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SUMMARY
In emergency myelopoiesis (EM), expansion of the myeloid progenitor compartment and increased myeloid
cell production are observed and oftenmediated by the pro-inflammatory cytokine interferon gamma (IFN-g).
Interleukin-10 (IL-10) inhibits IFN-g secretion, but paradoxically, its therapeutic administration to humans
causes hematologic changes similar to those observed in EM. In this work, we use different in vivo systems,
including a humanized immune system mouse model, to show that IL-10 triggers EM, with a significant
expansion of the myeloid progenitor compartment and production of myeloid cells. Hematopoietic progen-
itors display a prominent IFN-g transcriptional signature, and we show that IFN-gmediates IL-10-driven EM.
We also find that IL-10, unexpectedly, reprograms CD4 and CD8 T cells toward an activation state that in-
cludes IFN-g production by these T cell subsets in vivo. Therefore, in addition to its established anti-inflam-
matory properties, IL-10 can induce IFN-gproduction and EM, opening additional perspectives for the design
of IL-10-based immunotherapies.
INTRODUCTION

Emergency myelopoiesis (EM) is a hematopoietic response trig-

gered by stress cues that skew hematopoiesis toward the pro-

duction of myeloid cells (Boettcher and Manz, 2017). These

stress signals often arise after infection, such as by Plasmodium

chabaudi (Belyaev et al., 2010),Mycobacterium avium (Baldridge

et al., 2010), Bacillus Calmette-Guérin (BCG) (Kaufmann et al.,

2018), or lymphocytic choriomeningitis virus (Sch€urch et al.,

2014). Non-infectious challenges, like irradiation and chemo-

therapy, can also prompt EM and drive bonemarrow (BM) output

toward myeloid lineages (Boettcher and Manz, 2017). In many

models, the mechanism of EM involves the production of pro-in-
C
This is an open access article under the CC BY-N
flammatory cytokines, such as interferon gamma (IFN-g) (Bal-

dridge et al., 2010; Belyaev et al., 2010; de Bruin et al., 2012;

Kaufmann et al., 2018; Sch€urch et al., 2014). This molecule

directs an inflammatory response by hematopoietic stem and

progenitor cells, although its effects are context dependent (Bal-

dridge et al., 2010; Belyaev et al., 2010; de Bruin et al., 2012;

Kaufmann et al., 2018; Sch€urch et al., 2014). The role of anti-in-

flammatory cytokines in modulating hematopoietic responses is

less clear.

Interleukin-10 (IL-10) is an anti-inflammatory cytokine that

suppresses IFN-g production through its effects on macro-

phages and dendritic cells (DCs) (Fiorentino et al., 1989; Moore

et al., 1990, 2001; Vieira et al., 1991) thus controlling
ell Reports 37, 109887, October 26, 2021 ª 2021 The Author(s). 1
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immunopathology (Moore et al., 2001). Owing to its strong anti-

inflammatory activity, IL-10 was proposed as a promising

approach to treat inflammatory diseases (Ouyang and O’Garra,

2019; Saraiva, Vieira and O’Garra, 2020). IL-10 administration

in humans, although well tolerated, leads to several hematologic

changes also seen in EM, including neutrophilia, monocytosis,

anemia, and thrombocytopenia (Huhn et al., 1999; Sosman

et al., 2000; Tilg et al., 2002a). However, the mechanisms

responsible for these alterations remain unknown, which is a

confounding factor for the development of IL-10 as a therapeutic

agent (Saraiva et al., 2020).

To elucidate these mechanisms, we used different in vivo

models, including a previously describedmousemodel of induc-

ible IL-10 expression, the pMT-10 mouse (Cardoso et al., 2018).

We report that increased IL-10 production causes EM,with a sig-

nificant expansion of the BM myeloid progenitor compartment.

This phenotype requires IL-10 receptor signaling, is accompa-

nied by anemia and thrombocytopenia, and is also observed in

wild-type (WT) mice expressing IL-10 from a plasmid delivered

in vivo. Hematopoietic progenitor cells showed a prominent

IFN-g transcriptional signature, and we found that IL-10-driven

EM is mediated by IFN-g. In addition, CD4, CD8, and gd T cell

subsets were found to express elevated levels of IFN-g and

were required for IL-10-driven EM. Notably, delivery of human

IL-10 (HpIL-10) to mice with a humanized immune system (HIS

mice) also induced expansion of mature and precursor myeloid

cells and was accompanied by enhanced production of IFN-g

by T cells.

This work shows that IL-10 skews hematopoiesis toward the

myeloid lineage by inducing IFN-g production in all T cell sub-

sets, unexpectedly revealing that this anti-inflammatory cytokine

triggers EM. Our findings explain the hematologic alterations

observed in human volunteers receiving therapeutic doses of re-

combinant IL-10 and are critical to inform the design of IL-10-

based therapies.

RESULTS

Induction of IL-10 expression leads to anemia and
splenomegaly
To investigate the mechanisms underlying the hematologic

changes caused by IL-10 administration, we used a previously

characterized transgenic mouse model of IL-10 expression, the

pMT-10 mice (Cardoso et al., 2018). IL-10 can be detected in

concentrations in the ng/ml range, in the serum of pMT-10

mice as early as 3 days after zinc (Zn) sulfate administration in

the drinking water (Cardoso et al., 2018; Figure S1A). This level

is comparable to that seen in humans treated with IL-10 (Huhn

et al., 1996, 1997, 1999).

We investigated changes in the blood cellularity of pMT-10

mice 30 days after induction of IL-10. Induced mice showed

increased numbers of circulating monocytes, decreased

numbers of platelets, and reduced hemoglobin levels (Figure 1A).

Additionally, an increase in the number of reticulocytes and of

the immature platelet fraction (IPF) was observed in the periph-

eral blood, but no significant changes in the number of white

blood cells, lymphocytes, or neutrophils were seen (Figures 1A

and S1B). The increase in circulating monocytes, together with
2 Cell Reports 37, 109887, October 26, 2021
thrombocytopenia and anemia, is also observed in humans

that receive recombinant IL-10 (Huhn et al., 1996, 1997, 1999).

In addition to these hematologic alterations, a pronounced in-

crease in spleen weight and cellularity was observed (Figure 1B).

This increase was accompanied by a disruption of splenic

architecture and loss of the follicular organization, with no clear

separation of the white and red pulp in induced pMT-10 mice

(Figure 1C). These alterations were not present in pMT-10 mice

deficient for the alpha chain of the IL-10R (pMT-10.IL-10Ra�/�)
(Figures 1B and 1C), in spite of concentrations of IL-10 in their

serum in the order of 40 ng/ml (Figure S1A). Furthermore, they

were also absent in control BL/6 receiving normal or Zn-enriched

water (Figures S1C and S1D). The IL-10-induced splenomegaly

was due to a substantial increase in the number of splenic gran-

ulocytes (CD11b+ Gr1+), as B and T cell numbers were unaf-

fected (Figure 1D; see Figure S1E for gating strategy). Again,

the expanded splenic myeloid compartment in IL-10-expressing

mice was absent in pMT-10.IL-10Ra�/� (Figure 1D) and in con-

trol BL/6 mice (Figure S1F). In addition to monocytes

(Ly6ChiLy6G�) and neutrophils (Ly6C+Ly6G+), an increase of

DCs (CD11c+) and eosinophils (CD11b+SiglecF+) was observed

in the spleen (Figure S1G). No alterations in the cellularity and

composition of the thymus were observed 30 days after IL-10 in-

duction (Figures S1H and S1I). The myeloid phenotype readily

reversed after interruption of Zn administration (Figure S2).

Collectively, these results showed that IL-10, at doses similar

to those therapeutically administered to humans, induced alter-

ations in splenic architecture and prominent myelocytosis,

dependent on IL-10 receptor signaling.

IL-10 drives EM
To assess whether the expansion of the peripheral myeloid pop-

ulations was due to enhancedmyelopoiesis, we analyzed the he-

matopoietic compartments of induced pMT-10 mice. Similar to

what we found in the spleen, the BM of IL-10-expressing mice

showed a significant increase in the frequency of CD11b+ Gr1+

myeloid cells (Figure 2A; see Figure S3A for gating strategy),

particularly of monocytes and DCs (Figure S3B). Immature

stages of myeloid differentiation (CD11b+ Gr1� cells) were also

expanded in induced mice (Figure 2A). The frequency of B-line-

age cells was significantly reduced, but no alterations were

observed in the percentage of BM T cells (Figure 2A).

When we analyzed the progenitor populations in the BM of IL-

10 induced mice, the most striking observation was a 50-fold in-

crease in the frequency of lineage�Sca-1+ c-Kit+ (LSK) cells after

induction of IL-10 (Figure 2B). Within the lineage� Sca-1� c-Kit+

(LK) population, the number of common myeloid progenitors

(CMPs) was decreased, whereas that of granulocyte/macro-

phage progenitors (GMPs) was increased and that of megakar-

yocyte/erythrocyte progenitors (MEPs) was not altered (Figures

2B and 2C). The identity of the CMP, GMP, and MEP precursor

subpopulations was confirmed by their ability to generate col-

onies in in vitro assays with the same high frequency (virtually

1/1) in both control and induced mice (Table S1). Consistent

with the reduction of B-lineage cells in the BM of IL-10-induced

mice, we also observed a significant reduction of common

lymphoid progenitors (CLPs) (Figure S3C). The number of

lymphoid-biased MPP4, on the other hand, was not affected



Figure 1. pMT-10 mice overexpressing IL-10 develop anemia, splenomegaly, and increased myeloid cellularity

Normal (�) or Zn-enriched (+) water was fed to mice of the indicated genotypes for 30 days, and their blood and spleen were analyzed.

