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BATF2 promotes HSC myeloid
differentiation by amplifying IFN response
mediators during chronic infection

Duy T. Le,1,2 Marcus A. Florez,2,3 Pawel Kus,4 Brandon T. Tran,2,5 Bailee Kain,2,3 Yingmin Zhu,6 Kurt Christensen,6

Antrix Jain,7 Anna Malovannaya,7,8 and Katherine Y. King1,2,9,*

SUMMARY

Basic leucine zipper ATF-like transcription factor 2 (BATF2), an interferon-acti-
vated immune response regulator, is a key factor responsible for myeloid differ-
entiation and depletion of HSC during chronic infection. To delineate the mecha-
nism of BATF2 function in HSCs, we assessed Batf2 KO mice during chronic
infection and found that they produced less pro-inflammatory cytokines, less im-
mune cell recruitment to the spleen, and impaired myeloid differentiation with
better preservation of HSC capacity compared to WT. Co-IP analysis revealed
that BATF2 forms a complex with JUN to amplify pro-inflammatory signaling
pathways including CCL5 during infection. Blockade of CCL5 receptors phe-
nocopied Batf2 KO differentiation defects, whereas treatment with recombinant
CCL5 was sufficient to rescue IFNg-induced myeloid differentiation and recruit
more immune cells to the spleen in Batf2 KO mice. By revealing the mechanism
of BATF2-inducedmyeloid differentiation of HSCs, these studies elucidate poten-
tial therapeutic strategies to boost immunity while preserving HSC function dur-
ing chronic infection.

INTRODUCTION

Chronic infections including tuberculosis (TB) and HIV are estimated to infect over 1.7 billion people world-

wide (CDC, 2018) and are responsible for over 1.5 million deaths per year (WHO, 2020). These life-threat-

ening diseases are associated with bone marrow suppression and increased risk for opportunistic infec-

tions.1–3 Indeed, 90% of military TB patients co-infected with HIV suffer from pancytopenia, a

suppression of all three blood lineages, which can lead to life-threatening morbidities and death.1 Acute

infections also can affect hematopoiesis. For example, acute bacterial and viral infections impair hemato-

poietic stem cell (HSC) engraftment and are a key risk factor for overall poor outcome in HSC transplant

patients.4,5 Understanding how infection affects normal hematopoiesis is necessary to improve outcomes

for these patients.

Blood cells arise from hematopoietic stem and progenitor cells (HSPCs) located in the bone marrow.

Among these, HSCs have the unique ability to self-renew, ensuring lifelong blood production, and to

give rise to all cellular blood components including platelets, white blood cells (WBC), and red blood cells

(RBC). HSPCs consist of HSCs and multipotent progenitors (MPPs) including MPP1, MPP2, MPP3, and

MPP4, which do not have long-term self-renewal capacity. Work from our lab and others has shown that

chronic infections significantly decrease the self-renewal of HSCs.6 In normal conditions, HSCs are quies-

cent; however, in response to inflammatory stimuli including interferon-gamma (IFNg) and C-C motif che-

mokine ligand 5 (CCL5), HSCs rapidly differentiate into downstream immune cells.7,8 The precise mecha-

nisms by which chronic infections impair HSC self-renewal and deplete the HSC pool are poorly

understood and are the topic of this study.

Using an established mouse model of Mycobacterium avium infection, a systemic intracellular bacterial

infection that promotes a persistent IFNg-mediated immune response,9 we showed that HSCs are

depleted during chronic infection largely through excessive terminal differentiation at the expense of

self-renewal.6 We further demonstrated that myeloid differentiation of HSCs during chronic infection is

dependent on Basic leucine zipper ATF-like transcription factor 2 (BATF2).6 BATF2 is a member of the
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ATF transcription factor family, whose members typically interact with other transcription factors such as

c-JUN,10,11 interferon regulatory factor 1 (IRF1),12 and nuclear factor kappa-light-chain-enhancer of acti-

vated B cells (NF-kB).13 BATF2 has been suggested to be a biomarker for Mycobacterium tuberculosis

infection14 and to play a key role in activating macrophages12 and regulating type 1 and type 2 immune

responses.12,14,15 We showed that Irf116 and NF-kB6 are upregulated in HSCs during M. avium chronic

infection. However, the mechanism of action by which BATF2 promotes HSC differentiation, including

its binding partners and key targets, has heretofore been undefined. Here, we used a chronic infection

mouse model to test the hypothesis that BATF2 is a key transcriptional mechanism by which HSPCs

respond to inflammation. We used cleavage under targets and release using nuclease (CUT&RUN)

sequencing to identify transcriptional targets of BATF2 and validate these findings with pharmacologic ap-

proaches. Overall, our findings elucidate how BATF2 contributes to HSC differentiation and depletion dur-

ing chronic infection.

RESULTS

Batf2 KO mice show reduced early immune responses during M. avium infection

In prior work, we identified BATF2 to be a critical factor mediating HSC differentiation and depletion in

response to chronic infection.6 Specifically, HSPCs were observed to differentiate in response to IFNg

exposure in vitro, but differentiation was impaired when Batf2 was knocked out by CRISPR editing. To

further evaluate BATF2 function in the hematopoietic system, we created a Batf2 knock-out (KO) animal

model in a C57BL/6 background in collaboration with the genetically engineered mouse core at BCM.17

We examined the blood, spleen, and bone marrow from naive WT and Batf2 KO mice by flow cytometry.

At baseline, Batf2 KO and WT mice had similar immune profiles (Figures S1A–S1H), with normal develop-

ment of immune cells as reported in another Batf2 KO model in the 129S6 genetic background.18

To examine the role of BATF2 in early cellular responses to the infection, we evaluated M. avium-infected

WT and Batf2 KO mice at several time points following infection (Figure 1A). Batf2 KO mice showed an

immune response that was similar to WT at 2 weeks of infection (Figure S1K), and the bacterial load was

similar between the two strains at 2 and 4 weeks after infection (Figures 1J and S1K). There were no notable

differences in clinical symptoms because of the infection caused by M. avium except that, starting at

4 weeks of infection, the Batf2 KO mice displayed a reduced overall spleen size (Figure 1G). Peripheral

blood (PB) from the infected animals showed a similar decline in RBCs in both WT and Batf2 KO mice,

but platelets were significantly higher in Batf2 KO mice compared to WT by 4 weeks of infection

(Figures S1N and S1O). Next, we analyzed the kinetics of the cellular immune response to infection by

flow cytometry. At 4 weeks after infection, we detected a lower number of inflammatory macrophages

(Figures 1E and S1J) in the spleens of Batf2 KO mice compared to WT. These differences were noted at

4 weeks after infection, when there were no detectable differences in bacterial load between the strains.

