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Toll-like receptors (TLRs) are a family of pattern recognition receptors (PRRs) which play a 

critical role in innate immunity [1]. There is accumulating evidence that TLRs also regulate 

hematopoiesis and contribute to the pathogenesis of certain hematopoietic malignancies [2, 

3]. Chronic stimulation with TLR4 or TLR2 ligands results in an expansion of phenotypic 

HSCs with reduced self-renewal capacity and enhanced myeloid differentiation [4-6]. Of 

particular relevance to this study, Ignatz-Hoover et al. showed that stimulation of TLR8 

signaling in AML cells induces their differentiation, suggesting a potential therapeutic 

benefit of TLR8 agonist therapy in AML [7]. TLR7 and TLR8 are endosomal TLRs 

that recognize single stranded ribonucleic acids, including viral RNAs and micro RNAs 

[3]. TLR7 and TLR8 are primarily expressed on myeloid cell populations, including 

monocytes, neutrophils, and dendritic cells (DCs), with undetectable expression on HSPCs 

[8]. TLR7/8 stimulation of human CD34+ cells induces their differentiation into DCs in vitro 

[9]. However, the effect of TLR8 stimulation in vivo on normal hematopoiesis is largely 

unknown.

Methods

Mice

Zbtb46gfp (129S-Zbtb46tm1Kmm/J) and B6.Cg-Zbtb46tm3.1(cre)Mnz/J mice were obtained 

from The Jackson Laboratory. B6.Cg-Zbtb46tm3.1(cre)Mnz/J mice were bred with 

B6.129P2(SJL)-Myd88tm1Defr/J mice to generate Zbtb46-Cre, Myd88f/f mice. CX3CR1gfp/+ 

mice were kindly provided by Dr. David Littman (New York University School of 
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Medicine). All animal handling and experimental procedures were approved by the Animal 

Studies Committee at Washington University.

R848 administration

R848 (tlrl-pms, Invivogen) was diluted in H2O and administered intraperitoneally at a dose 

of 100μg per day every other day for 3 doses.

Bone marrow transplantation, quantitative RT-PCR, and RNA sequencing

Standard approaches were used and are outlined in detail in supplementary methods. The 

RNA sequencing data have been deposited at GEO (GSE163600).

Flow cytometry and sorting

Detailed methods for flow cytometry analysis are provided in supplementary methods. For 

DC sorting, bone marrow cells were harvested from CX3CR1gfp/+ mice and stained with 

a biotin-conjugated lineage marker cocktail (Gr-1, B220, Ter119, and CD3e). Following 

lineage depletion using the Auto-MACS Pro Separator (Miltenyi Biotec) with anti-biotin 

microbeads (Miltenyi Biotec, 130-090-485), cells were stained with appropriate antibodies 

and sorted using a Sony SY3200 “Synergy” high-speed cell sorter (Sony).

Statistical analyses

The statistical analysis used for each experiment is provided in the figure legends. All data 

are presented as mean ± standard error of the mean (S.E.M.).

Results and Discussion

To assess the in vivo hematopoietic response to TLR8 stimulation, we treated C57Bl/6J 

mice with the TLR7/8 ligand R848 every other day for 3 doses. Prior studies showed 

that systemic treatment with TLR2 or TLR4 agonists results in the expansion of mature 

myeloid cells (neutrophils and monocytes) at the expense of B lineage cells in the bone 

marrow [10-12]. In contrast, R848 treatment had no significant effect on peripheral blood 

counts or the number of neutrophils or monocytes in the blood, bone marrow or spleen, 

except for an increase in splenic monocytes (Fig. 1A-D). Moreover, although B cells were 

reduced in the blood and bone marrow, they were increased in the spleen (Fig. 1B-D). As 

reported previously, DCs were identified as B220− GR1− MHCIIhi CD11chi cells (Fig.S1A) 

[13]. Interestingly, a significant (nearly 3-fold) increase in bone marrow resident DCs was 

observed after R848 treatment (Fig. 1C). To confirm this finding, we used Zbtb46GFP 

mice, in which DCs and endothelial cells, but not monocytes or macrophages, express 

GFP [14]. By flow cytometry, we again observed a significant increase in B220− GR1− 

