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A B S T R A C T

Homeodomain only protein (Hopx) is a regulator of cell differentiation and function, and it has also emerged as a
crucial marker of specific developmental and differentiation potentials. Hopx expression and functions have been
identified in some stem cells, tumors, and in certain immune cells. However, expression of Hopx in immune cells
remains insufficiently characterized. Here we report a comprehensive pattern of Hopx expression in multiple
types of immune cells under steady state conditions. By utilizing single-cell RNA sequencing (scRNA-seq) and flow
cytometric analysis, we characterize a constitutive expression of Hopx in specific subsets of CD4þ and CD8þ T
cells and B cells, as well as natural killer (NK), NKT, and myeloid cells. In contrast, Hopx expression is not present
in conventional dendritic cells and eosinophils. The utility of identifying expression of Hopx in immune cells may
prove vital in delineating specific roles of Hopx under multiple immune conditions.
1. Introduction

Hopx is a highly evolutionarily conserved, homeodomain-containing,
small (73–amino acid) protein that lacks consensus residues required for
protein-DNA interactions but can function as a transcription co-factor
(Chen et al., 2002; Shin et al., 2002). It is encoded by the Hopx
(HOPX) gene, which produces 3 murine and 5 human mRNA splice
variants which encode for 1 isoform in mice and 3 in humans (Mariotto
et al., 2016). Although Hopx lacks DNA binding capacity, it can interact
with various protein complexes that modulate the transcription of
various genes thereby regulating cell differentiation and mediating
tumor suppression. Hopx expression is associated with differentiation
and stemness in various cells including cardiomyocyte-committed car-
diac progenitor cells (Jain et al., 2015b), adult intestinal stem cells
(Takeda et al., 2011), hair follicle bulge stem cells (Takeda et al., 2013),
type 1 alveolar cells (Jain et al., 2015a) and neural stem cells (Zweifel
et al., 2018). The Hopx locus is hypermethylated resulting in decreased
Hopx expression in various cancers and metastases including head and
neck squamous cell carcinomas (Yap et al., 2016), breast (Kikuchi et al.,
2017), colorectal (Katoh et al., 2012), pancreatic neuroendocrine (Ush-
iku et al., 2016), and lung cancers (Chen et al., 2015). In tumors, Hopx
mediates the promoter silencing of SNAIL, a transcription factor that
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initiates epithelial-mesenchymal transition (Ren et al., 2017). Hopx also
activates Ras-induced senescence to suppress metastasis and tumori-
genesis (Chen et al., 2015). Expression of Hopx has also been previously
identified in human acute myeloid leukemias (AML) (Gentles et al., 2010;
Lin et al., 2017; Torrebadell et al., 2018). However, in contrast to tumor
suppressor roles of Hopx in other types of cancer (Waraya et al., 2012;
Yap et al., 2016), the upregulation of Hopx expression in AML cells has
been correlated with decreased remission and survival (Lin et al., 2017;
Torrebadell et al., 2018). Hopx recruits histone deacetylases (HDACs)
(Trivedi et al., 2010), Smads, and members of Mi-2/NuRD complex
(Nucleosome remodeling deacetylase) to repress Wnt signaling during
cardiogenesis (Jain et al., 2015b). Hopx regulates primitive hematopoi-
esis in human cardiac progenitor cells and endothelial cells by repressing
Wnt/β-catenin signaling in order to promote hemogenesis (Palpant et al.,
2017).

In the immune system, Hopx expression and specific functions have
been identified in vivo in Foxp3þ regulatory T (Treg) cells. In peripherally
induced Treg (pTreg) cells, Hopx regulates expression of activator pro-
tein 1 (AP-1) transcription factors, production of interleukin 2 (IL-2) and
the fitness of pTreg cells under inflammatory conditions (Hawiger et al.,
2010; Jones and Hawiger, 2017; Jones et al., 2015). In addition to its
specific molecular functions described above, Hopx has recently emerged
biology, Washington University School of Medicine, St. Louis, MO, USA.
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as a crucial marker of the specific developmental and differentiation
potentials of progenitor populations in various non-hematopoietic tissues
both in human and mouse systems (Mariotto et al., 2016). The most
recent results now extended such capacity of Hopx also to cells of the
immune cells by uncovering the key roles of Hopx in indicating specific
pre-effector differentiation potentials induced early in CD4þ T cells
following their antigen-specific activation in the steady state (Opejin
et al., 2020).

