+ c-Kit+ 7+ CD24a- or Car1-GFP+ c-Kit+ 37

+ CD24a+ cells were sort-purified from the bone marrow of mice and seeded into MethoCult and the percentage and
total numbers of (C) erythrocytes, (D) mast cells (MCs) and (E) basophils were evaluated by flow cytometric analysis
post-culture. (B-E), Results are representative of at least 3 separate experiments. Statistical analysis performed using a
Student’s t-test.

https://doi.org/10.1371/journal.ppat.1008579.9005

plated in permissive media at various dilutions to evaluate their plating efficiencies and the
makeup of individual colonies. When Car1-GFP+ c-Kit+ 7+ CD24a- populations were cul-
tured, approximately 30-40 colonies were obtained from 500 input cells (Fig 6A) and their
appearance was consistent with that of erythrocytes (Fig 6B). Flow cytometric analysis of indi-
vidual colonies further confirmed the presence of Ter119-expressing cells in individual colo-
nies (Fig 6C). Consistent with our previous analysis, very few CD45+ cells were detected and
no mast cells were identified in any of the individual colonies isolated from cultures of CD24a-
cells (Fig 6C and 6D). When Car1-GFP+ c-Kit+ 7+ CD24a+ populations were cultured,
approximately 20-30 colonies were obtained from 500 input cells (Fig 6E), and their appear-
ance was consistent with the presence of mixed cell types (Fig 6F). Similar to CD24a- input
populations, flow cytometric analysis of individual colonies confirmed the presence of
Ter119-expressing cells in cultures seeded with CD24a+ cells (Fig 6G). However, in contrast
to CD24a- cultures, individual colonies isolated from cultures of CD24a+ cells contained a
high percentage of CD45+ mast cells (Fig 6G and 6H). Importantly, solitary mast cell potential
that was uncoupled from erythrocyte potential was not detected. These data further support
the notion that Car1-GFP+ c-Kit+ 7+ CD24a- cells represent committed erythrocyte precur-
sors while Car1-GFP+ c-Kit+ B7+ CD24a+ cells possess both mast cell and erythrocyte poten-
tial. Collectively, these studies suggest that Carl-expressing progenitor cells are capable of
promoting host protection to Trichinella by supporting protective mast cell responses and
erythropoiesis to alleviate infection-induced anemia.

Carl-expressing HPCs support mast cell and erythrocyte responses post-
Trichinella infection

To further evaluate the role that Carl-expressing HPCs play following a helminth infection,
we transferred CD45.1+ Car1-GFP+ cells from naive mice into Trichinella-infected CD45.2

+ hosts and investigated their ability to contribute to mast cell and erythrocyte development.
Consistent with their ability to support mast cell responses post-infection, CD45.1+ cells were
readily identified within the c-Kit+ FceRIo+ mast cell gate (Fig 7A-7C). Although CD45
expression is lost during the maturation process of erythrocytes[27], we were able to detect
Carl-GFP expression within the CD45- Ter119+ erythrocyte compartment (Fig 7D-7F). Col-
lectively, these data confirm our in vitro assays and demonstrate that Car1-GFP+ HPCs sup-
port mast cell and erythrocyte developmental in the context of a Trichinella infection. Next, we
sought to evaluate if Car1-GFP+ cells are sufficient to promote type 2 cytokine responses. To
test this, we infected Cpa3-Cre mice, which lack mast cells[28], with Trichinella and adoptively
transferred Car1-GFP+ cells. As expected, transfer of Car1-GFP+ cells resulted in a small but
detectable mast cell population as compared to non-transferred Cpa3-Cre mice (Fig 7G and
7H). Critically, while Cpa3-Cre mice exhibited significantly reduced IL-4, IL-5 and IL-13 pro-
duction post-Trichinella infection, those mice receiving Carl-GFP+ cells exhibited signifi-
cantly increased type 2 cytokine production. Despite partially restored mast cell responses and
fully restored type 2 cytokine production, mice receiving Car1-GFP+ cells had equivalent
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Fig 6. Carl+ c-Kit+ p7+ CD24a+ cells are mast cell-erythrocyte progenitors. (A), Carl-GFP+ c-Kit+ 7+ CD24a-
cells were sort-purified, seeded into MethoCult and the number of colonies were quantified post-culture. (B),
Representative colony from Carl-GFP+ c-Kit+ B7+ CD24a- seeded cultures. (C), Single colonies were isolated from
Carl-GFP+ c-Kit+ 7+ CD24a- seeded cultures and the presence of erythrocytes and mast cells were determined by
flow cytometric analysis. (D), The values for the gated cell populations illustrated in (C) were plotted for each colony
isolated. (E), Car1-GFP+ c-Kit+ B7+ CD24a+ cells were sort-purified, seeded into MethoCult and the number of
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colonies were quantified post-culture. (F), Representative colony from Carl-GFP+ c-Kit+ p7+ CD24a+ seeded
cultures. (G), Single colonies were isolated from Carl-GFP+ c-Kit+ f7+ CD24a+ seeded cultures and the presence of
erythrocytes and mast cells were determined by flow cytometric analysis. (H), The values for the gated cell populations
illustrated in (G) were plotted for each colony isolated. (A-G), Representative of at least 3 separate experiments. At
least 10 single colonies were isolated per experiment.