MHCIIhi CD11chi GFP+ DCs in the bone marrow (Fig. 1E-F). Of note, a modest increase 

in GFP+ DCs in the blood but not spleen also was observed (Fig. 1G-H). We next analyzed 

femur sections from Zbtb46GFP mice. DCs were identified as GFPdim perivascular cells that 

were located near GFPbright VE-Cadherin+ endothelial cells (Fig. S1B). Consistent with the 

flow cytometry data, histomorphometry showed a significant increase in perivascular DCs 

(Fig. S1C). The impact of more prolonged R848 treatment on DC homeostasis remains an 

important open question.
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We previously reported that bone marrow resident DCs display a type 2 classical DC 

(cDC2)-like immunophenotype, expressing CD11b but not XCR1 [13]. Of note, the 

expression pattern of certain inflammatory chemokines/cytokines and their receptors in bone 

marrow resident DCs is distinct from cDC2s in the spleen, suggesting that bone marrow DCs 

may represent a unique dendritic cell population with distinct functional properties [13]. To 

explore mechanisms for the increase in bone marrow DCs, we quantified common dendritic 

progenitors (CDPs) and pre-DCs in the bone marrow (Fig. 2A). A striking reduction in both 

cell populations was observed after R848 treatment (Fig. 2B). Of note, a prior study showed 

that TLR7/8 agonist treatment of human CD34+ cells induced their differentiation into DCs 

[9]. Together, these observations suggest the possibility that TLR7/8 stimulation induces 

the differentiation of CDPs (and preDCs) into mature DCs in vivo. Alternatively, Schmid 

et al showed that treatment with agonists for TLR1/2, TLR4, or TLR9 results in modest 

mobilization of preDCs, suggesting that mobilization also may contribute to the decrease in 

CDPs and preDCs in the bone marrow [15].

To characterize the phenotype of the expanded pool of bone marrow resident DCs, we 

performed RNA sequencing on sorted DCs following R848 treatment. Principal component 

analysis segregated R848-treated DCs from control DCs (Fig 2C). A total of 192 

differentially expressed genes were identified that met the following criteria: 1) a false 

discovery rate ≤ 1%; 2) a fold change of ≥ 4; and 3) minimum FPKM of ≥ 5 for the 

higher expressed cohort (Table S1). Significantly differentially expressed chemokines were 

CCL5, CCL9, and CXCL16 (Fig. 2D). In particular, CCL5 expression in bone marrow DCs 

increased 47-fold after R848 treatment. This is relevant, since CCL5 has been implicated 

in the expansion of myeloid-biased HSCs [16]. Significantly increased expression of CD83, 

a marker of DC activation, with a trend to increased CD40, CD80, or CD86 expression, 

also was observed (Fig. 2D) [17]. Of note, cell surface expression of MCHII was not 

changed after R848 treatment (Fig. 2E). To further assess DC phenotype, flow cytometry 

was performed to measure the cell surface expression of certain receptors involved in DC 

migration. Marked decreased expression of CCR2 and a significant, but modest, decrease in 

CCR7 were observed in R848 treated bone marrow DCs (Fig. 2E). Since CCR7 and CCR2 

have been implicated in the tracking of DCs to draining lymph nodes, these data raise the 

possibility that TLR7/8 stimulation may reduce the migratory capacity of DCs [18-21]. On 

the other hand, a marked increase in CD62L (encoding L-selectin) was observed. Although 

its role in DC migration is unclear, there is strong evidence that CD62L is required for 

the efficient transendothelial migration of monocytes [22]. The impact of altered gene 

expression on DC subtype (e.g., cDC1 versus cDC2), activation, migratory capacity, and 

ability to activate T cells is unclear and will require further study.