(A) Number of monocytes, platelets, reticulocytes, immature platelet fraction, and hemoglobin concentration in the blood.

(B) Spleen weight and total cellularity.

(C) Representative images of spleen appearance (top panels; scale bar: 1cm) and histology (H&E) (bottom panels; 1003 magnification; scale bar, 200 mm).

(D) Numbers of splenic granulocytes (CD11b+ Gr1+), B cells (CD19+), and T cells (CD3+). Each bar represents the mean ± SD for 3–7 mice, in one of at least two

independent experiments. Each dot represents a single mouse. Data were analyzed with Student’s t test (A) or one-way ANOVA (B and D). ns, not significant.
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(Figure S3D). Furthermore, within the LSK population, no

changes were observed in the number of CD150+ CD48� long-

term hematopoietic stem cells (LT-HSCs) (Boyer et al., 2011;

Oguro et al., 2013; Figure 2D; Figures S3E and S3F), whereas

the total number of the CD150+ CD48+ (MPP2) and CD150�

CD48+ (MPP3) subsets was increased in induced mice (Fig-

ure 2D; Figure S3E).

Inflammatory signals may induce upregulation of Sca-1

expression on myeloid precursor populations, possibly leading
to the under-estimation of the degree of GMP expansion, as

some LK cells with upregulated Sca-1 would be included in the

LSK gate (Pietras et al., 2014, 2015). We therefore analyzed

the LSK compartment for the expression of endothelial-cell-se-

lective adhesion molecule (ESAM), which identifies LT-HSCs

(Sudo et al., 2012). Although the percentage of ESAM� cells

increased in all subpopulations of induced mice, suggesting

that some LK cells were included in the LSK gate, most (80%–

85%) CD150+CD48�LSKs were ESAM+ (Figure S3E).
Cell Reports 37, 109887, October 26, 2021 3
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Consequently, the number of bona fide LT-HSCs was the same

before or after induction (Figure S3F).

Extramedullary myelopoiesis in IL-10-induced mice
Wenext examined the spleen of induced or control pMT-10mice

for signs of extramedullary myelopoiesis. A prominent popula-

tion of splenic GMPs was observed in induced pMT-10 mice

(Figure 2E), which expressed high levels of cEBPa and low levels

of EpoR, similarly to BM GMPs (Figure 2F). The identity of this

GMP population was further attested by their ability to differen-

tiate into mature myeloid cells when cultured in vitro (Figure 2G;

Table S1). We therefore concluded that EM caused by IL-10 is

accompanied by splenic myelopoiesis.

Kinetic analysis of IL-10-induced EM revealed that the expan-

sion of BM LSKs and GMPs is noticeable as early as day 7 after

Zn administration (Figure S3G). This result was also true for

splenic LSKs, but the expansion of splenic GMPs in induced

pMT-10 mice was only significant by day 15 of induction (Fig-

ure S3G). Increased mature myeloid cells in the BM (Figure S3H)

and circulating granulocytes (Figures S3I and S3J) were evident

as early as day 15 post-IL-10 induction.

Hydrodynamic administration of an IL-10-encoding
plasmid (pIL-10) causes EM in WT mice
Because the effect of IL-10 on myelopoiesis can be detected

early after IL-10 induction, we investigated whether EM could

also be observed in a non-transgenic system, in which a tran-

sient high concentration of IL-10 is achieved by hydrodynamic

delivery of an pIL-10 to BL/6 mice (Li et al., 2017). In this sys-

tem, a plasmid directing expression of a cytokine is adminis-

tered intravenously in a large volume of PBS, leading to

short-lived production of high levels of the cytokine (Li et al.,

2017). The serum concentration of the cytokine typically peaks

on day 1 and then rapidly decays to subnanomolar concentra-

tions by day 7 (Li et al., 2017; Ortaldo et al., 2005; Sato et al.,

2006).

On day 4 post-delivery, BL/6 mice injected with pIL-10 had

high levels of IL-10 in their sera (10–40 ng/ml; Figure 3A) and

showed an increase in the BM GMP population, as compared

to mice injected with PBS or with an empty plasmid (Figure 3B).

Administration of the plasmid to pMT-10.IL-10Ra�/� did not in-

crease the BM GMP frequency (Figure 3C) in spite of the high

levels of IL-10 in their sera (Figure 3A), demonstrating that the

effect is IL-10 receptor signaling specific. By 7 days post-admin-

istration, mice overexpressing IL-10 displayed marked spleno-
Figure 2. IL-10 drives BM and extramedullary myeloexpansion

Normal (�) or Zn-enriched (+) water was fed to pMT-10 mice for 30 days.

(A–E) On day 30, BM (A–D) and (E) spleen cell suspensions were stained formature

of BM granulocytes, B lineage, and T cells. (B) Representative plots and freque

compartments. Numbers of CMP (Lin�IL-7Ra�c-Kit+Sca-1�FcgRloCD34+), GM

1�FcgR�CD34lo) populations (C) and LSK cells: LT-HSC (Lin�IL-7Ra�c-Kit+Sca-1
(Lin�IL-7Ra�c-Kit+Sca-1+CD150�CD48+) (C).
(E) Representative FACS plots and numbers of splenic GMP at day 30 of IL-10 in

(F) Transcriptional analysis of FACS-sorted GMPs for the expression of c/EBPa

(G) Top panels: representative images of colonies obtained fromBMor splenic GM

100 mm); bottom panels: May-Gr€unwald staining of the cells in the culture (2003; s

at least 2 independent experiments. Each dot represents a single mouse. Data we

mice pooled, and the scale represents arbitrary units.
megaly with increased cellularity (Figure 3D) and a prominent

population of GMPs in this organ (Figure 3E).

As expected, no IL-10 was detected in the absence of the

plasmid or in mice that received a control empty plasmid (Fig-

ure 3A), and also no expansion of GMP was observed in either

group (Figures 3B and 3C). This result confirms that PBS and

empty plasmid can be used as experimental controls for the hy-

drodynamic delivery of a cytokine-encoding plasmids, as previ-

ously reported (Li et al., 2017).

We concluded that the rapid induction of IL-10 (to levels above

10 ng/ml in the serum) causes EM also in WT mice, consistent

with our observations in the pMT-10 transgenic system.

Induction of EM by IL-10
All progenitor populations, namely, LSKs, CMPs, and GMPs, ex-

pressed similar levels of both chains of the IL-10R in control and

inducedmice (Figure S4A). To investigate whether IL-10 induced

EM by directly signaling on hematopoietic progenitors, we re-

constituted pMT-10.IL-10Ra�/� recipients with a 1:1 ratio of IL-

10Ra+/+ (BL/6 Ly 5.1) and IL-10Ra�/� (Ly 5.2) BM precursors.

Induction of IL-10 expression in these mixed chimeras caused

EM, as attested by the expansion of BM GMPs and LSKs (Fig-

ure 4A), but the 1:1 ratio between the IL-10Ra+/+ and the IL-

10Ra�/� genotypes was maintained (Figure 4B). Thus, IL-10

signaling on hematopoietic progenitors is not strictly required

for the expansion of GMPs and EM development. Consequently,

although direct signaling by IL-10 may play a role in EM, other

factors, produced in response to IL-10 induction, are likely to

be involved in mediating the myelopoietic phenotype observed.

IL-10 driven myeloexpansion requires IFN-g expression
Because the expanded population of CD34+FcgR+ LSKs repre-

sents bona fide GMPs (Figures 2F and 2G; Table S1), we hypoth-

esized that IL-10 induction led to enhanced differentiation of

GMPs from earlier progenitors. We therefore reasoned that an

analysis of the populations upstream of GMPs would provide

important information about the mechanism underlying IL-10-

induced EM. Thus, we compared the transcriptome of progenitor

populations from pMT-10 or BL/6 control mice fed with Zn

(Figure S4B).

Global transcriptome analysis of CMPs showed that 308

genes were differentially expressed in induced pMT-10 mice

as compared to BL/6 (179 genes upregulated [logFC > 2 and p

value < 0.05] and 129 genes downregulated [logFC < 2 and p

value < 0.05]) (Figure 4C). Gene set enrichment analysis
or hematopoietic progenitor subsets. (A) Representative plots and frequencies

ncy of BM LK (Lin� IL-7Ra�cKit+Sca-1�) and LSK (Lin� IL-7Ra�cKit+Sca-1+)
P (Lin�IL-7Ra�c-Kit+Sca-1�FcgR+CD34hi), and MEP (Lin�IL-7Ra�c-Kit+Sca-
+CD150+CD48�), MPP2 (Lin�IL-7Ra�c-Kit+Sca-1+CD150+CD48+), and MPP3

duction.

and EpoR, normalized for the expression of HPRT.