Beginning at 6 weeks after infection, there were more marked differences between the strains. The number

of activatedM. avium antigen-specific T cells (CD4+CD44+Ag85b-Tetramer + IFNg+TNFa) (Figures 1F, S1I,

and S1P) was higher in WT compared to Batf2 KO mice. Cytokine profiling demonstrated that Batf2 KO

mice produced less IFNg, TNFa, and CCL5, critical mediators of myeloid differentiation and immune

cell recruitment, beginning at 6 weeks after infection compared to WT (Figures 1B–1D). We observed a

similar trend in IL-6, but levels were not significantly different (Figure S1M). We noted that levels of IFNg

and TNFa trended up at 16 weeks of infection. Kayama et al. reported that their Batf2 KO mouse model

developed rectal prolapse after 28 weeks and had a higher propensity for colitis on induction with dextran

sodium sulfate (DSS) compared to WT mice.11 Therefore, we assessed whether increased inflammation in

our mice could be because of colitis. Our mice were less than 28 weeks of age at the time of analysis and did

not show signs of rectal prolapse or colitis. In particular, the intestines showed normal colon length and no

signs of bleeding (data not shown). Overall, the results demonstrate that Batf2 KO mice have dampened

Figure 1. Batf2 KO mice show reduced immune response compared to WT during M. avium infection

(A) Experimental design: WT and Batf2 KO mice were infected with M. avium. The mice were euthanized for analysis at 0, 4, 6, and 16 weeks after infection.

(B–D) Serum cytokine levels of IFNg (B), TNFa (C), and CCL5 (D) in WT and Batf2 KO mice in 0, 4, 6, 16 weeks after infection.

(E and F) Flow cytometric analysis showing the number of inflammatory macrophages (CD11b+Ly6g-Ly6c+) (E), and M. avium-antigen-specific T cell

producing TNFa and IFNg (CD4+CD44+Ag85b-tetramer + TNFa+IFNg+) (F) in the spleens from WT and Batf2 KO mice in 0, 4, 6, and 16 weeks after

infection. Data representing spleen weights (G-I) and (J-L) M. avium bacterial load of WT and Batf2 KO mice at 4, 6, and 16 weeks after infection. Data

representative of 2 independent experiments. Mean G SEM with t-test comparing WT and Batf2 KO mice in the same timepoint. N = 5 mice per group.

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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systemic inflammatory cytokines and fewer inflammatory macrophages in the spleen onM. avium infection

compared to WT mice, despite a similar starting bacterial load.

Chronically infected Batf2 KOmice have reduced myeloid differentiation and bacterial loads

in the spleen compared to WT mice

We previously demonstrated that chronic infection of mice with M. avium depletes the HSC population,

eventually leading to bone marrow failure and pancytopenia after 3–4 months of infection.6 Furthermore,

we previously reported that Batf2 KOmice are relatively resistant to depletion of HSCs on chronic infection,

as the number of HSCs, determined by both flow cytometry and transplant analysis, is preserved on infec-

tion.17 These results imply that depletion of HSCs during chronic infection could be because of a BATF2-

dependent process, such as differentiation. To further confirm this finding, we measured the number of

HSCs in the bone marrow of WT or Batf2 KO mice at 4 months after chronicM. avium infection (Figure 2A).

Although HSC frequency was similar in WT and KO mice at 1 month after infection, the HSC frequency

significantly declined in WT but not KOmice (Figure 2B), suggesting that BATF2 plays a role in HSC deple-

tion. Consistent with preserved BM function, Batf2 KO mice were more resistant to anemia and thrombo-

cytopenia on chronic infection compared to WT mice (Figures 2C and 2D). Altogether, these findings indi-

cate that BATF2 deletion preserves self-renewal of HSCs during chronic infection, enabling normal counts

of RBCs and platelets after persistent infection.

In contrast with the RBC and platelet numbers, there were significantly fewer Ly6c+ and Ly6c-macrophages

in the PB (Figures 2E, 2F, and S2F) and BM (Figures 2K, 2L, and S2E) of repeatedly infected Batf2 KO mice

compared to theWT controls. We observed a similar trend in other myeloid cells such as dendritic cell (DC)

subsets in the PB (Figures S2A and S2F) and BM (Figures S2B and S2E) of infected Batf2 KO animals,

although trends varied among different DC subsets. Among HSPCs in the bone marrow, myeloid-biased

progenitors includingMPP3, granulocyte-monocyte progenitors (GMPs), and commonmyeloid progenitor

(CMP) were decreased in Batf2 KO mice compared to WT in the presence of infection (Figures 2H–2J and

S2D). We excluded Sca1 from the phenotypic definitions of HSPCs because of nonspecific upregulation in

response to IFNg.19 Notably, we did not see depletion of the other progenitors such asMPP1, MPP2, MPP4,

common lymphoid progenitor, or megakaryocyte–erythroid progenitors, even after four months of infec-

tion (Figure S2C). Lymphoid cells such as T cells in the PB (Figures 2G and S2F) and BM (Figures 2M and S2E)

were preserved in Batf2 KO mice. Altogether, these results suggest that BATF2 plays a role in promoting

myeloid differentiation in response to infection, such that MPP3, GMP, and macrophages, are specifically

depleted in the Batf2 KO.

Prior studies have demonstrated that mycobacteria can hijack myeloid cells, riding along in macrophages

to disseminate throughout the body.20 Given that myeloid differentiation was impaired in Batf2 KO mice,

we speculated these mice might have less bacterial dissemination and reduced bacterial loads compared

to WT. Indeed, hematoxylin and eosin (H&E) stained splenic sections showed infected Batf2 KO mice had

reduced splenic granuloma size and number compared to infected WT (Figures 2P and S2R), which corre-

lated with reduced overall spleen size and bacterial load (Figures 2Q and 2S). Moreover, we found that

repeatedly infected Batf2 KO mice produced less TNFa, and CCL5 compared to WT mice (Figures 2N

and 2O), consistent with the cytokine profiling from our single challenge experiments. Altogether, these

findings demonstrate that Batf2 KO mice have impaired macrophage differentiation, lower recruitment

of inflammatory macrophages to the spleen, and less bacterial dissemination in the spleen at late time

points compared to WT, consistent with our prior findings.6

Batf2KOmice show improved HSC self-renewal in response to chronic infection compared to

WT mice

To even more rigorously assess whether HSCs are better preserved in infected Batf2 KOmice compared to

WT, we performed secondary transplants to assess HSC self-renewal capacity in the setting of repeated

chronic infection. We sorted HSCs from naive Batf2 KO and WT mice or mice that had been injected

monthly withM. avium for four months and transplanted them with CD45.1 WT rescue marrow into lethally

irradiated CD45.1 mice. Importantly, no bacteria were transferred to the recipient mice using this method,

as confirmed by cultures of the spleen 16 weeks after transplant. Furthermore, donor mice had similar

amounts of IFNg expression at the end of 4 months of infection (Figure 2N), indicating a similar inflamma-

tory milieu for the donor cells. After 16 weeks, CD45.2 HSCs were isolated from recipient mice and trans-

planted a second time into lethally irradiated CD45.1 mice (Figures 3A and S3A). At 16 weeks after primary
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Figure 2. Compared to WT, Batf2 KO mice show reduced myeloid differentiation and lower bacterial loads in the spleen during chronic infection

(A) M. avium chronically infection model. Batf2 KO and WT mice (8–10 weeks old) were infected with 2 3 106 CFU of M. avium monthly for four months.

(B) HSCs as percent of WBM in 1-month and 4-month infected mice. n = 5–10 mice per group. Data represent meanG SEM with Kruskal-Wallia test between

the groups at each time point. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

(C–M) CBC analysis showing the number of red blood cell (C) and platelets (D) from four-month M. avium infected Batf2 KO and WT mice with the naive

controls. Flow cytometric analysis showing the number of inflammatory (E) Ly6c+, (F) Ly6c-macrophages, and (G) T cells in the blood, (H) MPP3,

(I) granulocyte-monocyte progenitor, (J) common myeloid progenitor, (K) Ly6c+ and (L) Ly6c-macrophages, and (M) T cells in the bone marrow from four-

month M. avium infected Batf2 KO and WT mice with naive control.

