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Abstract

Diabetes induces dysregulation throughout the spectrum of myeloid lineage cells from progenitors 

to terminally differentiated cells. Another complication of diabetes is persistent inflammation, 

including prolonged accumulation of macrophages, which contributes to impaired wound healing. 

However, it remains unclear whether diabetes disrupts the response of bone marrow progenitors to 

peripheral injury and whether such dysregulation leads to sustained inflammation and impaired 

healing. Here, we demonstrated that diabetic mice (db/db, referred to here as DB) exhibit myeloid 

lineage bias during homeostasis and following injury. In addition, cells in the LSK (Lin
−Sca-1+cKit+) population of DB mice are preprogrammed towards myeloid commitment at the 

transcriptional level, and cultured myeloid progenitors from DB mice produce more monocytes ex 
vivo than their non-diabetic counterparts. We also show via bone marrow transfer between 

interleukin-1 receptor 1 KO (Il1r1−/−) and DB mice that IL-1R1 signaling is likely not involved in 

myeloid skewing in DB mice. Furthermore, in vitro experiments indicated that macrophage 

colony-stimulating factor receptor signaling is not likely involved in enhanced myeloid 

transcription factor expression in LSK cells of DB mice. Our findings indicate that myeloid 

lineage commitment in bone marrow may contribute to increased macrophage numbers observed 

in diabetic skin wounds, and that strategies to regulate monopoiesis during homeostasis or post-

wounding may improve diabetic wound healing.
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Introduction

Diabetic ulcers are a major health concern with increasing socioeconomic burden [1–3]. 

Cells of the monocyte/macrophage lineage (Mo/Mp) play important roles in skin wound 

healing [4–10], but persistent accumulation of inflammatory Mo/Mp contributes to chronic 

inflammation in poorly healing diabetic wounds [11–15]. Wound Mo/Mp are thought to 

originate primarily from circulating monocytes, which in turn are supplied by bone marrow 

(BM) [4,8,9], and we recently reported that skin wounding increases hematopoietic stem and 

progenitor cell (HSPC) numbers and promotes monocyte expansion in the BM of mice [16]. 

However, links between diabetes, (dys)regulation of HSPC populations, persistent wound 

Mo/Mp accumulation, and impaired healing remain to be elucidated.

A number of studies have demonstrated the effects of obesity, hypercholesterolemia, and 

hyperglycemia on the hematopoietic system [17–26]. For example, hyperglycemia can 

preprogram HSPCs towards myeloid lineage commitment [21]. Similarly, both diet-induced 

and genetically modified obese (ob/ob) mice exhibit increased myelopoiesis [17,23–25]. 

Obesity may also induce epigenetic modifications in HSPCs that bias progeny, leading to 

increased inflammatory wound Mp phenotypes and impaired skin wound healing [12]. 

However, much remains to be learned about how diabetes induces dysregulation of HSPC 

subpopulations and how these alterations influence wound Mp activity and subsequent 

healing.

In the present study, we provide evidence that enhanced myeloid cell production in type 2 

diabetic mice (db/db; hereafter called DB) following skin wounding likely results from 

alterations in bone marrow progenitors generated during homeostasis and maintained 

following injury. Diabetic mice exhibited increased proportions of bone marrow myeloid 

progenitors (MyP) and circulating inflammatory monocytes (Mo) before skin wounding, and 

enhanced myeloid output was maintained following injury, contributing to a greater number 

of wound Mp. In addition, cells of the LSK (Lin−Sca-1+cKit+) population from diabetic 

mice appeared to be preprogrammed towards myeloid commitment at the transcriptional 

level, and cultured MyP from diabetic mice produced more Mo ex vivo than their wild-type 

counterparts. Finally, we showed that interleukin-1 receptor 1 (IL-1R1) and macrophage 

colony-stimulating factor receptor (M-CSFR) signaling, which are known to induce 

myelopoiesis in WT HSC [27,28], are likely not involved in myeloid skewing in DB mice.

Materials and methods

Animals

Diabetic db/db (DB) on the BKS background, interleukin-1 receptor 1 knockout mice 

(Il1r1−/−) mice on the C57Bl/6 background, and non-diabetic (ND) C57BL/6 controls were 

obtained from Jackson Laboratories (Bar Harbor, ME, USA). Our preliminary experiments 

indicated no differences in bone marrow HSPC populations, wound Mo/Mp populations, or 

wound healing between C57Bl/6 and BKS control mice; thus, C57Bl/6 mice were used as 

controls for the present study. Experiments were performed on 8- to 12-week-old mice. All 

experimental procedures were approved by the Animal Care Committee at the University of 

Illinois at Chicago.
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Excisional skin wounding

Mice were subjected to two excisional skin wounds using an 8 mm biopsy punch as 

described previously [13,29,30].