The expression of Hopx can also be found in other types of murine
immune cells, including hematopoietic stem cells, some subsets of
effector CD4þ and CD8þ T cells, natural killer (NK), and NKT cells
(Albrecht et al., 2010; Baas et al., 2016; Bezman et al., 2012; Cano-Gamez
et al., 2020; Capone et al., 2021; Crawford et al., 2014; De Simone et al.,
2019; Descatoire et al., 2014; Gordy et al., 2011; Lin et al., 2020; Mari-
otto et al., 2016; Patil et al., 2018; Serroukh et al., 2018; Wirth et al.,
2010; Zhou et al., 2015). Further, Hopx has been found to be expressed in
some subsets of human CD4þ T cells, γδ T cells, and B cells (Albrecht
et al., 2010; Cano-Gamez et al., 2020; Capone et al., 2021; Descatoire
et al., 2014; Mariotto et al., 2016; Patil et al., 2018; Pizzolato et al., 2019;
Serroukh et al., 2018; Szabo et al., 2019). However, the comparative
expression of Hopx in a broad cross-section of immune cells has not been
studied systematically, therefore hampering rigorous elucidation of the
specific roles of Hopx in the immune system. Unfortunately, a reliable
flow cytometry adaptable antibody specific to murine Hopx is not
available. Here we identify the previously uncharacterized pattern of
Hopx expression in various immune cells under steady state conditions
by using single-cell RNA sequencing (scRNA-seq) as well as flow cyto-
metric analysis based on a Hopx reporter mouse model (Hopx3FlagV2AGFP)
(here referred to as HopxGFP) (Takeda et al., 2013). This previously
established and validated reporter model expresses a fusion protein of
Hopx, 3Flag peptides, viral 2A self-cleaving peptide, and green fluores-
cent protein (GFP), therefore faithfully tracking equimolar expression of
Hopx and GFP reporter (Jain et al., 2015a, 2015b; Jones et al., 2015;
Opejin et al., 2020; Takeda et al., 2013; Zacharias et al., 2018). Within
Figure 1. scRNA-seq reveals Hopx expression in various immune cells. scRNA-seq da
ImmGen database and processed using Seurat (see methods). (A) UMAP plot show
expression of marker genes (see Figure S1). Doublets were identified as expressing
expression of Hopx (in blue) in individual cells on a UMAP plot of the various clu
expressing Hopx in each cluster.
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lymphoid tissues, we identify specific expression of Hopx in various
subsets of murine CD4þ and CD8þ T cells, naive B cells, NK cells, NKT
cells, and some myeloid cells, with notable exceptions of dendritic cells
and eosinophils. Therefore, these results open new directions and ways to
investigate the roles of Hopx in the cells of the immune system.

2. Results

2.1. scRNA-seq reveals Hopx expression in various immune cells

To identify Hopx mRNA expression in various immune cells, we uti-
lized a publicly available scRNA-seq dataset of CD45þ splenocytes from
un-perturbed C57BL/6 mice prepared by the ImmGen Consortium (Heng
and Painter, 2008). After quality control, unsupervised clustering fol-
lowed by two-dimensional uniform manifold approximation and pro-
jection (UMAP) of 9629 cells revealed 12 clusters that could be identified
as 7 immune cell types by differential expression of marker genes
(Figure 1A and S1A) (Butler et al., 2018; Stuart et al., 2019). We next
characterized Hopx mRNA expression within these cell types and iden-
tified Hopx expression predominantly within Treg cells, mono-
cyte/macrophages, and NK cells, as well as in a few non-Treg CD4þ T
cells, CD8þ T cells, and B cells. Conversely, very little Hopx mRNA was
detected in dendritic cells (Figure 1B and 1C). Overall, results of
scRNA-seq indicated varied expression of Hopx mRNA in different im-
mune cell types.