https://doi.org/10.1371/journal.ppat.1008579.9006

worm burdens at the timepoint evaluated (Fig 7I and 7J). It is possible that more frequent cell
transfers are required to fully restore mast cell responses and protective immunity. However,
these data demonstrate that Carl-expressing progenitors are sufficient to promote type 2 cyto-
kine responses in addition to promoting erythrocyte development.

Discussion

Host-protective responses to helminth parasites require the initiation of distinct pathways that
simultaneously promote worm clearance and the resolution of helminth-induced wounding.
While it has long been appreciated that type 2 cytokines initiate these important events
through the activation of immune cells, such as M2 macrophages, our understanding of the
hematopoietic pathways that support these processes remains poorly understood. Here we
have defined a small population of carbonic anhydrase 1 (Carl)-expressing HPCs that exists at
steady-state and increase their presence in the periphery following a T. spiralis infection. By
using a combination of discovery-based and reductionist approaches we have determined that
Carl-expressing HPCs are comprised of an erythrocyte progenitor and a dual mast cell/eryth-
rocyte progenitor that can be distinguished by its expression of Carl, c-Kit, integrin 7 and
CD24a. Importantly, we show that Carl-expressing HPC responses are associated with a
recovery from infection-induced anemia and the initiation of mastocytosis. Finally, adoptive
transfer studies demonstrate that Carl-expressing HPCs support both mast cell and erythro-
cyte development post-Trichinella infection and provide substantial insight into the hemato-
poietic pathways that promote host-protective responses to parasitic worms.

As new technologies and techniques are developed, our ability to understand hematopoiesis
and lineage commitment events continues to advance. Single cell RNA-sequencing platforms
now allow for a more thorough evaluation of heterogeneity within previously defined HPC
populations[29]. As a result, emerging studies are beginning to reshape traditional models of
the hematopoietic tree and are identifying previously unappreciated developmental similarities
between distinct lineages. For example, recent human and murine studies suggest that mast
cells and erythrocytes share common developmental pathways[13-15]. Despite these advances,
the contributions of mast cell/erythrocyte progenitors to infection-induced inflammation
remain poorly defined.