Ps sorted from the BM and differentiated for 6 days in culture (1003; scale bar,

cale bar, 100 mm). Each bar (A–E) represents themean ±SD for 4–10mice, from

re analyzed with Student’s t test. In (F), each bar represents samples from 3–6

Cell Reports 37, 109887, October 26, 2021 5



Figure 3. The IL-10-driven myelopoiesis is phenocopied by hydrodynamic delivery of an IL-10-encoding plasmid
An IL-10-expressing plasmid (pIL-10) was injected into BL/6 or pMT-10.IL-10Ra�/� mice, diluted in PBS. As a control, vehicle (PBS) alone or an empty plasmid

(Ep) was used.

(A) Four and 7 days post-injection, IL-10 levels were assessed in the serum.

(B and C) B progenitor subsets were analyzed as before, at day 4 post injection.

(D) Spleen weight and total number of leukocytes were assessed at day 7.

(E) Representative plots and frequencies of splenic GMPs at day 7 post pIL-10 administration. Each bar represents the mean ± SD, for 3–8 mice from 2 ex-

periments. Each dot represents a single mouse. Data were analyzed with one-way ANOVA (B and C) and Student’s t test (D and E). ns, not significant.
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(GSEA) of these genes was performedwithmouse hallmark gene

sets (Liberzon et al., 2015; Subramanian et al., 2005). Of the 50

gene sets tested, 9 were found to be significantly upregulated

in CMPs from pMT-10 mice versus CMPs from BL/6 mice

(Figure 4D). The highest scoring gene set, with a normalized

enrichment score (NES) of 2.70, was the IFN-g response

pathway (Figure 4D), and an analysis of the top 30 of the 308

differentially expressed genes revealed an IFN-g-dominated

transcriptional signature (Figure 4E). Indeed, 22 of these 30

genes were part of the list of IFN-g regulated genes (IRGs)

from the Interferome database (Rusinova et al., 2013), of which

8 were also included in an IFN-g-dominated disease module

recently published (Singhania et al., 2019) (Figure 4E). This

signature was also evident when all 308 altered genes are

considered because 110 of them were IRGs (Figure S4C). This

IFN-g-dominated transcriptional signature was already detect-

able in LT-HSC and MPP2 subsets from induced pMT-10 mice

(Figure S4D). Of note, CMPs and GMPs expressed both chains

of the IFN-gR (Figure S4E).

Given the pronounced IFN-g signature described above, the

role of IFN-g in some models of EM (Baldridge et al., 2010; Be-

lyaev et al., 2010; de Bruin et al., 2012; Kaufmann et al., 2018;

Sch€urch et al., 2014), and previous observations that suggested

that IL-10 can induce expression of IFN-g in in vivomodels (Em-

merich et al., 2012a, 2012b; Mumm et al., 2011; Naing et al.,

2016, 2018; Tilg et al., 2002a), we considered IFN-g as the stron-

gest candidate to mediate the IL-10-induced EM. Other candi-
6 Cell Reports 37, 109887, October 26, 2021
dates included IFN-a, whose pathway overlaps extensively

with that of IFN-g (153 of 187 genes are common to both path-

ways) but can inhibit myelopoiesis (Khan et al., 2020; Smith

et al., 2018), and other inflammatory cytokines such as IL-6

and TNF-a, which had a much lower NES. Thus, we first investi-

gated the contribution of IFN-g to IL-10-driven myeloexpansion.

As shown in Figures 4F–4H, pMT-10.IFN-g�/� mice did not

develop splenomegaly (Figure 4F), expansion of splenic granulo-

cytes (Figure 4G), or expansion of GMP in the BM (Figure 4H)

30 days after induction of IL-10 expression.

Collectively, the above findings indicate that IFN-g mediates

IL-10-induced myeloexpansion, although they do not exclude

that other inflammatory mediators, which on their own could

not sustain EM, may also contribute to IL-10 induced

myeloexpansion.

Despite the clear IFN-g dominated transcriptomic signature

and its key role in EM, the serum levels of this cytokine in

induced mice were below detection throughout the duration

of the experiment (Figure S4F), suggesting a localized action

in the BM. We also did not detect IFN-a, IL-1b, transforming

growth factor a (TNF-a), macrophage colony-stimulating factor

(M-CSF), or granulocyte-macrophage colony-stimulating factor

(GM-CSF), but low levels of G-CSF were found in both induced

and control animals (Figure S4F). Low levels of IL-6 were also

detected in induced mice, possibly because of the increased

number of monocytes/macrophages that resulted from EM

(Figure S4F).



Figure 4. CMPs isolated from mice overexpressing IL-10 show an IFN-g transcriptional signature and IFN-g is required for myeloexpansion
pMT-10.IL-10Ra�/� recipients were reconstituted with a 1:1 ratio of control (Ly5.1) and IL-10Ra�/� (Ly5.2) precursors (43 106 total T-depleted BM donor cells).

Five weeks after reconstitution, Zn-enriched water was administered to the animals for 2 weeks.

(A) Percentage of LSKs, CMP, and GMPs in the BM of the reconstituted mice.

(B) Chimerism within the LSK, CMP, and GMP compartments.

(C) Volcano plot depicting the gene expression differences of pMT-10 CMPs when compared to BL/6 CMPs.

(D) The nine mouse hallmark gene sets significantly (padj < 0.05) enriched in CMPs from pMT-10+Zn mice versus CMPs from BL/6+Zn mice, as determined by

GSEA. Individual enrichment plots of the nine significant gene sets from theGSEA analysis are shown in the table below. NES, normalized enrichment score; pval,

enrichment p value; padj, Benjamini-Hochberg-adjusted p value.

(E) Heatmap of the top 30 differentially expressed genes in BMCMPs of pMT-10 or BL/6mice induced with Zn. Genes associated with IFN g signaling are marked

with either * (Interferome database) or y (an IFN-g related module; see Singhania et al., 2019). Z scores are color coded as shown in the scale at the bottom.

(F–H) Total number of splenocytes (F), number of splenic granulocytes (G), and frequency of BMGMPs (H) determined for the indicated groups, before (�) or after

(+) 30 days of induction. Bars represent the mean ± SD for 3–6 mice, from 2 independent experiments. Each dot represents a single mouse. Data were analyzed

with one-way ANOVA. ns, not significant.
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T cells are key players in IL-10-driven EM
To search for the cellular source of IFN-g, we induced IL-10

expression in pMT-10.Rag.gc�/� mice. These mice showed no

signs of EM and had normal representation of splenic GMPs

andmature granulocytes (Figure S5A), indicating that a lymphoid

population is required for IL-10-mediated EM. Induced pMT-

10.Rag�/� mice also failed to show an expansion of splenic

GMPs or granulocytes (Figure S5B), indicating that natural killer

(NK) cells and innate lymphoid cells (ILCs) alone are not able to

drive the phenotype. In contrast, pMT-10.mMT�/� showed an

expansion of BM GMPs (Figure S5C), demonstrating that B cells

are not necessary. We then investigated the contribution of

T cells. Induced pMT-10.CD3�/� mice did not develop EM and

did not show an expansion of BM or splenic GMPs or of periph-

eral granulocytes (Figure 5A).

Because T cells and IFN-g were both required for IL-10-

induced EM and because T cells are major producers of IFN-g,

we analyzed which T cell subsets expressed IFN-g in vivo, after

IL-10 induction. A substantial increase in the frequency of BM

CD4, CD8, and gd T cells producing IFN-g upon in vitro restimu-

lation with PMA/ionomycin was observed in induced pMT-10

mice (Figure 5B). In addition, all ex vivo purified CD4, CD8, and

gd BM T cell populations showed more than 100-fold upregu-

lated transcription of the Ifng gene (Figure 5C). Of note, the fre-

quency of non-T cells (which includeNK cells and ILCs) secreting

IFN-g in the BM, although slightly increased in induced mice, is

very low, and over 95% of IFN-g+ cells are also CD3+ (Fig-

ure S5D). Taken together, these results highlighted T cells as

the major cellular source of IFN-g during IL-10-induced EM.

To determine if a particular T cell population played a more

important role, we induced IL-10 expression in pMT-10.TCRd�/�

mice (which only have ab T cells) and in pMT-10.CD3�/� mice re-

constituted with TCRa�/� BM progenitors (which only have gd

T cells). Both groups ofmice showed the characteristic expansion

of BM GMPs seen in IL-10-expressing pMT-10 mice (Figures 5D

and 5E). Therefore, we concluded that both ab and gd T cells can

be the source of the IFN-g required for IL-10-induced EM.

We studied the phenotype of BM CD4 and CD8 T cells during

IL-10 induction with a detailed analysis of the expression of sur-

face markers. The analysis was restricted to CD4 and CD8

T cells, in view of the paucity of Tgd cells in the BM. Dimension-

ality reduction analysis (Becht et al., 2018) showed that the

effector compartments of CD4 and CD8 T cells were expanded

in the BM of induced pMT-10 mice undergoing EM, whereas

the percentage of naive T cells was reduced (Figure 5F; Fig-

ure S6A). A more detailed analysis showed an increased expres-
Figure 5. T cells are required for IL-10-driven myeloexpansion

(A) Frequencies of BM and spleen GMP and number of splenic granulocytes of no

(B) Percentages of IFN-g-producing CD4, CD8, or TCRgd cells in the BM of the

(C) Expression of the Ifng gene in sorted BM CD4, CD8, or TCRgd T cell subsets f

normalized to that of HPRT, and the result is presented as arbitrary units.