2.2. Multiple T cell subsets express Hopx

To further robustly characterize Hopx expression in T cells in vivo, we
used HopxGFPFoxp3RFP double reporter mice on a C57BL/6J background
that we originally prepared (Jones et al., 2015) by crossing HopxGFP re-
porter mice (Takeda et al., 2013) with Foxp3RFP reporter mice in which
Foxp3 is co-expressed with red fluorescent protein (RFP) (Wan and Fla-
vell, 2005). We isolated thymic, splenic, and peripheral lymph node cells
ta obtained from CD45þ splenocytes of C57BL/6J mice were retrieved from the
s the cluster distribution of various immune cells characterized by differential
multiple marker genes from unrelated cell types. (B) Feature plot shows the

sters. (C) Dot plot shows the average expression of Hopx and percent of cells
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from adult double reporter mice and analyzed them by flow cytometry.
We identified HopxþFoxp3þ and HopxþFoxp3neg T cells in the thymus,
spleen, and lymph nodes (Figure 2A). As expected, almost all
HopxþFoxp3þ T cells expressed CD4 in all three tissues, consistent with a
Treg cell phenotype (Figure 2A and 2B). However, among
HopxþFoxp3neg T cells, the relative proportions of CD4þ and CD8þ T cells
differ across the tissues, with the highest percentage of CD4þ T cells in
the thymus and the highest percentage of CD8þ T cells in the lymph
nodes (Figure 2A-C). We extended this analysis to characterize Hopx
Figure 2. Multiple T cell subsets express Hopx. Cells from thymi, spleens, and periph
(Left) Representative plots show Hopx (GFP) and Foxp3 (RFP) expression among all T
or lymph nodes (bottom). Shaded regions indicate population further characterized
sentative plots show anti-CD4 and anti-CD8α staining intensity among HopxþFopx3
Graphs show the percentages of CD4þ cells among HopxþFopx3þ (left) and HopxþFo
5–6 mice from three independent experiments). (C) Graph shows the percentages o
nodes as indicated (n ¼ 5–6 mice from three independent experiments). (D) Represen
CD4þFoxp3neg (red) T cells from the thymus, spleen, or lymph nodes as indicated. (
CD8αþ (right) T cells from the thymus, spleen, or lymph nodes as indicated (n ¼ 5–6
SD. ns – not significant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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expression in all CD4þFoxp3neg and CD8þ T cells (Figure 2D). We iden-
tified the highest proportion of Hopxþ cells among CD4þFoxp3neg and
CD8þ T cells in the spleen and lymph nodes (Figure 2E). Further, whereas
no more than 20% of CD4þFoxp3neg T cells expressed Hopx, about 60%
of CD8þ T cells in the spleen and lymph nodes expressed Hopx. Overall,
we confirmed Hopx expression among Treg cells and some other CD4þ T
cells and identified Hopx expression in the majority of CD8þ T cells
present under steady state conditions.
eral lymph nodes of HopxGFPFoxp3RFP mice were analyzed by flow cytometry. (A)
cells (gated as single, live, CD3εþ, NK1.1neg) from thymus (top), spleen (middle),
on the right (HopxþFopx3þ - blue and HopxþFoxp3neg – red). (Right) Repre-
þ and HopxþFoxp3neg T cells from the thymus, spleen, and lymph nodes. (B)
xp3neg (right) T cells from the thymus, spleen, or lymph nodes as indicated (n ¼
f CD8αþ cells among HopxþFoxp3neg T cells from the thymus, spleen, or lymph
tative overlaid histograms show Hopx (GFP) expression among CD8αþ (gray) and
E) Graphs show the percentages of Hopxþ cells among CD4þFoxp3neg (left) and
mice from three independent experiments). (B, C, and E) Graphs show mean �
determined by one-way ANOVA with Tukey's multiple comparisons.
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2.3. Hopx is expressed in naïve B cells

We next characterized Hopx expression in B cells by analyzing cells
from the bone marrow, spleen, and peripheral lymph nodes by flow
cytometry. We observed Hopx expression among B cells from all three
tissues, with the most Hopxþ B cells in the spleen and lymph nodes in
comparison to thebonemarrow(Figure3Aand3B).Todeterminewhether
Hopxwasexpressed inspecificsubsetsofsplenicBcells,weidentifiednaïve
B cells as IgDþ cells (Figure 3C). In comparison to IgDneg cells, IgDþ (naïve)
B cells from the spleen expressedmoreHopx. Additionally, CD24 has been
shown to be expressed at high levels in transitional and memory B cells
(Mensah et al., 2018). We identified CD24hi and CD24int B cells in the
spleenandobservedhigherexpressionofHopxinCD24intBcells (Figure3E
and 3F), further suggesting a more specific expression of Hopx in undif-
ferentiatedBcells.Overall,we conclude thatmanyB cells, especially naïve
B cells in secondary lymphoid organs, express Hopx, but Hopx expression
may decrease upon B cell differentiation.