Bone marrow transfer

Bone marrow-recipient mice (8- to 10-week-old DB mice) were lethally irradiated using two 

doses of 5 Gray with 3 h between doses. Bone marrow cells were collected from donor 8- to 

10-week-old Il1r1−/− or C57BL/6 wild-type control mice and injected retro-orbitally (5 × 

106 cells per mouse in 200 μl of PBS) into recipient mice on day 1 after lethal irradiation. 

Six weeks later, mice were sacrificed and cells were collected for analysis.

Cell isolation

Cells from excisional skin wounds of mice were dissociated enzymatically [13,30]. For BM 

cells, femurs were isolated and marrow was flushed out with cold fluorescence-activated cell 

sorting (FACS) buffer. Splenic cells were prepared by dissociating spleen in FACS buffer 

and then passing the cell suspension through a 70 μm mesh cell strainer. Peripheral blood 

was collected in EDTA-containing collection tubes.

Flow cytometry

Details of the antibodies used for flow cytometry are listed in supplementary material, Table 

S1. For identification of stem cell populations, BM single cells were incubated with biotin-

conjugated antibodies targeting the lineage markers CD45R, CD3e, Gr1, TER-119, CD11b, 

CD4, CD8a, CD19, NK1.1, and CD127, followed by either streptavidin-APC-Cy7, Sca-1-

PerCP-Cy5.5, cKit-Alexa Fluor 647, Flk2-BV421, CD150-PE-Dazzle594, and CD48-PE, or 

streptavidin-APC-Cy7, Sca-1-PerCP-Cy5.5, cKit-Alexa Fluor 647, FcRγ-V450, and CD34-

FITC. For identification of myeloid cells in BM, spleen or blood, cells were incubated with 

antibodies against Ly6G-BV421, CD11b-APC-eFluor 780, CD115-PE, and Ly6C-FITC. For 

wound myeloid cells, enzymatically dissociated single cells were incubated with Zombie-

BV421, CD45-FITC, Ly6G-PE-CF594, CD11b-APC-eFluor780, F4/80-PE, and Ly6C-

PerCPCy5.5. To assess surface M-CSFR on HSPCs, BM cells were incubated with biotin-

conjugated antibodies targeting lineage markers, followed by streptavidin-APC-Cy7, Sca-1-

PerCP-Cy5.5, cKit-Alexa Fluor 647, FcRγ-V450, CD34-FITC, and CD115.

For progenitor sorting, BM cells were enriched for lineage− cells using EasySep™ Mouse 

Hematopoietic Progenitor Cell Isolation Kit and following the manufacturer’s protocol 

(Stem Cell Technologies, Vancouver, BC, Canada). Lineage− cells were then incubated with 

streptavidin-eFluor450 (to exclude any residual lineage+ cells that had bound biotin-

conjugated antibodies to lineage markers but were not depleted during magnetic sorting), 

Sca-1-PE-Cy7, and cKit-Alexa Fluor 647. For assessing Mo differentiation in culture, 

differentiated cells were incubated with CD11b-APC-eFluor 780, Ly6C-FITC, and FcRγ-

BV421 antibodies. Cell sorting was performed on MoFlo Astrios (Beckman Coulter, Brea, 

CA, USA) and cell analyses were done using LSR II Fortessa (Becton Dickenson, Franklin 

Lakes, NJ, USA).
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Clonogenic assay

Thirty thousand BM cells were cultured per 30 mm dish in MethoCult™ GF M3534 

medium following the manufacturer’s protocol (Stem Cell Technologies, Vancouver, BC, 

Canada) and granulocyte-macrophage colony-forming units (CFU-GM) were counted under 

a microscope following culture for 9 days.

RT-qPCR

RNA isolation from FACS-sorted LSK or MyP and first-strand cDNA synthesis were 

accomplished using a Power SYBR Green Cells-to-CT kit. Quantitative PCR was performed 

using either power SYBR Green PCR Master Mix and custom-designed primers or TaqMan 

Universal PCR Master Mix or TaqMan Gene Expression Assay primer/probe sets as listed in 

supplementary material, Table S2. Relative gene expression was determined using the 

2−ΔΔCT method, using Actb as a reference transcript.