(D) Percentage of GMP in the BM of pMT-10.TCRd�/� before (�) or after (+) 30 d

(E) Frequency of GMP in the BM of the indicated chimeric mice, after 5 weeks o

(F) Uniform manifold approximation and projection (UMAP) analysis of flow cyto

CD62L�), memory (CD44+ CD62L+), or naive (CD44� CD62L+) CD4 or CD8 T cel

(G) CD38, PD-1, and KLRG1 intensity in BM T cells from control versus induced pM

mice, from one (D and E) or two (A–C) independent experiments, and each dot rep

or Student’s t test (C and D).
sion of CD38 and PD-1 in both CD4 and CD8 T cells (Figure 5G),

indicating a high level of activation.

Mechanism of IFN-g induction in T cells
To investigate in more detail the functional changes in the T cell

compartment during IL-10 induction, we performed targeted

RNA sequencing (RNA-seq) in fluorescence-activated cell sorting

(FACS)-purified BM T cells from induced pMT-10 mice. Upon IL-

10 induction, 267 and 187 genes were significantly upregulated

(logFC > 2 and p < 0.05) and 301 and 15 were significantly down-

regulated (logFC<2andp<0.05), inCD4andCD8Tcells, respec-

tively (Figure 6A). Thus, IL-10 exposure in vivo led to a transcrip-

tional reprograming that is more pronounced for CD4 T cells

than for CD8 T cells. Such reprograming was not observed in

the absence of Zn or in BL/6 mice fed with Zn (Figure 6B). Among

the top 50 differentially expressed genes in CD4 and CD8 T cells,

we found, as expected, IFN-g, but also genes encoding several in-

flammatory chemokines, such as CCL3 (MIP1a), CCL4 (MIP1b),

and CCL5 (RANTES); cytotoxic molecules, as Perforin 1, Gran-

zyme B, and Granzyme K; and activation markers, as CD38 and

Ly6a (Figure 6B). Several of these genes are known to be upregu-

lated by IFN-g (annotated with * in Figure 6B), suggesting that the

BM CD4 and CD8 T cells not only secreted this cytokine but also

responded to it. In line with this finding, we detected the expres-

sion of the IfngR1 and IfngR2 genes in both CD4 and CD8

T cells, although upon IL-10 induction, CD4 T cells downregulated

the expression of these genes (Figure S6B), as described (Bach

et al., 1995).

Among the top 50 genes upregulated in BM CD4 T cells was

Eomesodermin (Eomes) (Figure 6B), a transcription factor mainly

associated with IFN-g expression in CD8 T cells (Istaces et al.,

2019; Pearce et al., 2003; Yang et al., 2008). In contrast, Tbx21

(Tbet), a transcription factor known to control IFN-g expression

in CD4 T cells (Cano-Gamez et al., 2020; Kaech and Cui, 2012;

Szabo et al., 2000; Yang et al., 2008), was not differentially ex-

pressed, neither in CD4 nor in CD8 T cells. This result was

confirmed by qPCR in FACS-purified BM CD4 and CD8 T cells

(Figure S6C). Furthermore, combined intracellular staining

showed that IFN-g-producing CD4 and CD8 T cells were

Eomes+ (Figure 6C), but none of these subsets showed signifi-

cant staining for Tbet (Figure 6D). These observations suggest

that IFN-g expression by CD4 and CD8 T cells in response to

IL-10 in vivo is regulated by Eomes.

Collectively, our findings support the conclusion that the tran-

scriptional and functional reprograming of CD4 and CD8 T cells

that occurred after IL-10 induction are comparable to those seen
n-induced (�) or induced (+) pMT-10 and pMT-10.CD3�/� after 15 days of Zn.

indicated mice.

rom non-induced (�) or induced (+) pMT-10 mice. The level of expression was

ays of induction of IL-10.

f reconstitution and 2 weeks of induction.

metry data overlaying different immune populations, namely, effector (CD44+

ls, as identified with manual gating (Figure S6A).

T-10 mice. In (A)–(E), each bar represents the mean ± SD for 3–8 independent

resents a single mouse. Data were analyzed with one-way ANOVA (A, B, and E)
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Figure 6. In vivo IL-10 exposure reprograms CD4 and CD8 T cells

(A) Volcano plots depicting gene expression differences between BM CD4 and CD8 T cells from pMT-10 fed with normal or Zn-enriched water.

(B) Heatmap showing the top 50 differentially expressed genes in BM CD4 and CD8 T cells, when comparing induced (pMT-10+Zn) with control (BL/6+Zn and

pMT-10-Zn) mice.

(C) Eomes-positive IFN-g-producing CD4 and CD8 cells.

(D) Tbet-positive IFN-g-producing CD4 and CD8 cells.

(E) Representative FACS plots and frequencies of CD3+ and CD19+ cells in the spleen and BM of the indicated chimeric mice after 5 weeks of reconstitution and

2 weeks of induction.

(F) Percentage of GMPs in the BM and spleen of the reconstitutedmice shown in (E) Bars represent the mean ± SD, for 2–7 mice from 1 experiment (C and D) or 2

experiments (E and F). Each dot represents a single mouse. Data were analyzed with Student’s t test (C and D) or one-way ANOVA (F).
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under strong inflammatory conditions (Kaech and Cui, 2012;

Takeuchi and Saito, 2017).

BothCD4 andCD8T cells expressed Il10ra and b (Figure S6D);

therefore, we studied whether the CD4 and CD8 reprograming

observed upon IL-10 induction would be caused by a direct ac-

tion of IL-10 in T cells, as previously observed in a tumor model

(Emmerich et al., 2012b). By reconstituting lethally irradiated

pMT-10.IL-10Ra�/� mice with Raggc�/� BM, virtually all he-

matopoietic cells in the chimeras derive from the donor HSC

inoculum (i.e., they are Raggc�/�), with the exception of a popu-

lation of recipient-derived T cells that survive the irradiation and

expand (Komatsu and Hori, 2007; Mercier et al., 2016). As shown

in Figure 6E, these chimeric mice retained a prominent popula-

tion of splenic and BM T cells, of circa 15% and 4% respectively,

which are IL-10Ra deficient, because they are recipient derived.

In contrast, CD19+ cells are virtually absent from both spleen and

BM of the reconstituted mice because they cannot be generated

fromRaggc�/� precursors (Figure 6E). Induction of IL-10 in these

mice caused EM, as shown by the expansion of both BM and

splenic GMPs, similarly to what is observed in pMT-10.IL-

10Ra�/� reconstituted with WT BL/6 precursors (Figure 6F). As

expected, (see above Figures 1B–1D), when IL-10Ra�/� HSCs

are used to reconstitute pMT-10.IL-10Ra�/�mice, no expansion

of GMPs is observed (Figure 6F).

Therefore, we concluded that direct IL-10 signaling on T cells

is not necessary to induce IFN-g production, although direct

mechanisms may also operate, as has been suggested (Emmer-

ich et al., 2012a; Mumm et al., 2011; Naing et al., 2016, 2018).

IL-10 induces myeloexpansion and IFN-g-producing
T cells in mice with a humanized immune system
Given that our findings provide an explanation for some of the

secondary effects associated with the administration of thera-

peutic doses of IL-10 to humans (Huhn et al., 1996, 1997,

1999), we next sought to investigate the effect of IL-10 elevation

on the human immune system by using HIS mice (Li et al., 2017;

Figure S7) hydrodynamically injected with a plasmid encoding

HpIL-10. Similar to what was seen in themousemodel (Figure 3),

HISmice administered with HpIL-10 showed splenomegaly (Fig-

ure 7A), with the expansion of myeloid cells (Figure 7B) and of

GMPs in the spleen (Figure 7C). The paucity of BM T cells in

HIS mice precluded the analysis of IFN-g in this compartment;

however, a higher frequency of both CD4 and CD8 IFN-g-pro-

ducing T cells in the spleen was observed (Figure 7D). Taken

together, these results establish that both in murine and human

hematopoiesis, elevated IL-10 production, to levels comparable

to those obtained during therapeutic administration, induce EM

dependence on IFN-g, which is mostly produced by T cells.

DISCUSSION

IL-10, a potent anti-inflammatory cytokine expressed by most

immune cells, inhibits macrophage and DC function and limits

the production of IFN-g by T helper 1 (Th1) effector cells

in vitro (Moore et al., 2001; Ouyang and O’Garra, 2019; Saraiva

et al., 2020). Nevertheless, CD4+ T cells differentiated under con-

ditions of strong T cell receptor (TCR) stimulation in the presence

of IL-12 produce both IFN-g and IL-10, thus ensuring a negative
feedback loop to avoid excessive inflammation and limit immu-

nopathology (O’Garra and Vieira, 2007; Saraiva et al., 2009).

Consistent with this view, disruption of the IL-10/IL-10R axis in

both mice and humans is associated with exacerbated inflam-

mation (Moore et al., 2001). Therefore, the therapeutic use of

IL-10 has been tested in the context of several inflammatory dis-

orders, although with limited success so far (Huhn et al., 1996,

1997, 1999; Naing et al., 2016; Tilg et al., 2002b).