2.4. Hopx is expressed in most NK and NKT cells

Hopx mRNA has been detected in NK and NKT cells (Figure 1) and
(Bezman et al., 2012; Gordy et al., 2011). To confirm such expression and
further characterize Hopx in specific subsets of NK and NKT cells, we
examined such cells by flow cytometry. We observed Hopx expression in
almost all NK and NKT cells (Figure 4A and B). Further, we observed
higher expression of Hopx in NKT cells than in NK cells as determined by
median fluorescence intensity (MFI) (Figure 4C). Killer cell lectin-like
receptor G1 (KLRG1) is a C-type lectin inhibitory receptor that is
expressed by some NK cells (Huntington et al., 2007). We observed Hopx
expression in most KLRG1þ cells, but also in many KLRG1neg NK cells,
therefore indicating a heterogeneity among Hopxþ NK cells (Figure 4D
and 4E). In conclusion, we identified Hopx expression in most NK and
NKT cells regardless of their expression of other key markers.
Figure 3. Hopx is expressed in naïve B cells. Cells from bone marrow, spleens, and pe
(A) Representative overlaid histograms show Hopx (GFP) expression among B cells (g
peripheral lymph nodes (gray). (B) Graph shows the percentages of Hopxþ cells amon
¼ 4–6 mice from three independent experiments). (C) Representative plot shows Hopx
line indicates the cutoff for IgDþ and IgDneg cells further analyzed in D. (D) Graph sho
IgDþ and IgDneg B cells as indicated (n ¼ 6 mice from three independent experiment
intensity among splenic B cells. The blue line indicates the cutoff for CD24hi and CD
(MFI) of Hopx (GFP) expression among splenic CD24hi and CD24int B cells as indicate
mean � SD. ns – not significant and ****P < 0.0001 determined by one-way ANOVA
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2.5. Variegated Hopx expression pattern in myeloid cells

We next examined by flow cytometry Hopx expression in myeloid
cells in which cells Hopx expression has not been previously reported but
was identified by scRNA-seq (Figure 1). We identified different splenic
myeloid cells using previously validated cell surface markers (Guilliams
et al., 2016; Rose et al., 2012; Tsai et al., 2017; Yeung and So, 2009)
(Figure 5A). Consistent with the scRNA-seq results (Figure 1), we did not
observe appreciable Hopx expression in the conventional dendritic cell
and eosinophil populations (Figure 5B and 5C). In contrast and also in
agreement with the scRNA-seq, many monocytes and some macrophages
were characterized by high expression of Hopx, whereas neutrophils had
intermediate Hopx expression (Figure 5B and 5C). Interestingly,
expression of Hopx in monocytes, macrophages, and neutrophils had a
roughly bimodal distribution, indicating possible functional or differen-
tiation states within these cell populations (Figure 5B). In conclusion, we
observed Hopx expression in splenic monocytes, macrophages, and
neutrophils while Hopx was mostly absent from eosinophil and con-
ventional dendritic cell populations.