The studies presented above suggest a beneficial role for Carl-expressing HPCs in the con-
text of a T. spiralis infection. Mast cells are well recognized for their ability to promote parasite
clearance, and anemia is a common feature of helminth infections[2, 25]. Therefore, a progeni-
tor cell with a dual capacity to generate mast cells and erythrocytes may be ideally suited to
maintain these cell types under homeostatic conditions and also promote host protective
responses to a broad range of infections. Therefore, it will be important to evaluate the relative
contributions of Carl-expressing HPCs in promoting mast cell/erythrocyte development at
baseline and in response to other helminths in order to fully evaluate the biologic functions of
these distinct cells. Further, given that many of the studies presented here evaluated the devel-
opmental capacity of these cells at the steady-state, it will also be important to determine how
these developmental patterns change in response to diverse inflammatory settings.
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Fig 7. Carl-GFP+ HPCs support mast cell and erythrocyte development post-Trichinella infection. Car1-GFP+ cells were sort-purified from the bone
marrow of naive CD45.1 congenic mice and adoptively transferred (i.p.) into CD45.2 hosts on day 4 and 5 post-infection. On day 10 post-infection (A)
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were determined in control mice and mice receiving cell transfers. (C, F), The percentage of identified cells were quantified. WT and Cpa3-Cre mice were
infected with T. Spiralis. Groups of Cpa3-Cre mice received transfers of Car1-GFP+ cells post-infection and (G, H) peritoneal mast cells, (I) IL-4, IL-5 and
IL-13 levels of stimulated mLNs (J) and worm burdens were determined. (A,D,G), Representative plots illustrating gating strategies. (A-F) Are
representative of at least 3 separate experiments. (G,H), Results are representative of 2 separate experiments comprised of 10 biological replicates total.
Statistical analysis performed using a Student’s t-test.

https://doi.org/10.1371/journal.ppat.1008579.9007

In addition to the host protective responses mentioned above, it will also be interesting to
evaluate the role of Carl-expressing progenitors in models of allergic inflammation or dysre-
gulated mast cell development. Interestingly, recent human studies have highlighted an associ-
ation between allergic disease and anemia[30-32]. Further, it is well established that patients
suffering from mastocytosis also present with severe anemia [33, 34]. Although several plausi-
ble explanations have been proposed to explain these associations, including the possibility
that mast cell-derived effector molecules kill erythrocytes, it is possible that they might be the
result of a defective development branch point that forces the overabundance of mast cells to
the detriment of erythrocytes. The identification of Car1 as a reliable marker for mast cell/
erythrocyte progenitors provides an exciting opportunity to study these important pathways.

It will also be interesting to further dissect the importance of Carl enzymatic function in
the lineage commitment of these distinct cells. Carbonic anhydrases are a family of metabolic
enzymes that are known to regulate pH and CO, homeostasis and are most commonly refer-
enced for their highly efficient metabolic properties[35]. However, emerging studies suggest
that the expression patterns of specific Car family members represent the defining features of
several lineages. For example, our work and that of others suggest that Carl and Car2 are
important components of erythrocyte and mast cell development[12, 16]. Additional studies
have also demonstrated that Car4 represents the lineage-identifying gene of alveolar macro-
phages[36]. Finally, a recent report has defined a role for Car6b in epigenetically controlling
proinflammatory cytokine production and bacterial clearance by macrophages[37]. Collec-
tively, these studies strongly suggest that Car enzyme family members possess unique proper-
ties in addition to their known metabolic functions. Therefore, gaining a better understanding
of their expression patterns and unique functions may be of great therapeutic interest.

In summary, better defining the developmental origin of mast cells and erythrocytes is of
great scientific and clinical relevance. Mast cells are of ancient origin and their presence has
been remarkably conserved throughout evolution, an indicator of their critical importance
[25]. Mast cells are strategically positioned at barrier surfaces and have been described as senti-
nels of the immune system capable of quickly promoting inflammation when barrier integrity
is compromised[25]. In most instances, like those seen in the context of a helminth infection,
the disruption of a barrier surface is the result of wounding that is associated with bleeding. In
the studies presented above we have described a unique progenitor cell population that is spe-
cialized to support mast cell responses while simultaneously mitigating the effects of blood
loss. Although important studies are needed to determine how these HPCs operate in the con-
text of other forms of inflammation, this work may inform important therapeutic strategies to
address diverse clinical situations by targeting Carl.