In this work, we reveal an unexpected effect of IL-10 in vivo as

a trigger of EM. We use two different models, which mimic the

depot effects of therapeutically administered pegylated IL-10

and avoid the stress resulting from repeated injections. We

show that elevated levels of IL-10 drive the expansion of LSKs

and GMPs in the BM and spleen and promote the differentiation

of myeloid cells at the expense of other lineages. In conse-

quence, IL-10-induced animals accumulate monocytes and

granulocytes in the periphery and have a reduced number of

platelets and hemoglobin concentration in the blood. Moreover,

an increased number of reticulocytes and reticulated platelets is

observed in the peripheral blood of induced pMT-10 mice. This

result could suggest an increased sequestration of platelets

and red blood cells in the spleen or clearance at the periphery.

The overall phenotype, which reflects the alterations reported

in humans receiving therapeutic doses of this cytokine (Emmer-

ich et al., 2012b; Huhn et al., 1996, 1997, 1999; Mumm et al.,

2011), is also observed upon hydrodynamic delivery of IL-10 to

WT mice or to mice carrying a humanized hematopoietic system

(HIS mice). Of note, the enhanced myelopoiesis is rapidly

reversed once IL-10 levels return to normal, as is also the case

of the hematologic alterations detected in humans receiving IL-

10 (Huhn et al., 1996, 1997, 1999).

Other mouse models expressing IL-10 constitutively, under

the control of the major histocompatibility complex class II

(MHC class II) promoter (Groux et al., 1999) or the macro-

phage-specific CD68 promoter (Lang et al., 2002), have been

described, but no alterations in myeloid populations were re-

ported. However, the concentration of IL-10 in the serum of

these mice was only in the subnanomolar range (Groux et al.,

1999; Lang et al., 2002), suggesting that either constitutive low

levels of IL-10 are insufficient to enhancemyeloid cell production

or only rapid increases in circulating IL-10 trigger EM. It is impor-

tant to note, at any rate, the specificity of our systems because

EM required IL-10 signaling and was absent in IL-10Ra-deficient

animals.

We show that IL-10-driven EM was dependent on T cells and

on IFN-g, of which most was produced by T lymphocytes in the

BM. IFN-g-induced EM is consistent with the known effect of this

cytokine in other infection models (Belyaev et al., 2010, 2013; de

Bruin et al., 2012; Kaufmann et al., 2018). However, the finding

that IL-10 led to T cell production of IFN-g is surprising, in view

of the ability of IL-10 to inhibit IFN-g secretion by T cells

in vitro, which was the basis for the cloning of this cytokine (Fior-

entino et al., 1989; Moore et al., 1990; Vieira et al., 1991), and the

multiple reports that abrogation of IL-10 signaling during infec-

tion results in increased IFN-g (Moore et al., 2001). Such a para-

doxical effect of IL-10 in vivo has been noted in Crohn’s disease

patients (Tilg et al., 2002b) and in murine tumor models (Naing

et al., 2018), in which IL-10 was found to induce elevated
Cell Reports 37, 109887, October 26, 2021 11



Figure 7. The IL-10-driven myelopoiesis is phenocopied in HIS mice

A human IL-10-expressing plasmid (HpIL-10) diluted in PBSwas injected into NODPrkdcscid IL2Rgc�/� (NCG)mice reconstituted with human hematopoietic cells

(HISs). Vehicle control was PBS alone.

(A) Spleen weight and total number of leukocytes determined at day 7 post injection.

(B) Percentage of human myeloid splenocytes (CD11b+) was determined for PBS- and HpIL-10-injected animals.

(C) Representative plots and frequencies of splenic human GMPs (hCD45+ hCD34+ hCD10� hCD123int hCD45R+) at day 7 after pIL-10 administration.

(D) Spleen cells from control (PBS) or induced (pIL-10) HIS mice were restimulated ex vivowith PMA/ionomycin in the presence of brefeldin A. The percentage of

CD4 and CD8 T IFN-g-producing cells was assessed by flow cytometry 4 h post-stimulation. Each bar represents themean ±SD, for 4–5mice from 1 experiment.

Each dot represents a single mouse. Data were analyzed with Student’s t test.
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IFN-g production by infiltrating tumor-specific CD8+ T cells (Em-

merich et al., 2012a, 2012b; Mumm et al., 2011; Naing et al.,

2016, 2018). We found that IL-10 enhanced local IFN-g produc-

tion by both ab and gd T cells. Moreover, induction of IL-10 led to

a transcriptional and functional reprograming of both CD4 and

CD8 T cells, which is compatible with that seen under strong in-

flammatory conditions (Kaech and Cui, 2012; Takeuchi and

Saito, 2017). The IFN-g-producing CD4 T cells are not polarized

Th1 cells because they show upregulated Eomes, but not Tbx21,

expression as normally observed (Cano-Gamez et al., 2020).

This result is compatible with the observation that myelopoiesis

(and by implication also IFN-g expression) rapidly returns to

normal once IL-10 induction is stopped. Upregulation of IFN-g

in the T cells involves indirect mechanisms because IL-

10Ra�/� T cells are also able tomediate EMafter IL-10 induction.

Because EM still occurs in chimeras where only the myeloid

compartment expresses the IL-10R, IFN-g expression in

T cells must be secondary to the activity of IL-10 on a myeloid

population. This conclusion does not however contradict that

other, direct mechanisms may also operate, as seen for CD8

T cells in a tumor model (Emmerich et al., 2012a; Mumm et al.,

2011; Naing et al., 2018). Most importantly, we also show that

IL-10 induces IFN-g production by T cells, and EM, in the human
12 Cell Reports 37, 109887, October 26, 2021
hematopoietic system. Therefore, regardless of the mechanism

whereby IL-10 induces IFN-g production, our results explain

the hematologic observations reported in patients receiving IL-

10 therapeutically (Huhn et al., 1996, 1997, 1999). Finally, we

show that the presence of either ab and gd T cell subsets was

sufficient to promote EM in IL-10-expressing mice.

The finding that IL-10 triggers EM adds to the expanding

complex network of cells and molecules affecting the hemato-

poietic niche (Boettcher and Manz, 2017; Gomes et al., 2020).

Our findings underscore the need for further studies on the role

of IL-10 in the hematopoietic alterations often seen in infection

and autoimmunity. For example, both elevated levels of IL-10

(Park et al., 1998) and hematopoietic alterations, including ane-

mia, thrombocytopenia, and lymphopenia, have been reported

in Lupus patients (Budman and Steinberg, 1977). Neutropenia

is frequently found, although some patients can also develop

leukocytosis and neutrophilia (Velo-Garcı́a et al., 2016). It is

not surprising that such a complex disease as Lupus can pre-

sent a diverse array of clinical manifestations, but notably, in a

mouse model of Lupus, elevated serum IL-10, expansion of the

LSK and GMP compartments, and myeloid-biased hematopoi-

esis have all been reported (Niu et al., 2013). Thus, it is

tempting to speculate that IL-10 activity may have a role,
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unappreciated so far, in some hematological manifestations

found in Lupus. Finally, our study is directly relevant for the

design of IL-10-based therapies and suggests that short-term

IL-10 administration might be a useful strategy for promoting

myeloid recovery after iatrogenic stress. Because IL-10 acts

through a different route than the commonly used CSFs, it

may provide alternative ways to overcome some described

deleterious side effects and thus improve the available clinical

strategies for myeloid recovery.

Limitations of the study
Although our study provides an explanation for the hematolog-

ical alterations observed in humans receiving IL-10 therapeu-

tically, some questions remain that call for further research.

The mechanism by which IL-10 induces IFN-g production by

T cells in vivo and its relevance to disease models require

further investigation; also, because the observed phenotype

is initiated at the LSK level, performing single-cell RNA-seq

of the LSK and LK populations may shed light on the tran-

scriptional changes occurring in earlier progenitors; and

finally, we cannot exclude that epigenomic changes induced

in HSC/LSK populations by IL-10 exposure may affect their

function. This issue could be addressed by performing HSC

transplantation experiments.
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Antibodies

PE anti-mouse/human B220 (clone RA3-6B2) Biolegend Cat# 103208; RRID:AB_312993

Biotin anti-mouse/human B220 (clone RA3-6B2) Biolegend Cat# 103204; RRID:AB_312989

Biotin anti-mouse/human B220 (clone RA3-6B2) Sony 1116020

APC anti-mouse CCR7 (clone 4B12) Biolegend Cat# 120108; RRID:AB_389234

FITC anti-human CD10 (clone HI10a) Biolegend Cat# 312208; RRID:AB_314919

APC/Cyanine7 anti-mouse CD117 (clone 2B8) Biolegend Cat# 105826; RRID:AB_1626278

human CD11b (clone ICFR44) BD Cat# 562399; RRID:AB_2737613

Biotin anti-mouse/human CD11b (clone M1/70) Biolegend Cat# 101204; RRID:AB_312787

FITC anti-mouse/human CD11b (clone M1/70) Biolegend Cat# 101206; RRID:AB_312789

PerCP/Cyanine5.5 anti-mouse/human

CD11b (clone M1/70)

Biolegend Cat# 101228; RRID:AB_893232

APC/Cyanine7 anti-mouse/human CD11b (clone M1/70) Biolegend Cat# 101226; RRID:AB_830642