3. Discussion

Our results provide a comprehensive and comparative analysis of
Hopx expression in multiple types of immune cells in primary and sec-
ondary lymphoid organs. By using the flow cytometric analysis of cells
from the HopxGFP reporter mice, we crucially complemented and
extended the results of scRNA-seq analysis. This new analysis confirmed
some of the previously reported specific profiles of Hopx expression in
immune cells including some CD4þ and CD8þ T cells, NK, NKT cells, and
also some B cells (Albrecht et al., 2010; Baas et al., 2016; Bezman et al.,
2012; Cano-Gamez et al., 2020; Capone et al., 2021; Crawford et al.,
2014; De Simone et al., 2019; Descatoire et al., 2014; Gordy et al., 2011;
Hawiger et al., 2010; Jones et al., 2015; Mariotto et al., 2016; Opejin
ripheral lymph nodes of HopxGFPFoxp3RFP mice were analyzed by flow cytometry.
ated as single, live, CD19þ, B220þ) from the bone marrow (blue), spleen (red), or
g B cells from bone marrow, spleens, and peripheral lymph nodes as indicated (n
(GFP) expression and anti-IgD staining intensity among splenic B cells. The blue
ws median fluorescence intensity (MFI) of Hopx (GFP) expression among splenic
s). (E) Representative plot shows Hopx (GFP) expression and anti-CD24 staining
24int cells further analyzed in F. (F) Graph shows median fluorescence intensity
d (n ¼ 6 mice from three independent experiments). (B, D, and F) Graphs show
with Tukey's multiple comparisons (B) or unpaired two-tailed t test (D and F).



Figure 4. Hopx is expressed in most NK and NKT cells. Cells from spleens of HopxGFPFoxp3RFP mice were analyzed by flow cytometry. (A) Representative overlaid
histograms show Hopx (GFP) expression among NK cells (gated as live, NK1.1þ, CD3εneg – blue) and NKT cells (gated as live, NK1.1þ, CD3εþ - red). (B) Graph shows
the percentages of Hopxþ cells among splenic NK and NKT cells as indicated (n ¼ 6 mice from three independent experiments). (C) Graph shows median fluorescence
intensity (MFI) of Hopx (GFP) expression among splenic NK and NKT cells as indicated (n ¼ 6 mice from three independent experiments). (D) Representative plot
shows Hopx (GFP) expression anti-KLRG1 staining intensity among splenic NK cells. Numbers in quadrants indicate corresponding percentages. Shaded regions specify
gating of populations analyzed in E (HopxþKLRG1þ – blue, HopxþKLRG1neg – red, and HopxnegKLRG1neg – grey). (E) Graph shows the percentages of the indicated
populations (gated as in D) among NK cells (n ¼ 6 mice from three independent experiments). (B, C, and E) Graphs show mean � SD. ns – not significant, **P < 0.01,
and ****P < 0.0001 determined by unpaired two-tailed t test (B and C) or one-way ANOVA with Tukey's multiple comparisons (E).
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et al., 2020; Patil et al., 2018; Serroukh et al., 2018; Wirth et al., 2010).
However, the previous results were based on multiple techniques and
varying species and showed Hopx expression in mostly purified cell
populations, including those induced in vitro. In contrast, we now provide
a systematic analysis of unsortedmaterial obtained ex vivo and performed
using standardized methodology focused on individual murine immune
cells. Therefore, our results allow for comparative analysis of Hopx
expression among various immune cells across multiple tissues under the
same immune conditions.

Homeodomain only protein (Hopx) is a regulator of immune cell
function, and it has also emerged as a crucial marker of the specific
developmental and differentiation potentials among some hematopoietic
cells (Opejin et al., 2020; Zhou et al., 2015). We identified Hopx
expression in some CD4þ and CD8þ T cells as reported previously
(Albrecht et al., 2010; Bezman et al., 2012; Cano-Gamez et al., 2020;
Capone et al., 2021; Hawiger et al., 2010; Jones et al., 2015; Serroukh
et al., 2018; Wirth et al., 2010). Interestingly, in contrast to the majority
of all CD8þ T cells in spleen and lymph nodes that expressed Hopx, only a
relatively small portion of CD4þ T cells expressed Hopx, further under-
scoring important differences between CD4þ and CD8þ T cells and
consistent with the recent identification of a population of Hopxhi

pre-effectors among CD4þ T cells (Opejin et al., 2020). Further, contrary
to the results previously reported in B cells (Descatoire et al., 2014), we
found a preferential expression of Hopx in naïve B cells and not IgDneg or
CD24hi B cells. Interestingly, the proportion of such of Hopxþ B cells is
higher in the secondary lymphoid organs than in the bone marrow.
Future research may reveal potentially diverse specific fates and func-
tions of such Hopxþ and Hopxneg B cells.