(N, O and Q) Serum cytokine levels of (N) IFNg, (O) TNFa, (Q) CCL5 in WT and Batf2 KO mice that were naive or infected repeatedly for 4 months with

M. avium.

(P––T) Representative histopathology sections (34 magnification) in the spleens at 4 months after infection for H&E (scale bar = 500 mm). Data representing

(R) spleen weights, (S) number of granulomas, and (T)M. avium bacterial load of WT and Batf2 KOmice at 4 months after infection. Data is representative of 3

independent experiments. N = 5–10 per group. Mean G SEM with ANOVA test for four groups and t test for two groups. *p<0.05, **p<0.01, ***p<0.001,

****p<0.0001.
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transplant, sorted HSCs showed similar engraftment regardless of mouse genotyping (Figures S3B–S3D).

However, HSCs from infected Batf2 KO showed higher engraftment and better repopulating capacity than

infected WT control at 16 weeks after secondary transplant, indicating Batf2 KO HSCs have a higher self-

renewal capacity (Figures 3B–3D). Consistent with earlier data, we detected significantly increased CD45.2

myeloid cells and decreased T and B cells in mice transplanted with HSCs from infected WT compared to

naive WT controls, whereas these changes were blunted in the Batf2 KO (Figure 3E).

BATF2 forms a complex with JUN in response to IFNg stimulation in HSPCs

To identify the protein binding partners of BATF2 in HSPCs, we administered IFNg or saline control to 32D cells,

a murine bone marrow cell line,21 and performed co-immunoprecipitation (co-IP) using a monoclonal antibody

against BATF2 or IgG (control) (Figure 4A).We first confirmed that our customBATF2 antibody detected a single

band of 30 kDa, the predicted size of BATF2, on western blot (Figure S4). Mass spectrometry (MS) revealed that

BATF2 and JUN family were themost abundantly detected co-IP products from IFNg-treated cells compared to

both the IgG and non-IFNg-treated controls (Figures 4B and 4C). Although we observed upregulation of several

other proteins, such as SERPINA3F and IMP3, in our MS data, they were excluded because of low peptide re-

covery. These results suggest that BATF2 dimerizes with JUN in HSPCs in response to IFNg stimulation. We

were unable to confirm these results by Western blot using specific antibodies in primary hematopoietic cells,

likely because of overall low expression of these transcription factors. Nevertheless, the results of our mass

spec co-IP are consistent with prior reports of BATF2-JUN interactions.11

BATF2 amplifies pro-inflammatory signaling pathways in HSCs during chronic infection

To further define the mechanisms underlying BAFT2-driven HSC depletion during chronic infection, we

performed RNA sequencing (RNA-seq) analysis of WT and Batf2 KO HSCs in the presence and absence

of infection. M. avium infection significantly induced the expression of inflammatory response pathways

(Figures 5A–5C) and common IFNg-regulated genes such as Stat1 and Stat2 (Figure 5D). The number of

induced genes was not different when comparing HSCs from infected WT versus Batf2 KO mice (Fig-

ure S5A), but the overall degree of induction of several IFN response genes, including Stat3, Mx2, Bst2,

Ifi35, and Ifngr2 was higher in the WT compared to Batf2 KO, as shown by the numerous genes labeled

in purple lying below the diagonal (Figures 5D and S5C). Together, these findings suggest that BATF2 am-

plifies the IFN response in HSCs, augmenting expression of IFN-induced genes rather than serving to acti-

vate the expression of a distinct target gene set.

BATF2 binds to cis-regulatory regions of the ccr5 gene in HSCs in chronic infection

To identify the binding sites for BATF2 in HSCs during M. avium infection, we conducted CUT&RUN

sequencing of HSCs from infected WT mice using an anti-BATF2 antibody. We used an anti-IgG antibody

Figure 3. Batf2 KO have better HSC self-renewal capacity compared to WT mice in chronic infection

(A) Mouse model of secondary transplant from chronically infected mice.

(B) PB was assessed 16 weeks after transplant, and engraftment is shown as percentage of CD45.2 cells in the blood.

(C and D) The percent (C) and number (D) of HSCs from CD45.2 donor in one tibia.

(E) Percent of myeloid cell, T cells, and B cells of CD45.2 population in the blood. Data represent mean G SEM with

ANOVA test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. N = 4–10 mice per group.
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as a control to exclude noise and nonspecific binding and an anti-H3K27ac to assess open chromatin.

HOMER motif analysis of our sequencing data revealed the highest enrichment for motifs of PU.1, inter-

feron-regulatory factor (IRF), activating transcription factor 4 (ATF4), interferon-sensitive response element

(ISRE), and STAT1 (Figure 6A). This finding suggests that BATF2 shares binding motifs with common IFN

response mediators. Furthermore, over 95% of CUT&RUN peaks from BATF2 were associated with areas

just upstream and downstream of the transcription start of gene coding regions (Figures 6B and S6A), re-

inforcing its role in the regulation of gene expression. In particular, we found binding of BATF2 at cis ele-

ments of ccr5 genes (Figures 6C and S6B). These locations were highly aligned with accessible chromatin

positions marked by H3K27ac, suggesting that BATF2 enhanced gene expression in response to infection.

Of interest, RNA-seq analysis of gene expression showed a trend toward more effective induction of both

Ccr5 (Figure 6D) and its ligand Ccl5 (Figure S5B) in WT versus Batf2 KO HSCs during infection. Taken

together, these data indicate that BATF2 interacts with regulatory elements in IFN response genes and in-

creases their expression in response to infection.

Figure 4. BATF2 forms a complex with JUN in 32D cells during IFNg stimulation

(A) Experimental design: 32D cells were treated with IFNg (100 ng/ml) for 17 h. The immunoprecipitation (IP) was

performed using antibodies against BATF2 or IgG. The IP product were analyzed by mass spectrometry (MS).

(B) MS volcano plot showing proteins with a significant change in IP product using antibodies against BATF2 or IgG in

presence and absence of IFNg. Control group includes untreated lysates pulled with BATF2 antibody and treated lysates

pulled with the preimmune IgG.

(C) MS heatmap showing proteins with a significant change in IP product using antibodies against BATF2 or IgG in

presence and absence of IFNg. Numbers represent distinct peptide counts that map to the corresponding gene locus;

the heatmap color corresponds to the log-transformed z-scored iBAQ expression values.
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BATF2 induces CCL5 to promote myeloid differentiation in the bone marrow and recruit

immune cells to the spleen

CCL5 plays a role in promoting myeloid differentiation during aging.7 Because we found that induction of

CCL5 and its receptor CCR5 on infection were dampened in Batf2 KO mice, we hypothesized that BATF2

drives myeloid differentiation of HSCs by the induction of CCL5. We used qPCR to study the transcript level

of Ccl5 in bone marrow cells and found that Ccl5 expression was higher in WT compared to Batf2 KOmice

in presence of IFNg (Figure 7A). Next, we used maraviroc, a CCR5 inhibitor, to block the CCL5 receptor in

IFNg-stimulated Batf2 KO and WT mice (Figure S7A). Blocking CCL5 receptors by maraviroc significantly

decreased myeloid differentiation in WT bone marrow cells on IFNg stimulation, as evidenced by

decreased colony formation in methylcellulose. In contrast, maraviroc did not reduce myeloid colony

Figure 5. BATF2 amplifies pro-inflammatory signaling pathways in HSC in chronic infection

(A) RNA-seq volcano plot presenting genes with significant change (q < 0.05) between HSCs from infected and naive WT mice.