Prior studies showed that treatment with TLR2 or TLR4 ligands results in an expansion 

of phenotypic HSPCs in the bone marrow and mobilization of HSPCs to blood and spleen 

[2, 11, 12]. Likewise, we observed that treatment with R848 induced a modest expansion 

of lineage− Sca1+ Kit+ (LSK) cells and phenotypic HSCs (CD150+ CD48− LSK cells) 

in the bone marrow (Fig. 3A,C and Fig. S2A). Since Sca1 expression is upregulated in 

response to certain inflammatory stimuli [23], we also quantified phenotypic HSCs using 

EPCR instead of Sca1 (Fig. S2B). Again, a significant, increase in CD150+ CD48− Lineage− 

EPCR+ Kit+ cells was observed in the bone marrow after R848 treatment (Fig. 3D). 
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Interestingly, a modest, but significant, decrease in common myeloid progenitors (CMP) and 

megakaryocyte-erythroid progenitors (CEP) was observed (Fig. 3E). Treatment with R848 

also induced modest HSPC mobilization, with significant increases in phenotypic HSCs, 

LSK cells, and colony-forming cells (CFU-C) in the spleen and LSK cells in the blood 

(Fig. 3A-C). Of note, prior studies showed that HSPC mobilization induced by treatment 

with TLR4 or TLR2 ligands is mediated in part, by increasing G-CSF expression [4, 24]. 

G-CSF-induced HSPC mobilization is primarily mediated by decreasing CXCL12 and stem 

cell factor expression in the bone marrow [25]. However, no change in total bone marrow 

CXCL12 or stem cell factor mRNA was observed after R848 treatment (Fig. 3F). These 

data suggest that increased G-CSF signaling is not a major driver of HSPC mobilization in 

response to TLR7/8 stimulation.

TLR7/8 is expressed at low levels in murine and human HSPCs, raising the possibility 

of a non-cell autonomous mechanism of HSPC mobilization [26, 27]. Since bone marrow 

resident DCs express a relatively high level of TLR7 (FPKM ± SD: 9.4 ± 3.6) and TLR8 

(21.9 ± 6.3), we next determined whether TLR7/8 signaling in DCs contributes to HSPC 

expansion or mobilization by generating Zbtb46-Cre Myd88fl/fl mice. Of note, Zbtb46-Cre 
selectively targets dendritic cells but not monocytes or macrophages [28]. Since, MYD88 

is required for TLR7/8 signaling, dendritic cells in these mice should be unresponsive to 

R848 stimulation. Endothelial cells also express Zbtb46 [14]; thus, we generated Zbtb46-
Cre Myd88f/f or Myd88f/f (control) bone marrow chimeras to restrict the Myd88 loss to 

hematopoietic cells (Fig. 4A). Surprisingly, the TLR7/8 agonist-induced increase in DCs 

and decrease in B cells was preserved in Zbtb46-Cre Myd88f/f mice (Fig. 4B-E). Likewise, 

the TLR7/8 agonist-induced increase in bone marrow HSPCs and HSPC mobilization were 

similar in control and Zbtb46-Cre Myd88f/f mice (Fig. 4G-J). These data show that TLR7/8 

signaling in DCs is not required for the increase in DCs or HSPCs or HSPC mobilization. 

We previously showed that G-CSF induced HSPC mobilization is secondary to monocyte 

and/or macrophage activation [29]. Of note, both TLR7 and TLR8 are expressed on bone 

marrow resident monocytes (average FPKM ± SD: 12.8 ± 6.1 and 25.2 ± 7.1, respectively) 

and macrophages (11.5 ± 2.7 and 6.0 ± 4.2, respectively). These observations suggest the 

possibility that TLR7/8-induced monocyte or macrophage activation mediates the HSPC 

expansion and/or mobilization.

Systemic treatment with TLR4 or TLR2 ligands results in reduced HSC repopulating 

activity and enhanced myeloid differentiation of HSCs [2, 5, 10, 12]. To determine 

if TLR7/8 stimulation had a similar effect on HSCs, we performed a competitive 

repopulation assay using bone marrow from R848 or vehicle-alone treated mice. Multi-

lineage engraftment similar to that observed with control cells was observed (Fig. 5A-B). 