Among all major types of the immune cells analyzed, the highest pro-
portion of Hopxþ cells was registered among NK and NKT cells. While the
biological significance of such pervasive Hopx expression in these cells
5

remain to be revealed, it is interesting to speculate that such absence of
Hopx expression diversity may be determined by the lack of antigenic re-
ceptor variety. Finally, our results identified unique Hopx expression pat-
terns among myeloid cells. Hopx expression was previously reported in
monocytes (Monaghan et al., 2019).Our results now revealed that the vast
majority of monocytes expresses Hopx. However, only about half of mac-
rophages and neutrophils showed such expression. In contrast, Hopx
expression was not observed in conventional dendritic cells and eosino-
phils, therefore raising further questions about the specific roles ofHopx in
different immune cell types.Overall,weprovide a comprehensive analysis
of the expression pattern in immune cells of Hopx, an emerging regulator
and marker of various cellular programs. Our results may inspire future
avenues of research into the specific roles of Hopx in these immune cells.

4. Limitations of the study

We focused our analysis to the steady state conditions to provide a
baseline for future studies. Hopx expression in specific cell types may
change upondisruption of homeostasis.We also limited our focus tomajor
secondarylymphoidorgans,andwedonotcharacterizeexpressionofHopx
in non-lymphoid resident immune cells including those at the anatomical
barriers. Finally, due to available experimental methods, the study is
focused on a complete characterization of murine only immune cells.

5. STAR methods

5.1. Mice

Foxp3IRES-mRFP (Foxp3RFP) reporter mice (Wan and Flavell, 2005),
Hopx3XFlagGFP (HopxGFP) reporter mice (Takeda et al., 2013), HopxGFP-

Foxp3RFP double-reporter mice (Jones et al., 2015), all on the C57BL/6J



Figure 5. Variegated Hopx expression pattern in myeloid cells. Cells from spleens of HopxGFPFoxp3RFP mice were analyzed by flow cytometry. (A) Gating strategy for
identification of myeloid cell populations. Representative plots (pre-gated on single, live, CD3εneg, NK1.1neg, CD19neg, B220neg, CD45þ cells) show staining intensity of
the indicated fluorochrome-conjugated antibodies for the indicated populations. Shaded regions indicate corresponding populations analyzed in B and C. (B)
Representative overlaid histograms show Hopx (GFP) expression among the indicated cell types. (C) Graph shows the percentages of Hopxþ cells among the indicated
cell populations (n ¼ 5 mice from two independent experiments). Graph shows mean � SD. **P < 0.01 and ****P < 0.0001 determined by one-way ANOVA with
Tukey's multiple comparisons.
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background, were previously described. 6–9 weeks old sex- and
age-matched littermates were used for experiments. All mice were
maintained in our facility under specific pathogen free conditions and
used in accordance with the guidelines of the Saint Louis University
Institutional Animal Care and Use Committee.

5.2. Flow cytometry

Cells from thymi, peripheral (axial, brachial, and inguinal) lymph
nodes, spleens, and bone marrow (from femurs and tibiae) were isolated
and analyzed separately. For surface marker cytometry staining, cells
were first incubated with Zombie Aqua Live/Dead viability dye accord-
ing to manufacturer's protocol (BioLegend), pre-incubated with Fc-block
(anti-CD16/32, clone 2.4G2, produced in-house from corresponding
hybridoma obtained from ATCC), and then incubated in FACS buffer
(PBS supplemented with 2% fetal bovine serum (FBS)) with
fluorochrome-conjugated antibodies (listed in Key Resource Table) for
25 min at 4 �C. Myeloid cells were isolated from spleens by incubating
shredded tissues in 2.5 mg/mL Collagenase D (Roche) in RPMI 1640
media (Hyclone) supplemented with Penicillin/Streptomycin (100U/
mL), HEPES (10mM), Sodium Pyruvate (1mM), and 2-Mercaptoethanol
(55μM) (all Gibco) at 37 �C for 37 min, followed by incubation with
EDTA (10mM) for 5 min at 37 �C. After incubation, cells were passed
through 100μm strainers (VWR) and washed using Hanks' Balanced Salt
Solution (Gibco) supplemented with 2% fetal bovine serum (FBS)
(Gemini Bio) and 1mM EDTA to obtain single cell suspensions which
were then stained for cell surfacemarkers as described above. All samples
were acquired on a BD LSRFortessa (BD), and data was analyzed with
FlowJo software (FlowJo, LLC).
6