(B) RNA-seq volcano plot presenting genes with significant change (q < 0.05) between HSCs from infected and naive Batf2 KO mice.

(C) Selected top-enriched hallmark, biocarta, and reactome gene sets in HSCs during infection from WT and Batf2 KO mice.

(D) Changes in expression levels of genes associated with the Hallmark Interferon gamma response. The X- and Yaxes represent the log2 fold-changes in

gene expression on infection of WT and Batf2 KO mice, respectively. Colors mark the statistical significance of the change: genes significantly changed only

the wildtype mice (green), only in Batf2 KO mice (blue), in both groups (violet), and genes that were not significant changed in any group (gray). Log2 fold

changes and their pvalues were calculated using DESeq2. The data include 4 biological replicates.
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formation by cells from Batf2 KO mice (Figures 7B and S7B). Of note, the baseline colony forming capacity

of Batf2 KO mice is higher than that of WT mice, likely because of overall reduced cellularity of the marrow

(mostly comprising differentiated myeloid cells) and relative enrichment of progenitors. We observed

similar results when we normalized the number of myeloid CFUs to the naive controls (Figure S7H). Overall,

these inhibitor studies indicate that whereas WT myeloid differentiation is suppressed by blockade of

CCR5 signaling, CCR5 blockade has no effect on Batf2 KO differentiation, likely because these cells already

lack CCL5 signal.

To test whether recombinant murine CCL5 could rescue IFNg-induced myeloid differentiation in Batf2 KO

mice, we isolatedWBM from Batf2 KO or WTmice in the presence or absence of 24-h IFNg stimulation and

incubated the cells with or without recombinant murine CCL5 (Figure 7C). As expected, IFNg stimulation

increased WT myeloid colony formation, whereas Batf2 KO bone marrow did not respond. Combination

treatment with IFNg and CCL5 did not produce an additive effect on colony formation in the WT back-

ground. In contrast, myeloid colony formation was significantly enhanced on administration of CCL5

(Figures 7D and S7I). These findings reveal that CCL5 treatment is sufficient to rescue the myeloid differ-

entiation in Batf2 KO mice. Collectively, the results suggest that BATF2 promotes myeloid differentiation

through activation of CCL5.

To better define the role of BATF2-induced CCL5 in immune cell infiltration in the spleen, we treated Batf2

KO and WT mice with recombinant murine CCL5 (100 ng per mouse) every other day for 2 weeks after

4 weeks ofM. avium infection (Figure 7E). Notably, CCL5 treatment increased the number of inflammatory

macrophages and T cells migrating to the spleen in Batf2mice treated but notWTmice (Figures 7F–7H and

S5B). Dendritic cell infiltration in the spleen increased on CCL5 treatment in Batf2 KO but not WT mice

(Figures S7D–S7G). In the spleen, CCL5 treatment increased the number of bacterial CFUs in Batf2 KO

mice but induced no change in WT mice (Figure 7I). These results are consistent with the paradigm that

the myeloid response to infection promotes dissemination of M. avium, and that CCL5 treatment rescues

Figure 6. BATF2 binds to cis-regulatory region of ccr5 gene in HSC in chronic infection

(A) CUT&RUN Motif analysis by HOMER showing the enrichment of sequences with lowest pvalues for BATF2 compared

with IgG control in HSCs from infected WT mice.

(B and C) GREAT analysis showing percent of genomic regions associated with BATF2 (C) IGV (integrative genomics

viewer) tracks of cis-regulatory regions and open chromatin regions of ccr5 genes in HSCs from infected WT. Data is

representative of 2 independent experiments. Peak calling was analyzed using macs2 algorithm with q = 0.05.

(D) Log2 fold change expression of ccr5 in HSCs of infected WT and Batf2 KO mice compared to naive controls. Data

present four independent experiments.
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myeloid infiltration into the spleen in Batf2 KO mice. Overall, our findings indicate that BATF2 induces

CCL5 to promote IFNg-induced myeloid differentiation and to recruit inflammatory macrophages and

T cells in response to chronic M. avium infection, supporting bacterial growth and granuloma formation

in the spleen.

Figure 7. BATF2 induces CCL5 to promotemyeloid differentiation in the bonemarrow and recruit immune cells to

the spleen in chronic infection

(A and B) qPCR of ccl5 in BM cells fromWT and Batf2 KOmice in the presence and absence of IFNg treatment (B) Number

of myeloid progenitor colonies from Maraviroc and IFNg treated mice after 12 days of culture in methylcellulose. Data

representative of 2 independent experiments. Data represent mean G SEM with ANOVA test. N = 3–6 mice per group.

(C and D) Experimental design: WT and Batf2 KOmice were treated with IFNg for 24 h. The whole bone marrow cells were

isolated and incubated with or without CCL5 for 4 h. The cells were cultured in methylcellulose for 12 days (D) Number of

myeloid progenitor colonies after 12 days of culture. Data representative of 2 independent experiments. Data represent

meanG SEM with ANOVA test. N = 6 mice per group (E). Experimental design: WT and Batf2 KOmice were infected with

M. avium for 4 weeks. The mice were treated with CCL5 every other day for 2 weeks prior to euthanizing.

(F–H) Flow cytometric analysis presenting the number of inflammatory macrophages (F), CD4+T cells (G), and CD8+T cells

(H) at 6 weeks after infection in the presence and absence of 2-week CCL5 treatment.

(I)M. avium bacterial load from the spleen ofWT and Batf2 KOmice at 6 weeks after infection in the presence and absence

of 2-week CCL5 treatment. Data representative of 2 independent experiments. Mean G SEM with ANOVA test. N = 4–6

mice per group.
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DISCUSSION

Here, we found that Batf2 KO mice have impaired myeloid differentiation during M. avium infection, lead-

ing to significantly reduced pro-inflammatory cytokines (TNFa and CCL5), fewer immune cells infiltrating

the spleen, fewer splenic granulomas, and lower bacterial loads compared to WT mice. Deletion of

Batf2 in mice decreased myeloid differentiation while preserving the HSC population during repeated

M. avium infection. Mechanistically, we found that BATF2 forms a complex with JUN in HSCs and induces

CCL5 to promote macrophage differentiation in response to IFNg stimulation. Overall, these data demon-

strate that BATF2may be a target for therapeutic intervention to preserve the HSC population and improve

host immunity in the setting of chronic mycobacterial infection.

We found that BATF2 plays a role as a modulator of the immune response, serving to amplify IFNg-dependent

myeloid differentiation that depletes HSC during chronic M. avium infection. We extended these findings to

characterize the overall impact of Batf2 loss of function on the immune response to mycobacterial infection.