Moreover, the contribution of donor cells to the LSK and LSK-SLAM populations was 

comparable to control cells (Fig. 5C). The similar engraftment of R848-treated bone 

marrow cells despite the increase in phenotypic HSCs (Figure 3C) raised the possibility that 

R848 treatment reduces the repopulating activity of individual R848-treated HSCs. Indeed, 

donor engraftment after transplantation of forty sorted LSK-SLAM cells was significantly 

reduced compared with control HSCs (Fig. 5D). Together, these data show that in vivo 

stimulation of TLR7/8 results in a modest expansion of phenotypic HSCs with reduced 

repopulating activity. Serial transplantations assays are needed to rigorously determine 
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whether R848 affects HSC self-renewal capacity. Of note, a prior study showed G-CSF 

selectively mobilizes dormant HSCs [30]. Thus, it is possible that TLR7/8 also selectively 

mobilizes HSCs with increased engraftment potential, contributing to the observed reduced 

repopulating activity of bone marrow resident HSCs.

To assess HSC lineage bias, the contribution of donor cells to myeloid and lymphoid 

lineages in the blood was assessed 16 weeks after transplantation of sorted HSCs (Fig. 5E). 

A similar percentage of myeloid (neutrophil or monocyte) and lymphoid (T-cell or B-cell) 

donor cells was observed in mice transplanted with control or R848-treated HSCs (Fig. 

5E). Indeed, the mean percentage of donor cells that were myeloid was comparable, and 

the majority of mice showed a balanced HSC lineage output pattern (Fig. 5F-G). Thus, in 

contrast to a chronic (4-6 week) low-dose TLR4 stimulation, short-term (5 day) TLR7/8 

stimulation does not alter the lineage bias of HSCs [5]. The impact of more prolonged 

treatment with a TLR7/8 agonist on HSC lineage output remains an open question.

Our data show that in vivo stimulation of TLR7/8 results in a significant expansion of 

perivascular DCs in the bone marrow. Of note, recent studies show that DCs are an 

important component of the perivascular niche in the bone marrow, providing signals that 

regulate HSPC function and mature B cell survival [31, 32]. The impact of increasing 

bone marrow DCs on the ability of the perivascular niche to support HSPCs and respond 

to inflammatory stimuli are open and important questions. Sioud et al. showed that DCs 

generated from human CD34+ cells by TLR7/8 stimulation were able to induce potent 

alloreactive T-cell responses in vitro [9]. Thus, TLR7/8 agonist treatment, by expanding 

bone marrow DCs, may augment responses to certain immunotherapies, such as cancer 

vaccines or immune checkpoint blockade.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

1. Systemic TLR7/8 agonist treatment induces an increase in phenotypic 

hematopoietic stem cells with reduced repopulating activity.

2. Systemic TLR7/8 agonist treatment induces hematopoietic stem/progenitor 

cell mobilization.

3. Systemic TLR7/8 agonist treatment is associated with a marked increase 

in mature classical dendritic cells and decrease in dendritic cell progenitors/

precursors
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Figure 1. TLR7/8 agonist treatment is associated with an increase in bone marrow dendritic 
cells.
Wild-type or Zbtb46gfp (129S-Zbtb46tm1Kmm/J) mice were treated with R848 (100μg, every 

other day x 3 doses) and analyzed 24 hours after the final dose. A. White blood cell 

(WBC), red blood cell (RBC), and platelet counts (PLT) are shown. B-D. Number of 

the indicated cell type in blood (B), bone marrow (C), or spleen (D). E. Representative 

flow plots showing the gating strategy using Zbtb46gfp mice to identify DCs (MHCIIhigh 

CD11chigh GFPhigh Gr1− B220−) in the bone marrow. F-H. Number of GFP+ DCs in bone 

marrow (F), blood (G), or spleen (H) of Zbtb46gfp mice. Data represent the mean ± SEM. 

Statistical significance determined using an unpaired t-test. n = 3-7, from two independent 

experiments.*P<0.05, **P < 0.01, ***P < 0.001.
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Figure 2. DC progenitor/precursors in the bone marrow are reduced following TLR7/8 agonist 
treatment.
Wild-type mice were treated with R848 (100μg, every other day x 3 doses) and analyzed 24 

hours after the final dose. A. Representative flow plots showing gating strategy to identify 

common dendritic progenitors (CDPs) and pre-DCs. B. Number of CDPs and pre-DCs 

in the bone marrow. C-D. Cx3cr1gfp/+ mice were treated with a single dose of R848 

(100 μg), and RNA sequencing was performed on sorted bone marrow DCs (MHCIIhigh 

CD11chigh CX3CR1-GFPhigh Gr-1− B220−). C. Principal component analysis D. Expression 

of the indicated gene (FPKM, fragments per kilobase) with false discovery rates shown. E. 