Cell culture

Flow-sorted MyP and LSK cells were grown in Stem-Pro34 medium (Thermo Fisher 

Scientific, Canoga Park, CA, USA) supplemented with penicillin (50 U/ml)/streptomycin 

(50U/ml) and l-glutamine (2mM), SCF (25ng/ml), and Flt3L (25ng/ml). IL-1β was added at 

5 ng/ml and M-CSF at 25 or 100ng/ml.

IL-1β measurement in BM plasma

BM plasma was collected as described previously [16]. IL-1β protein was measured in BM 

plasma using an ELISA kit following the manufacturer’s instructions (R&D Systems, 

Minneapolis, MN, USA).

Statistics

Results are expressed as mean ± SD. Statistical analyses were performed using Prism 7.0 

software (Graph-Pad Inc, San Diego, CA, USA). Data between two groups were compared 

using two-way ANOVA, and different time points in the same group using one-way ANOVA 

(Kruskal–Wallis test) in kinetic assays. Two time points or two groups were compared using 

a U-test (Mann-Whitney). Differences between groups were considered significant if 

p≤0.05.

Results

Type 2 diabetes (T2D) preprograms HSPCs towards myeloid differentiation at baseline

Previous studies have demonstrated that diet-induced obesity results in an increased 

frequency of HSPCs in the BM of mice [23]. Hence, we tested whether T2D influences 

HSPCs in DB mice (Figure 1A and supplementary material, Figure S1A). DB mice had a 

significantly greater frequency of LSK cells in the BM compared with ND controls (Figure 

1B,C). Further analysis of HSPC subsets revealed a statistically non-significant trend 

(p=0.09) for increased frequency of long-term repopulating hematopoietic stem cells (HSC-

LT: Lin−Sca-1+cKit+Flk2−CD48−CD150+) and short-term repopulating hematopoietic stem 

cells (HSC-ST: Lin−Sca-1+cKit+Flk2−CD48−CD150−) in DB mice. In addition, there were 
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no differences for multipotent progenitors (MPP2: Lin−Sca-1+cKit+Flk2−CD48+CD150+; 

MPP3: Lin−Sca-1+cKit+Flk2−CD48+CD150−; MPP4: Lin−Sca-1+cKit+Flk2+CD150−) 

between strains (Figure 1B–D). Differences in the numbers of LSK cells or any other cell 

type were found not to be statistically significant (supplementary material, Figure S1B,C).

In addition, consistent with earlier studies of different models of obesity and hyperglycemia 

[21,23], the frequency of MyP (Lin−Sca-1−cKit+) was found to be higher in DB BM than in 

ND controls (Figure 1B,E and supplementary material, Figure S1D). Interestingly, among all 

the MyP subsets, only granulocyte macrophage progenitors (GMP: Lin−Sca-1−cKit
+FcRγhiCD34+) showed a significantly increased frequency in DB mice. Common myeloid 

progenitors (CMP: Lin−Sca-1−cKit+FcRγloCD34+) showed a statistically non-significant 

trend (p=0.09) of increased frequency in DB mice, and megakaryocyte erythrocyte 

progenitors (MEP: Lin−Sca-1−cKit+FcRγloCD34−) showed nearly identical frequencies in 

both strains (Figure 1B,E,F and supplementary material, Figure S1D,E). Taken together, we 

interpret this to support increased myeloid lineage commitment in DB mice at the progenitor 

level.

Next, we examined whether downstream myeloid cells were altered in DB mice by scoring 

Ly6Chi Mo (Ly6G−CD11b+Ly6Chi) and neutrophils (Ly6G+) in peripheral blood, spleen, 

and BM of DB and ND mice (Figure 1G and supplementary material, Figure S1F,G). DB 

mice had a significantly higher percentage of both Ly6Chi Mo and neutrophils in their 

circulation and spleen. In contrast, neither Mo nor neutrophils were found to be different in 

the BM between strains (Figure 1G and supplementary material, Figure S1F,G).

To directly assess HSPC differentiation potential, we counted colony-forming units (CFU) 

after 9 days of whole BM culture in a methylcellulose medium that supported HSPC 

differentiation only into CFU-GM. There was a remarkably higher number of CFU-GM in 

the culture derived from DB BM (Figure 1H,I). These data are consistent with our flow 

cytometry analyses showing increased myeloid commitment in DB mice at the progenitor 

level (Figure 1A–F).