Our results are in accordance with previous findings showing that macrophages can be co-opted by mycobac-

teria, which have learned to transport themselves inmacrophages and subsequently escape fromgranulomas to

disseminatemorewidely.14,20 Indeed, BATF2 is upregulated in thewholebloodof TBpatients and contributes to

disease progression. Furthermore, BATF2 plays a critical role in the infiltration of immune cells and inflammation

in sarcoidosis, a chronic disease associated with granuloma formation.14,22

Immune signaling pathways drive HSC responses to inflammation including division and differentiation.23

A previous report revealed that CCL5 is upregulated in the aged HSC milieu, causing myeloid skewing.7

Our data provide evidence that BATF2 induces CCL5 production to promote HSC differentiation and

increased immune cell infiltration and inflammation in response to infection-induced IFNg. In support of

this model, blocking CCL5 receptors using the CCR5 inhibitor maraviroc reduced IFNg-induced myeloid

differentiation in WT mice but had no impact on Batf2 KO mice. Of note, maraviroc treatment only inhibits

CCR5 which is one of the three CCL5 receptors: CCR1, CCR3, and CCR5, and therefore does not result in a

total blockade of WT colonies.24 We found that blockade of CCR5 partially mimics the effects of BATF2

deficiency, whereas administration of CCL5 to Batf2 KO mice rescues myeloid differentiation. Together,

these studies demonstrate that induction of CCL5 is a mechanism by which BATF2 promotes myeloid

differentiation. Our study provides definitive evidence that the BATF2 signaling pathway is a promising

therapeutic target to prevent HSC loss during chronic infection and suggests that there may be secondary

benefits of maraviroc therapy in such patients.

BATF2 is known to interact with JUN inmacrophages in response to IFNg stimulation.12,14,25 Notably, JUNB

and JUND were not examined in prior studies,25 and our data provide the first evidence that BATF2 heter-

odimerizes with JUN, JUND, and JUNB in murine HSPC in response to IFNg treatment. A limitation of the

study is our lack of direct co-immunoprecipitation of JUN on BATF2 pull-down in primary hematopoietic

cells, a result that is difficult to achieve given low protein levels.

Our transcriptional profiling data introduce the concept that quantitative but not qualitative differences in

response to infection and inflammation by Batf2 KO compared to WT HSC are sufficient to preserve the

HSC population during chronic infection. Consistent with this, BATF2 acts as a mediator by binding to

cis-elements of inflammatory genes in response to infection. Furthermore, our data represent the first

evidence that BATF2 shares similar motifs with common IFN response mediators including PU.1, IRF,

and STAT1. Thus, BATF2 amplifies existing inflammatory responses rather than serving as a regulator of

its own transcriptional response. This role as a signal amplifier leading to enhanced tissue inflammation

in infection helps explain why Batf2 is a useful predictive biomarker for chronically infected patients.14

In summary, we demonstrate that BATF2 binds with JUN in HSCs, amplifies IFNg responses, and induces

CCL5 to promote myeloid differentiation and stimulate pro-inflammatory responses during chronic infec-

tion, leading to HSC differentiation and depletion. We envision that our work will enable the development

of therapeutic approaches targeting BATF2 signaling pathways to prevent bone marrow suppression

because of chronic infection.

Limitations of the study

Aside from the limitations noted above, the most significant limitation of this work is a lack of validating

human data. However, Guler et al. previously demonstrated that TB patients with disease progression
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showed increased BATF2 expression in the whole blood compared to healthy controls.14 In addition, mar-

aviroc, an FDA approved drug that decreases inflammatory responses, has shown potential as a treatment

for chronic inflammatory diseases.24 Here, we demonstrate that mice treated withmaraviroc had decreased

myeloid differentiation in response to IFNg stimulation. In future studies, it will be interesting to investigate

whether maraviroc treatment prevents bone marrow suppression in chronically infected patients, demon-

strating a previously unrecognized benefit of CCR5 blockade therapy.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Mouse CD45.1 (PB conjugated, clone A20) Biolegend Cat#110721, RRID:AB_492867

Anti-Mouse CD45.1 (APC conjugated, clone A20) ebioscience Cat#17-0453-81, RRID:AB_469397

Anti-Mouse CD45.2 (BV 605 conjugated,

clone 104)

Biolegend Cat#109841, RRID:AB_2563485

Anti-Mouse CD45.2 (PE conjugated, clone A20) ebioscience Cat#12-0453-81, RRID:AB_465674

Anti-Mouse c-kit/CD117 (APC-Cy7 conjugated,

clone 2B8)

ebioscience Cat#25-1171-82, RRID:AB_469644

Anti-Mouse CD4 (PE-Cy5 conjugated,

clone GK 1.5)

ebioscience Cat#15-0041-82, AB_468695

Anti-Mouse CD4 (FITC conjugated, clone GK1.5) ebioscience Cat#11-0041-82, RRID:AB_464892

Anti-Mouse CD4 (BUV661 conjugated,

clone GK1.5)

BD Bioscience Cat#612974, RRID:AB_2870246

Anti-Mouse CD8 (PE-Cy5 conjugated,

clone 53–6.7)

ebioscience Cat#15-0081-82, RRID:AB_468706

Anti-Mouse CD8 (FITC conjugated, clone 53–6.7) ebioscience Cat#11-0081-82, RRID:AB_464915

Anti-Mouse CD8a (BUV395 conjugated,

clone 53–6.7)

BD Bioscience Cat#563786, RRID:AB_2732919

Anti-Mouse CD45R/B220 (PE-Cy5 conjugated,

clone RA3682)

ebioscience Cat#15-0452-82, RRID:AB_468755

Anti-Mouse CD45R/B220 (PE-Cy7 conjugated,

clone RA36B2)

ebioscience Cat#25-0452-82, RRID:AB_469627

Anti-Mouse/Human CD45R/B220

(FITC conjugated, clone RA3-6B2)

ebioscience Cat#11-0452-82, RRID:AB_465054

Anti-Mouse Ly-6G/Gr1 (PE-Cy5 conjugated,

clone RB68C5)

ebioscience Cat#15-5931-82 RRID:AB_468813

Anti-Mouse Ly-6G/Gr1 (PE-Cy7 conjugated,

clone RB68C5)

ebioscience Cat#25-5931-82, RRID:AB_469663

Anti-Mouse Ly-6G (Fitc conjuagated, clone 150D) Biolegend Cat# 127605, RRID: AB_1236488

Anti-Mouse Ly-6C (Alexa Fluor 700, clone HK1.4) Biolegend Cat#128024, RRID:AB_10643270

Anti-Mouse CD11b/Mac1 (PE-Cy5

conjugated, clone M1/70)

ebioscience Cat#15-0112-82, RRID:AB_468714

Anti-Mouse CD11b/Mac1 (PE-Cy7

conjugated, clone M1/70)

ebioscience Cat#25-0112-81, RRID:AB_469587

Anti-Mouse CD11b/Mac1 (APC-Cy7

conjugated, clone M1/70)

Biolegend Cat#101226, RRID:AB_830642

Anti-Mouse CD11c (APC conjugated, clone N418) ebioscience Cat#17-0114-81, RRID:AB_469345

Anti-Mouse CD44 (Alexa Fluor 700

conjugated, clone IM7)

Biolegend Cat#103026, RRID:AB_493713

Anti-Mouse Ter119 (PE-Cy5 conjugated,

clone M1/70)

ebioscience Cat#15-5921-82, RRID:AB_468810

Anti-Mouse CD150/SLAM (PE-Cy7

conjugated, clone TC1512F12.2)