PE/Cyanine7 anti-mouse CD11c (clone N418) Biolegend Cat# 117318; RRID:AB_493568

Biotin anti-mouse CD11c (clone N418) Biolegend Cat# 117304; RRID:AB_313773

Biotin anti-mouse CD11c (clone N418) Sony 1186515

APC anti-human CD123 (clone 6H6) Biolegend Cat# 306012; RRID:AB_439779

PE/Cyanine7 anti-mouse CD127 (IL7Ra; clone A7R34) Biolegend Cat# 135014; RRID:AB_1937265

Biotin anti-mouse CD127 (IL7Ra; clone A7R34) Biolegend Cat# 135006; RRID:AB_2126118

PE anti-mouse CD135 (Flt3; clone A2F10) Biolegend Cat# 135306; RRID:AB_1877217

FITC anti-human CD14 (clone HCD14) Biolegend Cat# 325604; RRID:AB_830677

Brilliant Violet 711 anti-mouse

CD150 (cloneTC15-12F12.2)

Biolegend Cat# 115941; RRID:AB_2629660

Purified CD16/32 (FcBlock; (clone 24G2) BD 553141

PE anti-mouse CD16/32 (FcgR; (clone 93) Biolegend Cat# 101308; RRID:AB_312807

PerCP/Cyanine5.5 anti-mouse CD16/32 (FcgR; (clone 93) Biolegend Cat# 101324; RRID:AB_1877267

APC/Cyanine7 anti-mouse CD19 (clone 6D5) Biolegend Cat# 115530; RRID:AB_830707

Biotin anti-mouse CD19 (clone 6D5) Biolegend Cat# 115504; RRID:AB_313639

FITC anti-mouse CD19 (clone 6D5) Biolegend Cat# 115506; RRID:AB_313641

PE/Cyanine7 anti-mouse CD19 (clone 6D5) Biolegend Cat# 115520; RRID:AB_313655

PE anti-human CD19 (clone HIB19) Biolegend Cat# 302208; RRID:AB_314238

APC/Cyanine7 anti-human CD3 (clone UCHT1) Biolegend Cat# 300426; RRID:AB_830755

PerCP/Cyanine5.5 anti-human CD3 (clone UCHT1) Biolegend Cat# 300430; RRID:AB_893299

Brilliant Violet 421 anti-human CD34 (clone 581) BD Cat# 562577, RRID:AB_2687922

Alexa Fluor 647 anti-mouse CD34 (clone RAM34) BD Cat# 560233; RRID:AB_1645199

eFluor 450 anti-mouse CD34 (clone RAM34) Invitrogen Cat# 48-0341-82; RRID:AB_2043837

Brilliant Violet 650 anti-mouse CD38 (clone 90/CD38) BD 740361

FITC anti-human CD38 (clone HIT2) Biolegend Cat# 303504; RRID:AB_314356

Biotin anti-mouse CD3ε (clone 145-2C11) Biolegend Cat# 100304; RRID:AB_312669

PerCP/Cyanine5.5 anti-mouse CD3ε (clone 145-2C11) Biolegend Cat# 100328; RRID:AB_893318

Brilliant Violet 785 anti-mouse CD3ε (clone 145-2C11) Biolegend Cat# 100355; RRID:AB_2565969

Pacific Blue anti-human CD3ε (clone 500A2) BD Cat# 558214; RRID:AB_397063

Brilliant Violet 650 anti-human CD4 (clone SK3) BD 563875

APC/Cyanine7 anti-human CD4 (clone A161A1) Biolegend Cat# 357416; RRID:AB_2616810
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APC/Cyanine7 anti-mouse CD4 (clone GJ1.5) Biolegend Cat# 100414; RRID:AB_312699

Biotin anti-mouse CD4 (clone GJ1.5) Biolegend Cat# 100404; RRID:AB_312689

Brilliant Violet 785 anti-mouse CD4 (clone GJ1.5) Biolegend Cat# 100453; RRID:AB_2565843

PE/Cyanine5 anti-mouse CD44 (clone IM7) Biolegend Cat# 103010; RRID:AB_312961

PE/Cyanine7 anti-human CD45 (clone 2D1) Biolegend Cat# 368532; RRID:AB_2715892

APC/Cyanine7 anti-mouse CD45 (clone 30-F11) Biolegend Cat# 103116; RRID:AB_312981

Brilliant Violet 711 anti-mouse CD45 (clone 30F11) Biolegend Cat# 103147; RRID:AB_2564383

Brilliant Violet 605 anti-human CD45 (clone HI30) Biolegend Cat# 304042; RRID:AB_2562106

Brilliant Violet 711 anti-human CD45 (clone HI30) Biolegend Cat# 304050; RRID:AB_2563466

Brilliant Violet 510 anti-mouse CD45.1 (clone A20) Biolegend Cat# 110741; RRID:AB_2563378

FITC anti-mouse CD45.1 (clone A20) Biolegend Cat# 110706; RRID:AB_313495

PE anti-mouse CD45.1 (clone A20) Biolegend Cat# 110708; RRID:AB_313497

PE/Cyanine7 anti-mouse CD45.1 (clone A20) Biolegend Cat# 110730; RRID:AB_1134168

Brilliant Violet 650 anti-mouse CD45.2 (clone 104) Biolegend Cat# 109836; RRID:AB_2563065

Brilliant Violet 785 anti-mouse CD45.2 (clone 104) Biolegend Cat# 109839; RRID:AB_2562604

PE/Cyanine7 anti-mouse CD45.2 (clone 104) Biolegend Cat# 109830; RRID:AB_1186098

Brilliant Violet 711 anti-human CD45RA (clone HI100) Biolegend Cat# 304138; RRID:AB_2563815

APC/Fire 750 anti-mouse CD48 (clone HM48-1) Biolegend Cat# 103446; RRID:AB_2650847

APC anti-mouse CD48 (clone HM48-1) Biolegend Cat# 103412; RRID:AB_571997

APC anti-mouse CD48 (clone HM48-1) Sony 1117055

PE/Cyanine7 anti-mouse CD62L (MEL-14) Biolegend Cat# 104418; RRID:AB_313103

PE anti-mouse CD64 (clone X54-5/7.1) Biolegend Cat# 139304; RRID:AB_10612740

PE-CF594 anti-human CD8 (clone RPA-T8) BD 562282

Biotin anti-mouse CD8a (clone 53-6.7) Biolegend Cat# 100704; RRID:AB_312743

FITC anti-mouse CD8a (clone 53-6.7) Biolegend Cat# 100706; RRID:AB_312745

Brilliant Violet 421 anti-mouse CD8a (clone 53-6.7) Biolegend Cat# 100753; RRID:AB_2562558

Brilliant Violet 650 anti-mouse CD8a (clone 53-6.7) Biolegend Cat# 100742; RRID:AB_2563056

PE/Cyanine7 anti-mouse CD8a (clone 53-6.7) Biolegend Cat# 100722; RRID:AB_312761

Biotin anti-mouse CD8a (clone 53-6.7) Sony 1103515

Brilliant Violet 605 anti-mouse CXCR3 (clone CXCR3-173) Biolegend Cat# 126523; RRID:AB_2561353

APC anti-mouse ESAM (clone 1G8/ESAM) Biolegend Cat# 136207; RRID:AB_2101658

Biotin anti-mouse Gr1 (clone RB6-8C5) Biolegend Cat# 108404; RRID:AB_313369

APC anti-mouse Gr1 (clone RB6-8C5) Biolegend Cat# 108412; RRID:AB_313377

FITC anti-mouse Gr1 (clone RB6-8C5) Biolegend Cat# 108406, RRID:AB_313371

PerCP/Cyanine5.5 anti-mouse Gr1 (clone RB6-8C5) Biolegend Cat# 108428; RRID:AB_893558

Biotin anti-mouse Gr1 (clone RB6-8C5) Sony 1142015

PE anti-mouse IFN-g (clone XMG1.2) Biolegend Cat# 505808; RRID:AB_315402

FITC anti-mouse IFN-g (clone XMG1.2) Biolegend Cat# 505806; RRID:AB_315400

PerCP/Cyanine5.5 anti-human IFNg (clone 4S.B3) Biolegend Cat# 502526; RRID:AB_961355

Brilliant Violet 711 anti-mouse KLRG-1(clone 2F1) BD 564014

Pacific Blue anti-mouse Ly6C (clone HK1.4) Biolegend Cat# 128014; RRID:AB_1732079

PerCP/Cyanine5.5 anti-mouse Ly6G (clone 1A8) Biolegend Cat# 127616; RRID:AB_1877271

Biotin anti-mouse NK1.1 (clone PK136) Biolegend Cat# 108704; RRID:AB_313391

Brilliant Violet 421 anti-mouse NK1.1 (clone PK136) Biolegend Cat# 108741, RRID:AB_2562561

Brilliant Violet 785 anti-mouse NK1.1 (clone PK136) Biolegend Cat# 108749; RRID:AB_2564304

Biotin anti-mouse NK1.1 (clone PK136) Sony 1143515

Pacific Blue anti-mouse PD1 (clone EH12.2H7) Biolegend Cat# 329916; RRID:AB_2283437

FITC anti-mouse Sca1 (clone D7) Biolegend Cat# 108106; RRID:AB_313343
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Brilliant Violet 605 anti-mouse Sca1 (clone D7) Biolegend Cat# 108133, RRID:AB_2562275