We measured relative levels of mRNA expression for critical transcription factors (TFs) and 

growth factor receptors associated with myeloid differentiation in LSK cells isolated from 

DB and ND BM. We found that the levels of mRNA for the TFs Spi1, Cebpa, and Hoxa9 

were upregulated in the LSK cells derived from DB compared with ND mice (Figure 2A,B). 

In addition, DB LSK cells showed upregulated expression of Csf1r (colony-stimulating 

factor 1 receptor) and Csf2ra (colony-stimulating factor 2 receptor alpha subunit) (Figure 

2B). Furthermore, increased levels of M-CSFR protein were observed on DB LSK cells, as 

determined by both a higher percentage of cells and the mean fluorescence intensity (MFI) 

of surface M-CSFR in flow cytometry analyses (Figure 2C,D). Taken together, these data 

support the hypothesis that stem cells in DB mice may be intrinsically modified towards 

myeloid lineage commitment by upregulation of critical TFs and receptors associated with 

myeloid differentiation.
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T2D primes MyP to promote myelopoiesis ex vivo

We sought to determine whether MyP are also intrinsically modified to produce myeloid 

cells. Thus, we measured the expression of myeloid-associated TFs in MyP isolated from 

DB and ND mice (Figure 3A). MyP from DB mice showed significantly higher expression 

of Cebpa and Hoxa9 compared with ND controls. Surprisingly, Spi1 expression was found 

to be downregulated in DB MyP (Figure 3A,B). Examination of surface M-CSFR revealed 

both higher percentage and MFI of this receptor on MyP in DB mice. Among all the MyP 

subsets, GMP showed the highest-level expression of M-CSFR in ND mice, whereas MEP 

showed an almost undetectable level of this receptor (supplementary material, Figure S2A–

D).

To test whether T2D alters Mo production by MyP, we isolated MyP from DB and ND mice 

and monitored their differentiation into myeloid cells in the presence or absence of IL-1β or 

M-CSF (Figure 3A). As expected, both IL-1β and M-CSF induced MyP differentiation, 

leading to increased numbers of total cells, Ly6Chi Mo (CD11b+Ly6Chi), and effector 

myeloid cells (CD11b+FcRγ+) in both DB- and ND-derived cultures (Figure 3C–H). 

Importantly, cultures derived from DB mice exhibited greater rates of differentiation to Mo 

in the presence of both IL-1β and M-CSF, despite starting the culture with the same number 

of MyP (Figure 3C–H). However, the percentages of myeloid populations produced in 

response to either M-CSF or IL-1β did not differ between DB and ND MyP cultures, 

indicating that differences in Mo output resulted primarily from increased total cell output 

(Figure 3C–H). In summary, previous findings of IL-1β- and M-CSF-induced myelopoiesis 

in HSC [27,28] were recapitulated in MyP in the present study. Furthermore, our results 

indicate that MyP from DB mice produce more myeloid cells in response to both IL-1β and 

M-CSF. Taken together, these data support the hypothesis that T2D primes MyP for 

myelopoiesis upon exposure to IL-1β and M-CSF.

IL-1R1 and M-CSFR signaling likely do not influence myeloid commitment in T2D mice

Our previous studies showed that sustained activity of the NLRP3 inflammasome and the 

resulting high levels of IL-1β promoted the accumulation of pro-inflammatory wound Mp in 

DB mice [29,30]. Further, the finding of enhanced IL-1β-mediated myeloid production by 

DB MyP (Figure 3A–G) led us to study whether myeloid bias in DB mice was due to 

IL-1R1 signaling. We tested this by determining whether reconstitution of DB BM with 

IL-1R1 KO (Il1r1−/−) reduces HSPC and Mo cellularity in recipient DB mice (Figure 4A 

and supplementary material, Figure S2E); in these experiments, donor bone marrow showed 

more than 95% engraftment at 6 weeks after transplantation (supplementary material, Figure 

S2E). Importantly, transfer of Il1r1−/− and C57BL/6 WT control donor BM to DB recipient 

mice resulted in no differences in the percentage of any BM HSPC subset between recipient 

groups (Figure 4B–F). Similarly, Ly6Chi Mo did not show differences in either the BM or 

the circulation between recipient groups, indicating that loss of IL-1R1 signaling does 

impact myeloid skewing in DB mice (Figure 4G). When compared with these recipient 

groups, DB mice that received the same numbers of DB BM cells showed increased total 

bone marrow cells and a higher proportion of myeloid progenitor subsets, indicating 

enhanced reconstitution and myeloid lineage skewing (data not shown). This is likely due to 

the higher proportion of HSCs observed in DB BM compared with ND BM (Figure 1). 
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Finally, to test whether IL-1β levels are altered in the BM of T2D mice, we measured IL-1β 
protein in BM plasma of DB and ND mice; the data revealed no difference in IL-1β level 

between the BM plasma of the two strains (Figure 4H). Taken together, these data indicate 

that IL-1β/IL-1R1 signaling is likely not responsible for myeloid bias in DB mice.