Biolegend Cat#115914, RRID:AB_439797

Anti-Mouse CD34 (FITC conjugated, clone RAM34) ebioscience Cat#11-0341-82, RRID:AB_465021

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-Mouse CD80 (Brilliant violet 711

conjugated, clone 16-10A1

Biolegend Cat#104743, RRID:AB_2810338

Anti-Mouse CD86 (Brilliant violet 785

conjugated, clone GL-1

Biolegend Cat#105043, RRID:AB_2566722

Anti-Mouse CD90/Thy1.2 (BUV496

conjugated, clone 30-H12)

BD Biosciences Cat#741047, RRID:AB_2870662

Anti-Mouse NK1.1 (PE conjugated, clone PK136) eBioscience Cat#12-5941-83, RRID:AB_466051

Anti-Mouse MHCII/I-A/I-E (Brilliant

violet 421 conjugated, clone M5/114)

BD Biosciences Cat#562564, RRID:AB_2716857

Anti-Mouse Flk2/Flt3/CD135

(PE conjugated, clone A2F10)

ebioscience Cat#12-1351-82, RRID:AB_465859

Anti-Mouse IFNg (PE-Cy7 conjugated,

clone XMG1.2)

Biolegend Cat#505826, RRID:AB_2295770

Anti-Mouse TNFa (Brilliant Violet 605

conjugated, clone MP6-XT22)

Biolegend Cat#506329, RRID:AB_11123912

Tetramer I-A(b) Mtb Ag85 280–294

(PE conjugated, peptide sequence

FQDAYNAAGGHNAVF)

NIH tetramer facility IEBD ID# 17460

DAPI Life technologies Cat#D1306

Fc block MACS Miltenyi Biotec Cat#130-046-702

Bacterial strains

Mycobacterium avium N/A Smt 2151

Chemicals, peptides, and recombinant proteins

Recombinant Mouse IFNy eBioscience Cat#BMS326

Recombinant Mouse CCL5 RNTES CarrierFree Biolegend Cat#594204

Mtb peptide: FQDAYNAAGGHNAVF Biosynthesis N/A

Maraviroc, CCR5 Antagonist Abcam Cat#ab254450

Mouse CD117 MicroBeads MACS Miltenyi Biotec Cat#130-091-224; RRID: AB_2753213

Anti-PE Micro-Beads MACS Miltenyi Biotec Cat#130-048-801, RRID:AB_244373

CUTANAtm pAG-MNase for ChIC/CUT&RUN

Workflows

EpiCypher Cat#15-1016

Critical commercial assays

SMARTer� Stranded Total RNA-Seq

Kit v2 - Pico Input Mammalian

Takara Cat# 634411

Super-Script III First-Strand Synthesis Supermix Invitrogen Cat#18080051

iTaq Universal SYBR Green Supermix BioRad Cat#172-5121

Immobilon Forte Western HRP substrate MilliporeSigma Cat#WBLUF0100

Deposited data

RNA-seq GEO https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE206277

Mass Spectrometry Mendeley https://data.mendeley.com/datasets/tgx53jscj8/1

CUT&RUN sequencing GEO https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE206277

Experimental models: Organisms/strains

Mice: CD45.1 CCM core - BCM N/A

Mice: CD45.2 CCM core - BCM N/A

(Continued on next page)
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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, Katherine King (kyk@bcm.edu).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact with a completed

materials transfer agreement.

Data and code availability

Data

d RNAseq and CUT&RUNdata are available through GEO at: https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE206277.

d Mass Spectrometry Data available through Mendeley at: https://data.mendeley.com/datasets/

tgx53jscj8/1.

Code

d none.

Other

d none.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Batf2 KO mice were generated by the Genetically Engineered Rodent Models (GERM) Core at Baylor Col-

lege of Medicine using CRISPR gene editing to delete exons 1 and 2 of Batf2 in a C57BL/6 background. We

used the following CRISPR single guide RNAs: GGTGCACTCACTCGCACTCGCTC and GGTCTCACTC

TTGGTTCAAAAGG. F1 pups from heterozygous and WT mice were crossed to generate homozygous

mice. We used PCR and sequencing to determine the genotype. All animal studies were done under a

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mice: Batf2�/� mice BCM Mouse ES Cell Core N/A

Oligonucleotides

List of primers used for qPCR are in Table S1

Software and algorithms

Prism 9 https://www.graphpad.com/scientific-

software/prism/

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

flowjo/downloads

R Project for Statistical Computing https://www.r-project.org

R Studio https://www.rstudio.com/products/

rstudio/ download/#download

STAR https://github.com/al exdobin/STAR

Macs2 https://anaconda.org/bioconda/macs2

Bowtie2 https://github.com/BenLangmead/bowtie2

Bedtools https://github.com/arq5x/bedtools2

Biorender https://biorender.com/

Others

MethoCult� StemCell Techonologies, Inc Cat#M3434
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protocol approved by the Institutional Animal Care and Use Committee of Baylor College of Medicine.

Mice were used between 8 and 12 weeks of age with animals of both sexes matched between control

and experimental groups.

Microbial infections

We infected the mice intravenously (IV) with M. avium (2 3 106 colony-forming units) as described.26 To

establish our chronic infection model, we infected the mice repeatedly every four weeks for 4 months.

M. avium’s CFUs were quantified by growth onMiddlebrook agar and by PCR.27 To stimulate T cell cytokine

production, we IV injected the mice with a specific Ag85 peptide (aa240-254, FQDAYNAAGGHNAVF,

200 mg/mouse) 2 h prior to euthanasia.

METHOD DETAILS

Bone marrow transplantation

Hematopoietic stem cells (HSC) from infected mice or naive control CD45.2 donors were isolated from the

whole bone marrow (WBM) cells. Using Sony cell sorter, SH800. 300 CD45.2 HSCs with 2 3 105 CD45.1

competitor WBM cells were transplanted into 2-month-old recipients following a split dose of 10.5 Gy of

irradiation.

Complete blood counts

Peripheral blood was collected in EDTA-coated tubes and analyzed on Heska Element HT5 machine.

FACS analysis

For FACS sorting and analysis, WBM cells were collected from tibias, femurs, and pelvises. Cell enrichment

was performed using magnetic cell separation with microbead on an AutoMACS (Miltenyi Biotec, Ger-

many). Cells were stained with the desired antibodies at a concentration of 108 cells/mL and incubated

at 4�C for 30 min in the absence of light. The positive cell fragment was stained with antibodies and sorted.

Cell sorting was performed on SH800 Cell Sorter (Sony Biotechnology, San Jose, CA). The list of antibodies

is provided in the key resources table.

For HSPCs and immune cells analysis, total WBM cells were harvested from tibias and spleens were

collected from naive and infected WT and Batf2 KO mice. Spleens were weighed, crushed, and filtered

in 15 mL conical tubes. An aliquot of 100 mL of total volume was collected per sample for bacterial CFU

study. Red blood cells from WBM and spleen were lysed using Biolegend RBC lysis buffer (cat# 420301).

For tetramer staining, splenic cells were stained with Ag85240-254-loaded PE-conjugated tetramer (NIH

Core) for 1 h at 37�C in the absence of light. Ag85-specific cells were collected sing magnetic cell separa-

tion with anti-PE microbead on MACS columns (Miltenyi Biotec, Germany). Negative and positive cell frag-

ments were stained with antibodies to identify myeloid and lymphoid cells. A list of antibodies used for flow

cytometry is indicated in the key resources table.