FITC anti-mouse Sca1 (clone E13-161.7) Biolegend Cat# 122505; RRID:AB_756190

APC anti-mouse Siglec-F (clone S170007L) Biolegend Cat# 155508; RRID:AB_2750237

PE/Cyanine7 Streptavidin Biolegend 405206

Brilliant Violet 785 Streptavidin Biolegend 405249

Pacific Blue Streptavidin Invitrogen S11222

APC anti-mouse TCRd (clone GL3) Biolegend Cat# 118116; RRID:AB_1731813

PE anti-mouse TCRd (clone GL3) Biolegend Cat# 118108; RRID:AB_313832

Biotin anti-mouse Ter119 (clone TER-119) Biolegend Cat# 116204; RRID:AB_313705

Biotin anti-mouse Ter119 (clone TER-119) Sony 1181015

Fixable viability dye eFlour506 Invitrogen 65-0866-18

Propidium Iodide Sigma-Aldrich P4864

Zombie Aqua Fixable Viability Kit Biolegend 423102

Zombie Green Fixable Viability Kit Biolegend 423112

Chemicals, peptides, and recombinant proteins

Anti-biotin microbeads Miltenyi Biotec 130-090-485

Brefeldin A Sigma-Aldrich B7651

Collagenase D Sigma-Aldrich 11088858001

Erythropoietin (Epo) R&D Systems 959-ME

Ficoll-Hypaque Cytiva 80648356

Golgi-plug (Brefeldin A) BioGems 2031560

Granulocyte-macrophage colony-

stimulating factor (GM-CSF)

Cell line supernatant N/A

Ionomycin calcium salt Sigma-Aldrich I0634

Ionomycin calcium salt BioGems 5608212

Kit ligand (Kit-L) Cell line supernatant N/A

Macrophage colony-stimulating

factor (M-CSF)

Supernatant of

myeloma cell line

F. Melchers

Paraformaldehyde Sigma-Aldrich P6148

Penicillin-Streptomycin GIBCO 15070-063

Phorbol myristate acetate (PMA) Sigma-Aldrich P1585

Phorbol myristate acetate (PMA) BioGems 1652981

Sucrose Sigma-Aldrich S5016

Thrombopoietin (Tpo) R&D Systems 488-TPO

Zinc sulfate heptahydrate Sigma-Aldrich Z4750

b-mercaptoethanol GIBCO 31350-010

Critical commercial assays

Direct CD34 Progenitor Cell Isolation Kit Miltenyi Biotec 130-046-703

Foxp3/ Transcription Factor Staining Buffer Set Invitrogen 72-5775-40

IL-10 ELISA Kit R&D Systems M1000B

Ion AmpliSeq Transcriptome

Mouse Gene Expression Kit

ThermoFisher Scientific A36553

Ion Xpress Barcode Adapters ThermoFisher Scientific 4471250

Ion 550TM Kit-Chef ThermoFisher Scientific A34541

Ion 550TM Chip Kit ThermoFisher Scientific A34537

Maxi-prep Kit Promega A2392

Maxima SYBR Green/ROX qPCR Master Mix ThermoFisher Scientific K0221

Plasmid-Maxi kit Vazyme Biotech DC202-1
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PrimeScript RT Reagent kit Takara RR037A

Procarta Plex Invitrogen Customized Panel

ProtoScript First Strand cDNA Synthesis kit New England Biolabs E6300S

RNeasy Micro kit QIAGEN 74004

TaqMan Universal Master Mix Applied Biosystems 4304437

TaqMan Gene Expression Master Mix Applied Biosystems 4369016

Deposited data

BM progenitors targeted RNA-seq NCBI Gene Expression

Omnibus

GSE147195

T cell targeted RNA-seq NCBI Gene

Expression Omnibus

GSE172060

Experimental models: Organisms/strains

C57BL/6-Ly5.1 mice Charles River N/A

C57BL/6J mice Envigo/ i3S N/A

CD3ε�/� mice Institut Pasteur, Paris N/A

IFNg �/� mice Rui Appleberg (i3S, Porto) N/A

IL-10Ra�/� mice Werner Muller

(University of Manchester)

N/A

NOD Prkdcscid IL2Rgc�/� GemPharmatech T001475

pMT-10 mice Paulo Vieira and Margarida

Saraiva (Institute Pasteur,

Paris and i3S, Porto)

N/A

Rag.gc�/� mice Institut Pasteur, Paris N/A

TCRd�/� mice Bruno Silva-Santos

(IMM, Lisbon)

N/A

mMT�/� mice Institut Pasteur, Paris N/A

Biological samples

Human fetal liver CD34+CD38- cells Drum Tower Hospital N/A

Oligonucleotides

Oligonucleotides See Table S1 See Table S1

Hprt probe Applied Biosystems Mm03024075

Hprt probe Applied Biosystems Mm01545399

cEbpa probe Applied Biosystems Mm00514283

EpoR probe Applied Biosystems Mm00833882

Il-10Ra probe Applied Biosystems Mm00434147

Il-10Ra probe Applied Biosystems Mm00434151

Il-10Rb probe Applied Biosystems Mm00434157

Ifngr1 probe Applied Biosystems Mm00599890

Ifngr2 probe Applied Biosystems Mm00492626

Recombinant DNA

Empty Plasmid Origene PS100001

Human IL-10 expression plasmid Origene SC300099

Mouse IL-10 expression plasmid Origene MC208764

Software and algorithms

CFX Manager Bio-rad https://www.bio-rad.com/en-uk/sku/

1845000-cfx-manager-software?ID=1845000

Dimensionality reduction for visualizing

single-cell data using UMAP (R package)

Becht et al., 2018 https://codeload.github.com/

lmcinnes/umap/tar.gz/0.2.4

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Edge R (R package) Ritchie et al., 2015 https://bioconductor.org/packages/

release/bioc/html/edgeR.html

EnhancedVolcano Blighe, 2019 https://github.com/kevinblighe/

EnhancedVolcano

Fgsea (R package) Korotkevich et al., 2019 https://github.com/ctlab/fgsea

FlowJo FlowJo LLC https://www.flowjo.com

Gplots (R package) Warnes et al., 2020 https://cran.r-project.org/web/

packages/gplots/index.html

GraphPad Prism v6 and v8.1.0 GraphPad Software https://www.graphpad.com

Limma (R package) Ritchie et al., 2015 https://bioconductor.org/packages/

release/bioc/html/limma.html

org.Mm.eg.db (R package) Carlson, 2019 https://bioconductor.org/packages/

release/data/annotation/html/org.

Mm.eg.db.html

R Studio v1.2.5 R Studio https://www.rstudio.com

R v4.03 R project https://www.r-project.org
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Margarida

Saraiva (margarida.saraiva@ibmc.up.pt).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d The BM progenitors and BM T cells RNA-seq data reported in this paper have been deposited at NCBI’s Gene Expression

Omnibus (Edgar et al., 2002) and are publicly available as of the date of publication. Accession numbers are listed in the

key resources table. All original data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

Human sample collection
Human CD34+ cells were collected from 14- to 20- week-old fetal liver tissues under clinical ethical approval from ethical committee

of Drum Tower Hospital with informed consent (protocol # 2021-488-01).

Mice
C57BL/6 mice were purchased from Janvier Labs or Charles River, pMT-10 mice, IL-10Ra�/� mice, pMT-10.IL-10Ra�/� mice

(pMT-10Tg+ IL-10Ra�/�), mMT�/� mice, Rag.gc�/� mice (Rag2�/� gc�/� or y/-), CD3ε�/� mice, TCRd�/� mice, IFNg �/� mice, pMT-

10.Rag.gc�/� mice (pMT-10Tg+ Rag2�/� gc�/� or y/-), pMT-10.CD3�/� mice (pMT-10Tg+ CD3ε�/�), pMT-10.IFNg �/� mice (pMT-

10Tg+ IFNg �/�), pMT-10.TCRd�/� mice (pMT-10Tg+ TCRd�/�), and pMT-10.Mm�/� mice (pMT-10Tg+ Mm�/�) were bred either at

the ICVS, i3S or the Pasteur Institute under specific pathogen-free conditions. Animal experiments were done in strict accordance

with recommendations of the European Union Directive 2010/63/EU and previously approved by Portuguese National Authority for

Animal Health–Direç~ao Geral de Alimentaç~ao e Veterinária (DGAV; (#014811/2016-07-13), by the i3S Animal Ethics Committee and

by the Pasteur Institute Safety Committee. Mice were maintained with food and water ad libitum and euthanized by CO2 inhalation or

cervical dislocation with efforts to minimize suffering. NOD Prkdcscid IL2Rgc�/� (NCG) mice were obtained from Gempharmatech

(T001475). NCG mice were housed in individual ventilated cages under specific pathogen-free conditions with humane care in Na-

tional Resource Center for Mutant Mice (NRCMM). All experiments involving the generation and characterization of humanized mice
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were approved by an Institutional Animal Care and Use Committee (IACUC) at the Model Animal Research Center in Nanjing Univer-

sity (AP# LY-01). Mice were used at 5-12 weeks of age and sex-matched for experiments.