Previous studies have demonstrated that M-CSF induces myelopoiesis in ND HSCs through 

PU.1 [27]. Our findings of increased Csf1r mRNA expression and M-CSFR surface protein 

in DB versus ND LSK cells led us to examine whether M-CSFR signaling mediates the 

increased myeloid TF expression observed in DB LSK cells. We tested this by measuring the 

mRNA expression of Spi1 and Cebpa in DB 1and ND LSK cultures in the presence or 

absence of M-CSF (supplementary material, Figure S2F). In contrast to previous data 

generated in HSCs [27], M-CSF did not increase PU.1 or CEBP-α expression in LSK 

cultures derived from either of the strains (supplementary material, Figure S2G). Our data 

indicate that M-CSFR signaling is likely not responsible for enhanced myeloid TF 

expression in DB LSK cells. However, further study of the possible role of M-CSFR in 

myeloid skewing in DB mice is warranted.

T2D alters HSPC response to wounding

We recently reported that different BM HSPC subpopulations respond in a cell-type-specific 

manner to skin wounding [16], and we hypothesized that diabetes may enhance the HSPC 

response to skin wounding. We performed excisional skin wounding in DB and ND mice 

and scored HSPC and MyP subsets in BM at different stages of wound healing (Figure 5 and 

supplementary material, Figure S3). At baseline, there was a statistically non-significant 

trend of a higher percentage (p=0.09) of HSC-LT in DB compared with ND mice which was 

significantly higher at day 1 post-wounding. HSC-LT in ND mice appeared to increase more 

slowly, reaching levels significantly higher than baseline on day 6 post-wounding. The 

absolute numbers of HSC-LT also trended higher in DB versus ND BM at day 1 post-

wounding (Figure 5B and supplementary material, Figure S3A,C). The HSC-ST subset did 

not exhibit a wound response in either mouse strain; however, the levels of this subset tended 

to be higher in DB than in ND mice and was significantly higher at day 3 post-wounding 

(Figure 5C and supplementary material, Figure S3A,D).

Of all the HSPC subsets, the multipotent progenitors MPP2, MPP3, and MPP4, which are 

downstream of HSCs in the hierarchy of differentiation, were influenced most by skin 

wounding (Figure 5D–F and supplementary material, Figure S3A,E–G). Both the frequency 

and the absolute numbers of MPP2, MPP3, and MPP4 started to increase at day 1 and 

reached their peak at day 3 post-wounding in ND BM. Following this peak, all MPP subsets 

declined as healing continued, reaching basal levels by day 9 post-wounding. Interestingly, 

the responses of MPP2 and MPP3, which are committed to myeloid differentiation [31], 

were slower in DB mice, resulting in a significantly lower frequency and number of these 

subsets in DB compared with ND BM at day 3 post-wounding (Figure 5D,E and 

supplementary material, Figure S3E,F). In contrast, MPP4, which is thought to be 

committed to lymphoid differentiation, followed almost identical kinetics in both strains 

following skin wounding (Figure 5F and supplementary material, Figure S3G).
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We determined whether myeloid progenitors respond to skin wounding in DB and ND mice. 

There was a gradual decrease in CMP in both DB and ND BM following skin wounding, 

although DB mice tended to exhibit higher percentages at baseline which became significant 

at day 3 post-wounding (Figure 5G and supplementary material, Figure S3B,H). In addition, 

although GMP were not affected by skin wounding in either of the strains, GMP frequency 

tended to be higher in DB mice throughout the healing process (Figure 5H and 

supplementary material, Figure S3B,I). Finally, similar to CMP, MEP gradually decreased 

following wounding, reaching their lowest level at day 6 post-wounding and recovering 

towards basal levels afterwards in both DB and ND BM, with no difference in MEP between 

DB and ND BM at any time point post-wounding (Figure 5I and supplementary material, 

Figure S3B,J). Taken together, our results showed that BM HSPCs respond differentially to 

skin wounding in DB and ND mice, with most notable differences in HSC-LT and myeloid-

committed MPP2 and three subsets.