5.3. Single-cell RNA sequencing analysis

Data from sorted CD45þ splenocytes from a C57BL/6J mouse were
obtained fromthe ImmGenConsortium(HengandPainter, 2008). The raw
count matrix was processed the R package Seurat (v3.2.0) following the
workflow and recommendations in the Guided Clustering Tutorial from
the Satija Lab (https://satijalab.org/seurat/v3.2/pbmc3k_tutorial.html).
5.4. Quantification and statistical analyses

Sex- and age-matched mice of specified genotypes were randomly
assigned into individual experimental groups. Data are presented as
mean � standard deviation (SD). No statistical method was used to
predetermine sample size. P values were calculated in Prism 9 (GraphPad
Software) using unpaired two-tailed t tests and one-way ANOVAs with
Tukey's multiple as indicated in corresponding figure legends. Differ-
ences were considered to be statistically significant when p � 0.05.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE

Antibodies

Anti-mouse CD11c, clone N418 Biolegend

Anti-mouse I-Ab, clone AF6-120.1 Biolegend

Anti-mouse CD64, clone X54-5/7.1 Biolegend

Anti-mouse F4/80, clone BM8 Biolegend

Anti-mouse Ly-6G/Ly-6C (Gr-1); clone RB6-8C5 Biolegend

Anti-mouse CD8α, clone 53-6.7 Biolegend

Anti-Mouse CD45R/B220, clone RA3-6B2 Biolegend

Anti-Mouse CD45R/B220, clone RA3-6B2 Biolegend

Anti-mouse CD19, clone 6D5 Biolegend

Anti-mouse CD19, clone 6D5 Biolegend

Anti-mouse CD4, clone GK1.5 Biolegend

Anti-mouse CD3ε, clone 145-2C11 Biolegend

Anti-mouse CD3ε, clone 145-2C11 BD Biosciences

Anti-mouse NK1.1, clone PK136 Biolegend

Anti-mouse NK1.1, clone PK136 Biolegend

Anti-mouse IgD, clone 11.26C.2A Biolegend

Anti-mouse CD24, clone M1/69 Biolegend

Anti-mouse KLRG1, clone 2F1/KLRG1 Biolegend

Anti-mouse CD16/32, clone 2.4G2 N/A

Bacterial and virus strains

Biological samples

Chemicals, peptides, and recombinant proteins

Critical commercial assays

Zombie Aqua™ Fixable Viability Kit BioLegend

Deposited data

scRNA-seq of whole CD45+ splenocytes from
B6 mice, 10X (HMS)

ImmGen Consort
(Heng and Painte

Experimental models: Cell lines
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Cat# 100733, RRID: AB_2075239
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Cat# 103243, RRID:AB_11203907

Cat# 115508, RRID:AB_313643

Cat# 115555, RRID:AB_2565970

Cat# 100447, RRID:AB_2564586

Cat# 100308, RRID:AB_312673

Cat# 564378, RRID:AB_2738779

Cat# 108707, RRID: AB_313394

Cat# 108709, RRID:AB_313396

Cat# 405719, RRID:AB_2561875

Cat# 101823, RRID:AB_1595596

Cat# 138415, RRID:AB_2561735

Produced in-house from hybridomas
obtained from ATCC

Cat#: 423102
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r, 2008)
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(continued )

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Foxp3IRES-mRFP Jackson Laboratory Stock# 008374; (Wan and Flavell, 2005)

Mouse: Hopx3FlagGFP available at Jackson Laboratory on
a mixed background

Stock# 029271; (Takeda et al., 2013)

Oligonucleotides

Recombinant DNA

Software and algorithms

FlowJo 10 FlowJo, LLC https://www.flowjo.com;

GraphPad Prism GraphPad Software https://www.graphpad.com;

Seurat v3 (Stuart et al., 2019) https://satijalab.org/seurat/

R v4.0.2 The R Foundation https://www.r-project.org

Other

Roche Collagenase D MilliporeSigma Cat#: 11088882001
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