In vitro Cell Cultures
Single cells from CMP, GMPs and MEPs subsets were sorted into 60-well Terasaki plates containing 30 mL of differentiation

medium (optiMEM (GIBCO; 51985-026) containing 20%FCS, Penicillin (50 units/mL), Streptomycin (50 mg/mL) and b-mercaptoetha-

nol (50 mM), and supplemented with a saturating concentration of the following cytokines: macrophage colony-stimulating factor

(M-CSF; > 10 ng/ml), granulocyte-macrophage colony-stimulating factor (GM-CSF; > 10 ng/ml), c-Kit ligand (Kitl; > 10 ng/ml),

Erythropoietin (Epo; > 4U/ml) and Thrombopoietin (Tpo; > 100 ng/ml). Cultures were supplemented with fresh cytokines at day 3.

Frequency scores were assigned based on the frequency of colony-positive wells at day 4 of culture. At day 7 of culture, cells

were transferred to a slide using a Cytopsin centrifuge at 600 rpm for 4 min at room temperature. Slides were stained with May-

Gr€unwald for 5 min, washed with PBS and stained with Giemsa for 15 min. Slides were rinsed with deionized water, and dried.

METHOD DETAILS

IL-10 induction
IL-10 overexpression was induced via administration of Zn sulfate heptahydrate (ZnSO4.7H2O) in the drinking water as reported (Car-

doso et al., 2018). A solution of 50 nM Zn with 2% sucrose was fed to the mice ad libitum, during the experimental period.

Hydrodynamic administration of the plasmids
Mouse and human IL-10 expression plasmids and control empty plasmids were purified by either Maxi-prep Kit or Plasmid-Maxi kit

with endotoxin removal. Hydrodynamic injection was performed as reported (Li et al., 2017). Briefly, we used 27-gauge needles to

inject a blood volume equivalent of PBS containingmouse (30 mg) or human (50 mg) IL-10 plasmids into BL/6 and pMT-10.IL-10Ra�/�

or HIS mice within 7 s.

BM Transplantation Assays
Lethally irradiated (850 rad) 1) pMT-10.CD3�/� 5.2were graftedwith 4x106 of CD3, TCRb and TCRgd-depleted BMcells isolated from

BL/6 5.1 mice or TCRa�/� 5.2 mice; 2) pMT-10.IL-10Ra�/� mice 5.2 were grafted with 4x106 of CD3, TCRb and TCRgd-depleted BM

cells isolated from BL/6 5.1, IL-10Ra�/� 5.2 mice or non-depleted BM cells isolated from pMT-10.Rag.gc�/� mice; 3) pMT-10.IL-

10Ra�/� mice 5.2 were grafted with 4x106 of CD3, TCRb and TCRgd-depleted BM cells isolated from BL/6 5.1 or a mix (1:1) of

BL/6 5.1 and IL-10Ra�/� mice. Magnetic separation was used for CD3, TCRb and TCRgd-depletion (LS columns; Miltenyi Biotec

130-042-401). Donor reconstitution was assessed by peripheral blood analysis 4 weeks after transplantation.

Generation of humanized mice (HIS mice)
Human fetal liver tissue was cut into small pieces of 1�2 mm and digested with preheated DMEM supplemented with 5mg/100ml

DNase I, 50mg/100ml Collagenase D, 1% Penicillin/Streptomycin and 2% FCS at 37�C for 30 minutes. The cell suspension was

filtered through a 70 mm cell strainer and centrifuged at 500 g for 10 min. Mononuclear cells were obtained from resuspended pellet

by Ficoll-Hypaque density gradient centrifugation. CD34+ cells were purified by Direct CD34 Progenitor Cell Isolation Kit and subse-

quently phenotyped for CD38 expression. Newborn pups (4-6 days old) received sublethal irradiation (70cGy), and then intrahepatic

injection of 5x104 CD34+CD38- human fetal liver cells. After 10 weeks of humanization, 50 mL blood was drawn from each mouse to

check human cell reconstitution. Mice with more than 1x105/ml human CD45+ cells in the blood were used for subsequent

experiments.

Hematological parameters
Blood was collected by retro-orbital or cardiac puncture under anesthesia (terminal bleeding). One hundred and fifty to two hundred

and fifty microliters of blood was collected to EDTA tubes (BD Vacutainer). Blood parameters were blindly analyzed in certified lab-

oratories (CoreLab, Centro Hospitalar do Porto, Porto, Portugal and SegaLab, Porto, Portugal). The analysis was performed using a

Sysmex XE-5000 hematology analyzer or a Siemens Advia 120.

Histology
Spleen samples were fixed in 4%paraformaldehyde (PFA) immediately after mice were sacrificed. The 3 mmparaffin-embedded sec-

tions were stained with hematoxylin and eosin. Images were acquired on a NanoZoomer 2.0HT (Hamamatsu).

Preparation of Cell Suspensions
Lymphoid organs – femurs, tibias, thymus and spleens – were recovered into Hank’s Balanced Solution (HBSS; GIBCO 24020-091)

or Phosphate Buffered Saline (PBS; GIBCO 14190144) with 2%–4% of Fetal Calf Serum (FCS; Eurobio CVFSVF000U). BM cells were

extracted by flushing the femurs and tibias with 2mL of HBBS or PBS supplemented with 2%–4% of FCS. Thymus and spleens were

mechanically disaggregated with curved tweezers to obtain single cell suspensions. Cell suspensions were filtered with a 70 mm
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nylon mesh and cell numbers were estimated using CountBright Absolute Counting beads (Invitrogen) or Cellometer Auto T4 Bright

(Nexcelom).

Flow Cytometry and Cell Sorting
Cell suspensions were stainedwith antibodies listed in the Key Resources Table. Stained cells were analyzed on LSR Fortessa, LSR II

or Canto II or purified through a FACSAria II or III (all from BD Biosciences). Data were analyzed on FlowJo software v10.5.3. Flow

Cytometry Standard (FCS) files were exported from FlowJo for analysis by Uniform Manifold Approximation and Projection

(UMAP) performed in R (Becht et al., 2018).

Ex vivo Restimulation
Mouse BM cells were washed, plated at 1x106 cells/well in complete medium (RMPI 1640, GIBCO 31870025; 10% FCS; 1%HEPES,

GIBCO H0887-100ml) and restimulated in vitro with phorbol myristate acetate (PMA; 50 ng/ml) and ionomycin calcium salt (500 ng/

ml) in the presence of brefeldin A (10 ng/ml) for 4h at 37�C.
Spleen cells from HIS mice were stimulated with 50 ng/ml PMA and 1 mg/ml ionomycin for 4h in the presence of Golgi-plug. After

restimulation, IFN-g production by T cells was accessed by flow cytometry as described above.

RNA extraction, cDNA and real time qPCR (RT-qPCR)
Sorted samples were isolated directly into lysis buffer of RNeasy Micro Kit and kept at �80�C until RNA extraction. mRNA, from

CMPs, GMPs,MEPs andmature T cell subsets, was extracted using RNeasyMicro kit and converted into cDNA by reverse transcrip-

tion with PrimeScript RT Reagent kit or ProtoScript First Strand cDNA Synthesis kit. Expression levels were determined by RT-qPCR

using Taqman primers (Hprt, cEbpa, EpoR, Il-10Ra, Il-10Rb, Ifngr1 and Ifngr2) and Taqman Universal Master Mix. Ifng, Eomes, Tbet

and Ubiqutin expression were determined using Maxima SYBR Green/ROX qPCR Master Mix and specific oligonucleotides (se-

quences in Table S2). qRT-PCR reactions were performed on an ABI 7300 thermocycler (Applied Biosystems), CFX96 or CFX 384

PCR System (Biorad). Gene relative expression was determined using the 2DCt method.

Transcriptome analyses by RNA-seq
Targeted RNA sequencing was performed by GenCore, i3S (Instituto de Investigaç~ao e Inovaç~ao em Saúde) using Ion AmpliSeq

TranscriptomeMouse Gene Expression Kit. All subsequent analyses were performed in R. RNA expression levels in the count matrix

were normalized using the trimmedmean of M-values and computed as counts per million using edgeR (McCarthy et al., 2012; Rob-

inson et al., 2010) . Differential expression analysis was performed using both edgeR and limma (Ritchie et al., 2015) on genes with

more than 15 raw counts in all samples. Differentially expressed genes were determined through linear model fitting and Empirical

Bayes moderated t-statistics test. Genes with adjusted p value % 0.05 and log2 fold-change % �2 or R 2 were considered differ-

entially and significantly expressed. Gene set enrichment analysis (GSEA) was performed using FGSEA package (Korotkevich et al.,

2019) andMSigDB hallmark gene sets (Liberzon et al., 2015; Subramanian et al., 2005) for mouse. IFN-g related genes were identified

using Interferome database or a recently identified IFN-g-related module (Rusinova et al., 2013; Singhania et al., 2019). A Z-score for

each gene was calculated and presented on the heatmaps. Volcano plots and heatmaps were obtained with EnhancedVolcano

(Blighe, 2019) and gplots (Warnes et al., 2020), respectively.

Cytokine Quantification
IL-10 concentration in the serum was quantified using a commercially available ELISA kit or using a costume made ProcartaPlex

immunoassay. IL-6, G-CSF, M-CSF, GM-CSF, IL-1b, TNF-a, IFN-a and IFN-g were measured using a costume made ProcartaPlex

immunoassay.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significancewas determined using Student’s t test, one-way analysis of variance (ANOVA) or two-way ANOVA as indicated

in the figure legends. Outliers were identified using ROUT. Graphs containing errors bars show means ± SD. Statistically significant

values are indicated in the figures. These tests were performed with Prism Software (GraphPad).
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