T2D increases Ly6Chi Mo in the circulation and spleen following skin wounding

Wound Mo/Mp are thought to be derived primarily from circulating Mo, which in turn are 

supplied by the BM [4,8,9]. Our results showed that skin wounding increases the proportion 

of Ly6Chi Mo (Ly6G−CD11b+Ly6Chi) in the BM of both DB and ND mice at day 3 post-

wounding, followed by a decrease towards baseline. However, there was no difference in 

BM Ly6Chi Mo between DB and ND mice at any time point following wounding (Figure 

6A). In addition, both DB and ND mice showed an increase in the proportion of circulating 

Ly6Chi Mo, which reached a maximum at day 3 post-wounding. Furthermore, although the 

kinetic pattern of circulating Ly6Chi Mo was similar in DB and ND mice, the proportion of 

these cells showed a non-significant increase in DB mice at day 1 post-wounding (p=0.07) 

(Figure 6B). We found that the proportion of splenic Ly6Chi Mo was increased at day 3 and 

remained high until day 6 post-wounding both in ND and in DB mice. Similar to peripheral 

blood, Ly6Chi Mo tended to be higher in DB spleen post-wounding at day 3 and onward 

(p<0.01, 0.08, and 0.07 at days 3, 6, and 9, respectively) (Figure 6C). Taken together, these 

results support the notion that skin wounding increases the number of Ly6Chi Mo in the 

circulation, spleen, and BM of both DB and ND mice, while circulating and splenic Ly6Chi 

Mo numbers tended to be higher in DB than in ND mice post-wounding.

Delayed wound closure in T2D mice is associated with increased wound Mo/Mp

Consistent with previous findings, the wound closure rate was significantly delayed in DB 

mice [13] (supplementary material, Figure S4A,B). To determine whether myeloid bias in 

BM, blood, and spleen of DB mice extends to wound cells, we assessed Mo/Mp subsets in 

the wounds of DB and ND mice at different time points following wounding (supplementary 

material, Figure S4C). Both strains exhibited an increase in Ly6Chi Mo (live CD45+Ly6G
−CD11b+F4/80−Ly6Chi) on day 1 post-wounding, followed by a rapid decline at day 3. 

Most strikingly, the number of Ly6Chi Mo was found to be significantly higher in DB 

wounds than in ND counterparts (Figure 6D,E). This early infiltration of Ly6Chi Mo was 

followed by a notable increase in Ly6Chi Mp (live CD45+Ly6G−CD11b+F4/80+Ly6Chi) in 

DB wounds at day 3 post-wounding, which were significantly elevated compared with ND 

wounds (Figure 6D,F). At the same time, Ly6Clo Mp (live CD45+Ly6G−CD11b
+F4/80+Ly6Clo) were increased in both DB and ND wounds at day 3 post-wounding. 
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Similar to the Ly6Chi Mo and Mp subsets, Ly6Clo Mp numbers were also found to be 

significantly higher in DB wounds at days 3 and 6 post-wounding (Figure 6D,G). In sum, 

these findings support the notion that diabetic wounds are infiltrated with higher number of 

Ly6Chi Mo during early wound healing and this is followed by significantly larger Mp 

populations in diabetic wounds as the healing continues.

Discussion

We tested the hypothesis that T2D enhances the response of HSPCs and monopoiesis to skin 

wounding, contributing to chronic inflammation and impaired wound healing. Our results 

support that skin wounding induces distinct kinetics of HSCs and myeloid-committed MPPs 

in ND mice and that diabetes dysregulates this process. Consistent with previous reports 

using obese, insulin-resistant, and hyperglycemic mouse models [12,17,19,21,23], our study 

demonstrates that T2D induces the programming of HSCs towards the myeloid lineage in 

DB mice. Importantly, our data indicate that myeloid skewing of diabetic stem cells is 

associated with elevated expression of TFs and receptors associated with myeloid 

commitment. We also show that diabetic MyP possess higher differentiation potential and 

that increased accumulation of wound Mp in DB mice is associated with elevated Ly6Chi 

Mo in the circulation and spleen both at the steady state and after skin wounding. 

Furthermore, our data support the hypothesis that IL-1R1 signaling is likely not responsible 

for myeloid skewing in DB mice.

Blood cells are produced in a well-regulated hierarchical process of HSPC differentiation 

during homeostasis [32]. However, this process appears to be altered during emergency need 

of myeloid cells, as in the case of injury or from inflammatory stimuli [33,34]. The present 

study addressed whether skin wounding influenced HSPCs and Mo, and whether the pre-

existing systemic inflammation present in T2D enhances this response [35–38]. Our results 

showed that HSC-LT cells are increased in the BM of DB mice during early wound healing. 