Representative histograms showing cell surface expression of the indicated protein (upper 

panel), with quantification of the data provided in the lower panel. The gray and orange 

histograms represent control and R848-treated DCs, respectively. Statistical significance 

determined using an unpaired t-test (B, E) or false discovery rate (D). **P < 0.01, ***P < 

0.001.
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Figure 3. TLR7/8 agonist treatment induces HSPC expansion and mobilization.
Wild-type mice were treated with R848 (100μg, every other day x 3 doses) and analyzed 

24 hours after the final dose. A. Number of lineage− sca1+ c-kit+ (LSK) in the bone 

marrow, blood and spleen. B. Number of colony-forming cells (CFU-C) in bone marrow, 

blood and spleen. C. Number of CD150+ CD48− LSK (LSK-SLAM) in the bone marrow 

and spleen. D. Number of lineage− EPCR+ c-kit+ CD150+ CD48− (LEK-SLAM) cells 

per femur. E. Number of common myeloid progenitors (CMPs), granulocyte-macrophage 

progenitors (GMPs), and megakaryocyte-erythroid progenitors (MEPs) in bone marrow. F. 

RNA expression of the indicated gene relative to β-actin from total bone marrow RNA. 
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Data represent the mean ± SEM. Statistical significance determined using an unpaired t-test. 

*P<0.05, **P < 0.01.
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Figure 4. TLR7/8 signaling in DCs is dispensable for TLR7/8 agonist-induced HSPC expansion 
and mobilization.
A. Bone marrow from Zbtb46-Cre, Myd88f/f or Myd88f/f mice were transplanted into 

irradiated wild-type recipient mice, and 8 weeks later, mice were treated with R848 (100μg, 

every other day x 3 doses) and analyzed 24 hours after the final dose. B-E. Number of 

the indicated in the cell type in bone marrow. F. Number of DCs (MHCIIhigh CD11chigh 

Gr-1− B220−) in the bone marrow. G-H. Number of lineage− sca1+ c-kit+ (LSK) in the 

bone marrow. I-J. Number of CD150+ CD48− LSK (LSK-SLAM) in the spleen. Data 

represent the mean ± SEM. Statistical significance determined using a one-way ANOVA 

with Newman-Keuls multiple comparison testing. *P<0.05, **P < 0.01, ***P < 0.001.
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Figure 5. TLR7/8 agonist treatment reduces the repopulating activity of individual HSCs without 
affecting lineage output.
Bone marrow from wildtype (Ly5.2) mice treated with R848 or vehicle alone (CTL) were 

transplanted along with an equal number of competitor (Ly5.1/Ly5.2) bone marrow cells 

into irradiated Ly5.1 recipients (n=7-10 per cohort, from two independent experiments). A. 

Percentage of Ly5.2 peripheral blood leukocytes over time. B-C. Percentage of Ly5.2 cells 

in the indicated cell population 16 or 24 weeks after transplantation. PMNs: neutrophils; 

Mono: monocytes; LSK: lineage− Sca1+ Kit+ cells; LSK-SLAM: LSK-CD150+ CD48− 

cells. D-G. Forty sorted LSK-SLAM cells were transplanted into recipient and peripheral 

blood chimerism assessed 16 weeks later (n = 11-13, from two independent experiments). 

D. Percentage of Ly5.2 peripheral blood leukocytes. E. Contribution of the indicated lineage 

to the total pool of Ly5.2+ cells. Each column represents a different mouse. F. Percentage 

of cells in E that were myeloid (Gr1+ or CD115+). G. Quotient of the percentage donor 

contribution to the overall myeloid lineage (GM; Gr1+ or CD115+) over the sum of the 

percentage donor contributions to the overall B and T cell lineages (B+T) for individual 

mice. Myeloid-biased mice had a ratio >2, lineage balanced mice between 0.25 and 2, and 

lymphoid-biased mice <0.25. Statistical significance determined using a 2-way ANOVA (A) 

or an unpaired t-test (B-G). *P<0.05, **P < 0.01.
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