Materials and methods
Mice
C57BL(6) WT mice (stock #000664) and Cpa3-Cre mice (stock #026828) were purchased from

The Jackson Laboratory. Mice were maintained in specific pathogen—free facilities at the Rut-
gers New Jersey Medical School. Car1-GFP reporter mice on a C57BL(6) background were
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created by Biocytogen (Worcester, MA). All protocols were approved by the Rutgers Institu-
tional Animal Care and Use Committee (IACUC) protocol number 17025.

Trichinella spiralis infections, blood hemoglobin analysis, cell transfers,
and BrdU incorporation

Methods for maintenance, recovery, infection and isolation of Trichinella spiralis larvae were
performed as previously described [38]. Mice were infected with 500 Trichinella muscle larvae
by oral gavage; mice were sacrificed at 4, 7 or 10 days post-infection. At necropsy, single cell
suspensions of bone marrow, mLNs and spleens were prepared for flow cytometric analysis.
Blood hemoglobin (Hb) levels were monitored as previously published [39]. Briefly, 2ul of tail
blood was placed in 500pl Drabkin’s Solution (Sigma-Aldrich D5941), in duplicate. 100yl of
the diluted blood was plated into a 96-well plate and read at a wavelength of 540nm in a micro-
plate reader. Hb concentrations were then calculated along a standard curve of human Hb
according to Sigma-Aldrich’s product information.

For cell transfers, bone-marrow cell suspensions were prepared from naive CD45.1
+ Carl-GFP reporter mice and Lin- Car1-GFP expressing cells were sort-purified using a
FACSAria IT or FACSAria Fusion flow cytometer (BD). Then, 1.0-3.0 x 1075 cells were adop-
tively transferred i.p. into CD45.2 WT or Cpa3-Cre host mice that were infected with T.spiralis
4 and 5 days before the cell transfer. 10 days post-Trichinella infection, peritoneal exudate cells
were isolated as previously described [40] and mast cells and erythrocytes populations were
evaluated by flow cytometry. mLNs cell suspensions were prepared and restimulated with
anti-CD3 and anti-CD28 antibodies for 48 hours and supernantant levels of IL-4, IL-5, and IL-
13 were evaluated by ELISA.

Cell proliferation was evaluated via BrdU-incorporation analysis following manufacturer’s
instructions (BD Pharmigen, 552598). Briefly, naive or T. spiralis-infected Car1-GFP reporter
mice were administered a single injection of 1mg BrdU i.p. on day 3 post-infection. Bone mar-
row and spleen were collected 24 hours post-injection and the percentage and total number of
Carl-GFP+ BrdU+ cells were evaluated via flow cytometric analysis.

Flow cytometry and cell sorting

Cells were stained with anti-mouse fluorescently labeled conjugated antibodies: I-A/I-E (M5/
114.15.2), CD115 (AFS98) and CD127 (A7R34) from Biolegend; or Sca-1 (D7), CD34
(RAM34), FceRI (MAR-1), CD16/32 (93), CD11c (N418), CD135 (Flt3, A2F10.1), Ly6C
(HK1.4), and CD45 (104) from eBioscience; or Ter119 (TER-119), FceRI (MAR-1), CD5 (53—
7.3) and ySTCR (eBioGL3) from Invitrogen; or CD49b (DX5), c-Kit (2B8), CD125 (T21),
Integrin 7 (FIB504), CD3 (145-2C11), CD19 (1D3), CD11b (M1/70), NK1.1 (PK136), Ly6G
(1A8), CD45 (30-F11), CD11b (M1/70), CD24a (M169) and Ly6G (1A8) from BD Biosciences.
Live cells were distinguished by staining with DAPI (Molecular Probes). The lineage marker
staining consisted of CD3, CD19, CD11b, CD11¢, NK1.1, ydTCR, CD5, Ly6G and Ter119.
Hematopoietic progenitors were characterized as follows: MCPs (Lin- Scal- c-Kit+ Integrin
B7+), MEPs (Lin- Scal- c-Kit+ CD34- CD16/32-), Flt3+ or Flt3- CMPs (Lin- Scal- c-Kit