Moreover, to our surprise, wound-induced increases in myeloid-committed MPP2 and MPP3 

observed in ND mice were blunted in DB mice. The reason behind the differential responses 

of diabetic MPPs to skin wounding remains to be elucidated; however, one potential 

explanation for the lack of MPP2/3 increase in DB BM is that the MPP2/3 pool is used 

rapidly in DB BM, producing more Mo, whereas the MPP2/3 turnover rate is slower in ND 

BM, leading to the higher MPP2/3 pool observed in ND BM during early wound healing. 

We also speculate that wound-induced increases in MPP2 and MPP3 might be tissue 

regenerative responses in ND mice that are abrogated in diabetic settings. The mechanisms 

underlying these differences and their downstream consequences require further 

investigation.

Persistently greater numbers of Mp in diabetic wounds raised the question of whether skin 

wounding-induced Mo expansion is enhanced in T2D mice [11–15]. Our results show that 

despite the increased MyP frequency in T2D mice and their greater ability to produce 

myeloid cells, wound-induced Mo expansion was not enhanced in the BM of DB compared 

with ND mice. However, the number of Ly6Chi Mo was elevated both in peripheral blood 

and in the spleen, both at steady state and post-wounding, coinciding with increased wound 

Mp in DB mice. Thus, the greater number of Mp in diabetic wounds could be the result of 
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increased monopoiesis in diabetic mice along with elevated mobilization to blood and 

eventually wound Mo/Mp. Taken together, these data support a hypothesis that a higher 

basal pool of MyP with higher differential potential may induce Mp dysregulation in 

diabetic wounds.

Finally, consistent with the well-established role of PU.1 in myeloid lineage commitment 

[39,40], our results showed that myeloid bias in DB mice is associated with higher PU.1 

expression in LSK cells. Further, we showed directly that diabetic MyP produce more 

myeloid cells in the presence of IL-1β and M-CSF, which have been shown to promote 

myelopoiesis through PU.1 [27,28]. We speculated that IL-1β and M-CSF may promote 

myelopoiesis inT2D via PU.1, leading to increased wound Mp in diabetic wounds. However, 

transfer of Il1r−/− BM to DB mice showed that IL-1R1 signaling is likely not involved in 

myeloid skewing in DB mice. In addition, in vitro experiments indicated that M-CSFR 

signaling is likely not involved in enhanced myeloid TF expression in LSK cells of DB 

mice. Further investigation into the mechanisms underlying increased myelopoiesis in 

diabetes may provide insight into strategies towards the regulation of Mo/Mp in diabetic 

wounds.

In conclusion, our data indicate that a higher basal pool of MyP along with higher 

differentiation potential in DB mice may contribute to a heightened Mo/Mp response in skin 

wounds that contributes to impaired healing in diabetic mice.
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Figure 1. 
T2D preprograms HSPCs towards myeloid differentiation at baseline. (A) Experimental 

design. (B) Representative flow cytograms showing the gating strategy for flow cytometry 

analysis of HSPC and MyP subsets in the BM of DB and ND mice. Percentage [of total BM 

cells (BMC)] of (C) LSK (Lin−Sca-1+cKit+), HSC-ST (Lin−Sca-1+cKit
+Flk2−CD48−CD150−), and HSC-LT (Lin−Sca-1+cKit+Flk2−CD48−CD150+); (D) MPP2 

(Lin−Sca-1+cKit+Flk−CD150+CD48+), MPP3 (Lin−Sca-1+cKit+Flk−CD150−CD48+), and 

MPP4 (Lin−Sca-1+cKit+Flk−CD150−); (E) MyP (Lin−Sca-1−cKit+), CMP (Lin−Sca-1−cKit
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+FcRγloCD34+), and GMP (Lin−Sca-1−cKit+FcRγhiCD34+); and (F) MEP (Lin
−Sca-1−cKit+FcRγloCD34−) in DB and ND BM. (G) Percentage (of total cells) of Ly6Chi 

Mo (Ly6G−CD11b+Ly6Chi) in BM, peripheral blood (PB), and spleen of DB and ND mice. 