Quantitative real-time PCR

RNA was isolated using TRIzol (Invitrogen), isopropanol and ethanol. cDNA was generated using random

hexamer primers (Super-Script IV, Invitrogen). Expression of ccl5 was quantified by using SYBR Green

Supermix (BioRad) on the Roche LighCycler 96 (Roche) for 40 cycles. Samples were normalized to 18S

rRNA levels and fold change was calculated using the DDCt method. Primers used in PCR reactions are

in Table S1.

DNA extraction and amplification of 16S bacterial gene

10 mg of spleen samples were collected from infected mice and naive control. DNA was isolated using

DNeasy Blood and Tissue Kits (Qiagen, Germany). DNA from the spleen was pre-amplified with Pre-

Amp Mastermix (Fuidigm, Cat#100–5581). Quantitative real-time PCR was run for 40 cycles with an anneal-

ing temperature of 60�C as previously described (Park et al., 2000).27

Bacterial CFU counting

Spleens from naive and infected WT and Batf2 KO mice were isolated and weighed. They were divided

longitudinally for bacterial CFU counting and histopathology. Spleen segments for bacterial CFU counting
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were re-weighed, crushed, and filtered in 15 mL conical tubes. The serially diluted spleen suspensions in 1x

PBS were plated in triplicate on 7H10 agar plates as previously described28 and incubated at 37�C in a

biohazard incubator for 7 days prior to colony counting. Plates containing 30–250 colonies were used for

calculation of bacterial CFU/g spleen.

Assessment of spleen histopathology

For spleen histology, spleen segments from naive and infected WT and Batf2 KO mice were stored in 10%

formalin prior to being submitted at the BCM Pathology and Histology Core. Each spleen segment was

parafilm embedded, sectioned, and hematoxylin and eosin stained.

Batf2 monoclonal antibody production

Mouse Batf2 full length cDNA (gene ID: 74,481) was amplified and cloned into pET vector with N-terminal

polyhistidine tag. The protein was mainly overexpressed into the inclusion bodies of E. coli BL21 (DE3)

strain. The inclusion bodies were solubilized using the buffer containing pH 7.4 PBS with 4M urea and

1 mM DTT. The protein was further purified from the whole inclusion body lysate with standard IMAC (im-

mobilized metal affinity chromatography) protocol. The purified protein then refolded and stored in the

buffer containing pH 7.4 PBS with 1 M urea and 1 mM DTT.

Batf2 KO mice (approximately 20 weeks of age) were immunized a total of four times with purified Batf2

protein. The first immunization was done subcutaneously using Complete Freund’s Adjuvant with each

mouse received 100 mg of protein as the immunogen. Subsequent immunizations were performed using

Incomplete Freund’s Adjuvant every two weeks, with mice receiving 50 mg of Batf2 protein/mouse, alter-

nating between intraperitoneal and subcutaneous injections. Mice were test bled one week after the third

and fourth immunization and evaluated by indirect ELISA and Western blots.

A fusion between mouse splenocytes from the chosen BATF2-immunized mouse and the mouse SP2/0-

Ag14 myeloma cell line was performed using standard PEG fusion methodology. Newly formed hybrid-

omas from the fusion were plated in ClonaCell Medium D (StemCell Technologies, Inc.). Positive hybrid-

omas from multiple rounds of ELISA and Western blot screening were expanded in IMDM +15% FBS

and cryopreserved in liquid nitrogen.

Antibody production was performed by expanding the hybridomas in IMDM +10% SuperLow Bovine IgG

FBS (HyClone). The hybridomas were allowed to overgrow and the antibody-containing supernatant har-

vested when the viability was less than 50%. Cells were removed by centrifugation and the sterile superna-

tant was stored at 4�C until the monoclonal antibody was purified using Protein G Sepharose with gentle

elution chromatography method.

Immunoprecipitation and mass spectrometry

32D cells (ATCC, CRL-11346) were cultured with recombinant IFNg (100 ng/mL) for 17 h. The cells were har-

vested and lysed in NETN buffer (50 mM Tris pH 7.3, 170 mM NaCl, 1 nM EDTA, 0.5% NP-40) followed by

sonication and ultracentrifugation. The immunoprecipitation (IP) was performed as described29 including

in-gel digestion. Each IP lane was cut into several bands, in-gel digested with trypsin, and combined into

three pools. The tryptic peptides were measured on nano-LC 1000 system (Thermo Fisher Scientific, San

Jose, CA) coupled to Orbitrap Fusion (Thermo Fisher Scientific, San Jose, CA) mass spectrometer (MS).

We used a two-column setup with precolumn (2 cm x 100mmI.D) and analytical column (20 cm x

75 mmI.D) filled with Reprosil-Pur Basic C18 (1.9 mm, Dr. Maish GmbH, Germany) to load peptides which

then were eluted using a 110min gradient of 2–30% B (90% acetonitrile) at a flow rate of 200 nL/min. The

eluted peptides were analyzed using Orbitrap Fusion mass spectrometer operated in the data-dependent

acquisition mode acquiring fragmentation spectra of the top 35 strongest ions. The full MS scan was per-

formed in Orbitrap in the range of 300-1400m/z at 120,000 resolutions (AGC 5e5, max IT 50ms) followed by

rapid IonTrap HCDMS2 fragmentation (CE30%, AGC 5e4, max IT 30ms) at precursor isolation width of 3m/

z. The dynamic exclusion was set to 5s. Proteome Discover 2.1 interface (Thermo Scientific) via Mascot al-

gorithm was used to analyze MS raw files which were searched against target-decoy mouse NCBI refseq

(downloaded on 2020-03-24). The following parameters were used for the search: variable modification

of oxidation on methionine, De-Streak on cysteine and protein N-terminal acetylation; 20ppm precursor

mass tolerance; 0.5Da fragment mass tolerance; 2 missed cleavages; enzyme Trysin. The initial peptide
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identification was done at a false discovery rate (FDR) < 0.05. Protein inference and quantitation were per-

formed by gpGrouper (v1.0.040) using shared peptide iBAQ area distribution.30

RNA purification and RNA sequencing

RNA was isolated from 50,000 to 80,000 sorted HSCs (Lineage-c-Kit+ CD150+ CD48� CD34�) from the

pools of 1-month infected mice and naive control (n = 10–12 per group) with RNeasy Kit (Qiagen,

Cat#74004). RNA-seq library was generated using SMARTer Stranded Total RNA-Seq Kit v2 – Pico Input

Mammalian (Takara Bio USA). The sequencing was performed using Illumina NovaSeq SP with a paired-

end sequencing length of 10bp. We used STAR (https://github.com/alexdobin/STAR) to align reads

against the hg38 genome, and FastQC, RSeQC, MultiQC, and FastQ Screen for the quality control and

to check the results for the contamination. Finally, read were counted using featureCounts.

We filtered the count matrix using the filterByExpr() function from the R package edgeR. DESeq2 was used

to perform differential expression analysis, and the false discovery rate (FDR) < 0.05 was considered statis-

tically significant. Gene set enrichment analysis was done by sorting gene lists according to their increasing

p value and running tmodCERNOtest() function from the tmod R package (Weiner third and

Domaszewska).Panel plots with geneset enrichment were plotted with tmodPanelPlot() from tmod, other

plots were plotted using ggplot2. Statistically significant results are listed in Tables S2 and S3. Both are

related to Figure 5.