+ CD34+ CD16/32- CD115lo), MDPs (Lin- Scal- c-Kit+ CD34+ CD16/32- Flt3+ CD115hi),
GMPs (Lin- Scal- c-Kit+ CD34+ CD16/32hi Ly6C-CD115lo), GPs (Lin- Scal- c-Kit+ CD34

+ CD16/32hi Ly6C+CD115lo), MP+ cMoP (Lin- Scal- c-Kit+ CD34+ CD16/32hi Ly6C+-
CD115hi), BaPs (Lin- Scal- c-Kit+ CD34+ CD16/32hi FcER+), and EoPs (Lin- Scal- CD34

+ ¢-Kit- CD125+). Samples were acquired on a LSR II or LSR FORTESSA X-20 flow cytometer
(BD) and analyzed using FlowJo software (v10.4.1 Tree Star). Cell sorting was performed
using a FACSAria IT or FACSAria Fusion flow cytometer (BD). Car1-GFP+ cells were sort
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purified as CD45+ Lin- Sca-1- and subsequently on Integrin 7, c-Kit and CD24a expression
when indicated. Live cells were distinguished by staining with DAPI (Molecular Probes).
Car1-GFP cellular distribution was determined using AMNIS Imagestream™ MarkII. Hoescht
was used to fluorescently label DNA prior to AMNIS Imagestream™ MarkII analysis.

Isolation and processing of immune cells for flow cytometry, cell sorting
and single cell RNA-sequencing

Bone marrow (BM) cells from the femur and tibia or splenocytes were isolated and red blood
cells were lysed. Prior to sorting, flow cytometry or single cell RNA-sequencing, cells were
enriched using MagniSort Streptavidin Negative Selection Beads kit (Invitrogen). Briefly, after
red blood cell lysis, BM cells and splenocytes were washed with Magnisort wash buffer and
then incubated with anti-mouse biotinylated antibodies: CD11b (M1/70) and TCRB (H57-
597) from eBioscience; CD19 (eBiolD3 (1D3)) from Invitrogen; CD8b (53-5.8) from Biole-
gend. The cells were then incubated with magnetic beads conjugated to streptavidin and
placed within a magnetic field. The unlabeled cells (in the supernatant) were collected, washed
with FACS buffer and stained with the appropriate fluorescent antibody cocktail.

Methocult cultures

Sort-purified bone marrow or splenic cells (1 x 10°~10 x 10°) were added to MethoCult
(M3434)[23, 24] supplemented with Penicillin/Streptomycin (Gibco). Mast cell (CD45+ c-Kit
+ FceRlo+), erythrocyte (CD45- Ter119+), macrophage (CD45+ CD11b+ CD115+), basophil
(CD45+ CD49b+ FceRlo+) and neutrophil (CD45+ CD11b+ Ly6G+) populations were evalu-
ated on day 7 post-culture using flow cytometry.

Single cell RNA-sequencing

Bone marrow-resident cells were sort-purified on live CD45+ CD3- CD19- Ly6G- or on live
CD45+ Carl+ cells from three biological replicates and pooled. 10,000 sort-purified cells were
then processed using the 10X Genomics Chromium Controller. Cell suspensions were loaded
onto the Chromium Single Cell A Chip for cell lysis and barcoding. RNA from individual cells
was reverse transcribed and sequencing libraries prepared using the Chromium Single Cell 3’
Library Kit v2 following the manufacturers protocol. Samples were sequenced using an Illu-
mina NextSeq 550 with standard 10X Genomics Configuration (26bpx98bp). After sequenc-
ing, raw bdl files were processed using the cellranger mkfastq command for sample
demultiplexing and conversion to.fastq files, followed by cellranger count for cell barcode and
UMI deconvolution as well as mapping to the respective reference genome. Processed digital
gene expression matrices were imported into R studio for analysis using the Seurat package.
Samples were aligned along common sources of variation and compared using canonical cor-
relation analysis to identify unique clusters of cells within the samples. Marker genes for each
sample and cluster were identified and used for generation of downstream plots within the
Seurat package. All packages are maintained to be best in class and are regularly updated to
their most recent release. These data have been uploaded into NCBI (GSE3105).

Publicly available data analysis

Data for the bone marrow samples were downloaded from NCBI (GSE108097). In total, the
mapped digital gene expression files from three bone marrow samples were downloaded for
analysis, GSM2906396, GSM2906399, and GSM2906400. Digital gene expression matrices
were imported into R studio for analysis using the Seurat package. Samples were aligned along
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common sources of variation and compared using canonical correlation analysis to identify
unique clusters of cells within the samples. Marker genes for each sample and cluster were
identified and used for generation of downstream plots within the Seurat package. All packages
are maintained to be best in class and are regularly updated to their most recent release.

Ethics statement

The studies performed were governed by protocol 17025 as approved by the IACUC commit-
tee of New Jersey Medical School animal studies were compliant with all applicable provisions
established by the Animal Welfare Act and the Public Health Services (PHS) Policy on the
Humane Care and Use of Laboratory Animals.

Statistics

Results are shown as mean + SD. Statistical analysis was performed using Student’s t-tests in
Prism (version 6.07; GraphPad Software).

Supporting information

S1 Fig. Heat map illustrating the top marker genes defining the 20 distinct clusters identified
by single cell RNA-seq analysis of bone marrow resident cells.
(TIF)

S2 Fig. (A), Carl-GFP expression within lineage- and lineage+ compartments in the spleen
was determined by flow cytometric analysis. (B), Expression levels of progenitor-associated
markers on Car1-GFP+ cells in the bone marrow. Results are representative of 3 separate
experiments.

(TIF)

S3 Fig. (A), Carl-GFP reporter mice were infected with T. spiralis and treated with BrdU and
the (B,C) percentage and total Carl-GFP+ cells in the spleen were determined on day 4 post
infection. Results are representative of 2 separate experiments comprised of 10 biological repli-
cates total. Statistical analysis performed using a Student’s t-test.

(TIF)

S4 Fig. Carl-GFP+ or Carl-GFP- cells were sort-purified from the bone marrow of mice and
seeded into MethoCult and the numbers of (A) macrophages and (B) neutrophils were evalu-
ated by flow cytometric analysis post-culture. (C,D), Carl+ or Carl- cells were sort-purified
from the spleens of mice and seeded into MethoCult with hematopoietic cytokines. Represen-
tative plots illustrating the percentage of mast cells (MCs) and erythrocytes identified by flow
cytometric analysis post-culture. (E), Hemoglobin (Hb) levels were quantified on day 2 post-
Trichinella infection. Results are representative of at least 3 separate experiments.

(TIF)

S5 Fig. Carl-GFP+ c-Kit+ 7+, Carl-GFP+ c-Kit- B7-, Carl-GFP+ c-Kit+ B7-, or Carl-GFP-
c-Kit+ B7+ cells were sort-purified from the bone marrow of mice and seeded into MethoCult
and the total numbers of (A) macrophages and (B) neutrophils were evaluated by flow cyto-

metric analysis post-culture. Results are representative of at least 3 separate experiments.
(TIF)

S6 Fig. (A), Heat map illustrating the top marker genes defining the 4 distinct clusters identi-
fied by single cell RNA-seq analysis of bone marrow resident GFP+ cells. (B), Bone marrow
resident Carl-GFP+ cells were evaluated for CD24a expression. (C), Expression patterns of

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008579 May 18, 2020 20/23


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008579.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008579.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008579.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008579.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008579.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008579.s006
https://doi.org/10.1371/journal.ppat.1008579

PLOS PATHOGENS

Mast cell-erythrocyte progenitors support anti-helminth immunity

lineage markers, c-Kit, integrin B7 and CD24a were evaluated on bone marrow-resident
Carl-GFP+ cells 7 days post-T. spiralis infection.
(TIF)

S1 Table. Markers defining each of the 20 clusters identified in Fig 1A.
(PDF)
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