CUT&RUN

CUT&RUN sequencing was performed with modified methods as previously described.31,32 50,000 HSCs

(LK CD150+, CD48�) were sorted pools of naive or 1-month (M. avium) infected WT mice for CUT&RUN

sequencing (N = 7–8). Cells were washed with Wash Buffer (50 mL total with 20 mM HEPES pH 7.5,

150 mMNaCl, 0.5 mM Spermidine, and one Roche Complete protein inhibitor tablet) and bound to Conca-

navalin A-coated magnetic beads (Bang Laboratories L200731C) for 15 min room temperature. Sample

slurries were magnetically separated, washed, and incubated with primary antibody diluted in wash buffer

containing 0.05% digitonin (Dig Wash) overnight at 4�C. Slurries were then magnetically separated

and washed with Dig Wash three times and then incubated with protein A-MNase (pA-MN, Epicypher

15–1016) for 1 h at 4 �C. Slurries were magnetically separated and washed, resuspended in 200uL Dig

Wash, and placed on an iced heating block. 2uL of 2 mM CaCl2 was added to catalyze the pA-MN reaction

and digestion. After 45 min, one equal volume of Stop Buffer (340 mM NaCl, 20 mM EDTA, 4 mM EGTA,

0.05%Digitonin, 0.05 mg/mL glycogen, 5 mg/mL RNase A, 2 pg/mL heterologous spike-in DNA) was added

to end the reaction, and sample slurries were then incubated for 30 min at 37 �C to release fragments and

then magnetically separated. The supernatant was collected, and DNA was purified via phenol-chloroform

extraction and ethanol precipitation. Samples were resuspended in molecular-grade water after ethanol

precipitation.

DNA was quantified with Qubit 2.0 DNA HS Assay (ThermoFisher, Massachusetts, USA) and quality was as-

sessed by Tapestation High sensitivity D1000 DNA Assay (Agilent Technologies, California, USA). Library

preparation was performed using the KAPA HyperPrep kit (Roche, Basel, Switzerland) according to the

manufacturer’s recommendations. Library quality and quantity were assessed with Qubit 2.0 DNAHS Assay

(ThermoFisher, Massachusetts, USA), Tapestation High Sensitivity D1000 Assay (Agilent Technologies, Cal-

ifornia, USA), and QuantStudio 5 System (Applied Biosystems, California, USA). Illumina 8-nt dual-indices

were used. Equimolar pooling of libraries was performed based on QC values and sequenced on an Illu-

mina NovaSeq (Illumina, California, USA) with a read length configuration of 150 paired-end (PE). Anti-

bodies used were anti-BATF2, Rabbit-antimouse IgG (Jackson ImmunoResearch 315-005-003), and Rabbit

anti-H3K27ac (Cell Signaling Technologies 8173T).

PE reads were aligned to mm10 using Bowtie2 version 2.4.5. MACS2 version 2.2.7.1 was used to call peaks

and CUT&RUN IgG was used as a negative control. HOMER (Hypergeometric Optimization of Motif

EnRichment) was used to discover motifs with different enrichment between CUT&RUNBATF2 and control.

GREAT version 4.0.4 (Stanford University, CA) was used to predict the functions of cis-regulatory regions of

CUT&RUN BATF2. Bedgraph files of normalized counts were visualized using Integrative Genomics

Viewer (IGV).
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Differentiation assay on Methocult�
10,000 WBM cells from mouse recombinant IFNg (eBioscience, Cat# BMS326) treated WT and Batf2 KO

mice and naive control were plated in Methocult� (StemCell, Cat# M3434) completed media at 37�C for

12 days. Colony-forming units were counted using a light microscope.

IFNg, CCL5, and maraviroc treatment

WT and Batf2 KO mice were treated with IP injection of 10 mg IFNg for 24 h. For in vivo CCL5 (Biolegend,

Cat# 594204), at four-week postM. avium infection, themice were treated with IP injection of 100 ng recom-

binant CCL5 every other day for 2 weeks. For ex vivo treatment with CCL5, 1 3 106 BONE MARROW cells

from mice with or without IFNg treatment were incubated in the presence or absence of CCL5 (50 ng/mL)

for 4 h at 37�C. For maraviroc (Abcam, ab254450) treatment, at 2 days before IFNg injection, the mice were

treated with Maraviroc (50 mg/kg) by oral gavage daily.

Cytokine bead array

We performed a cardiac puncture to collect peripheral blood from infected WT and Batf2 KO mice and

naive control. The serum was separated from the blood by centrifuging in BD Microtainers and was frozen

at�80�C until further use. After thawing on ice, the serumwas diluted 1:2 in Assay Buffer in Millipore-Sigma

Mouse Cytokine/Chemokine Magnetic Bead Panel 96 well plate assay kit. The reagents were prepared

immunoassay following the manufacturer’s protocol including antibody-immobilized beads, quality con-

trols, wash buffer, and serummatrix. The serum samples were incubated with antibody-immobilized beads

in absence of light overnight at 4�C with agitation. The next day, the samples were incubated with detec-

tion antibodies and secondary streptavidin-phycoerythrin for the appropriate time per kit instructions. Bio-

Rad Bio-Plex 200 with Bioplex manager 6.1 software was used to run the control and experimental serum

samples. The concentrations of cytokines and chemokines were calculated using the median fluorescent

intensity (MFI).

QUANTIFICATION AND STATISTICAL ANALYSIS

Mean G SEM are shown in all datafigures with either Student’s t test or ordinary one-way ANOVA using

GraphPad Prism v9.0. The number of times each experiment repeated, n, and statistical details were pro-

vided in the figure legends.

ll
OPEN ACCESS

iScience 26, 106059, February 17, 2023 21

iScience
Article


	ISCI106059_proof_v26i2.pdf
	BATF2 promotes HSC myeloid differentiation by amplifying IFN response mediators during chronic infection
	Introduction
	Results
	Batf2 KO mice show reduced early immune responses during M. avium infection
	Chronically infected Batf2 KO mice have reduced myeloid differentiation and bacterial loads in the spleen compared to WT mice
	Batf2 KO mice show improved HSC self-renewal in response to chronic infection compared to WT mice
	BATF2 forms a complex with JUN in response to IFNγ stimulation in HSPCs
	BATF2 amplifies pro-inflammatory signaling pathways in HSCs during chronic infection
	BATF2 binds to cis-regulatory regions of the ccr5 gene in HSCs in chronic infection
	BATF2 induces CCL5 to promote myeloid differentiation in the bone marrow and recruit immune cells to the spleen

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Inclusion and diversity
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Mice
	Microbial infections

	Method details
	Bone marrow transplantation
	Complete blood counts
	FACS analysis
	Quantitative real-time PCR
	DNA extraction and amplification of 16S bacterial gene
	Bacterial CFU counting
	Assessment of spleen histopathology
	Batf2 monoclonal antibody production
	Immunoprecipitation and mass spectrometry
	RNA purification and RNA sequencing
	CUT&RUN
	Differentiation assay on Methocult™
	IFNγ, CCL5, and maraviroc treatment
	Cytokine bead array

	Quantification and statistical analysis