(H, I) Clonogenic assay: (H) experimental design and (I) representative culture photographs 

(upper panel) and number of colony-forming units (CFU) per 104 BMC (lower panel) in BM 

culture from DB and ND mice. Mean±SD, n=5–6 (A–G) and 4 mice in duplicate (H, I) for 

each strain. Data were compared between DB and ND groups using the Mann–Whitney U-

test. Differences between groups were considered significant if p≤0.05. *p≤0.05; **p≤0.01.
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Figure 2. 
BM LSK cells in DB mice are intrinsically modified towards myeloid lineage commitment. 

(A, B) Gene expression in LSK cells: (A) experimental design and (B) RT-qPCR for mRNA 

expression for transcription factors and surface receptors associated with myeloid 

commitment in LSK cells isolated from DB and ND BM. Data shown as relative fold-

change of mRNA transcript in DB mice as compared with ND controls. (C, D) Surface M-

CSFR protein: (C) experimental design and (D) representative flow cytograms (upper panel) 

and percentage (of LSK cells) and mean fluorescence intensity (MFI) of M-CSFR on LSK 

cells in DB and ND BM. Mean ± SD, n=4–5 (A, B) and 7 (C, D) mice for each strain. One 

sample was excluded from statistical analysis for Spi1 and Cebpa mRNA expression (in B) 

because of very high PCR cycle numbers and thus we considered this data point an outlier. 

Data were compared between DB and ND groups using a Mann–Whitney U-test. 

Differences between groups were considered significant if p≤0.05. *p≤0.05; **p≤0.01; 

***p<0.001.
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Figure 3. 
T2D primes MyP to promote myelopoiesis ex vivo. (A, B) Gene expression in MyP: (A) 

experimental design and (B) RT-qPCR for relative mRNA expression of myeloid 

differentiation-associated transcription factors in MyP from DB and ND BM. (C–H) MyP 

liquid culture: (C) absolute number of total cells, (D) representative photographs of MyP 

cultures, (E) absolute number of Ly6Chi Mo (CD11b+Ly6Chi), (F) representative flow 

cytograms showing mean percentages of Ly6Chi Mo, (G) absolute number of effector 

myeloid cells (CD11b+FcRγ+), and (H) representative flow cytograms showing mean 
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percentages of effector myeloids in MyP cultures from DB and ND mice in the presence or 

absence of IL-1β (5 ng/ml) and M-CSF (25 ng/ml). Data are shown as relative fold-change 

in mRNA levels in DB mice as compared with ND controls. Mean ± SD, n=4–5 mice for 

each strain (B) and three independent experiments in triplicate (C–H). One sample was 

excluded from statistical analysis for Spi1 mRNA expression (in B) because of very high 

PCR cycle numbers and thus we considered this data point an outlier. Data were compared 

between DB and ND groups using a Mann–Whitney U-test. Differences between groups 

were considered significant if p< 0.05. *p< 0.05; **p< 0.01.
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Figure 4. 
IL-1R1 signaling likely does not influence myeloid commitment in DB mice. (A) 

Experimental design; (B) percentage (of total BMC) of HSC-ST and HSC-LT; (C) MPP2, 

MPP3, and MPP4; (D) LSK; (E) CMP, GMP, and MEP, and (F) MyP in the BM; and (G) 

Ly6Chi Mo in the BM and PB of DB recipient mice 6weeks post-transplantation with 

Il1r1−/− or C57BL/6 WT control BM cells. (H) Level of IL-1β protein in BM plasma of DB 

and ND mice as measured by ELISA. Mean±SD, n=5 mice per group (A–G), and 9 mice for 

each time point for each strain (H). Data were compared between groups using a Mann–

Whitney U-test. Differences between groups were considered significant if p≤0.05.
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Figure 5. 
T2D alters HSPC response to skin wounding in DB mice. (A) Experimental design, (B) 

percentage (of total BMC) of HSC-LT, (C) HSC-ST, (D) MPP2, (E) MPP3, (F) MPP4, (G) 

CMP, (H) GMP, and (I) MEP in the BM of DB and ND mice at different time points post-

skin wounding. Mean±SD, n=5–6 mice for each time point for each strain. Data were 

compared between DB and ND groups over different time points using two-way ANOVA 

and over different time points in the same group using one-way ANOVA (Kruskal–Wallis 

test) in kinetic assays. Differences between groups were considered significant if p≤0.05. a, 

mean value significantly different from day 0 in ND; b, mean value significantly different 

from day 0 in DB; c, mean value significantly different between two strains at the same time 

point.
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Figure 6. 
T2D increases Ly6Chi Mo numbers in the circulation and spleen and Mo/Mp in the wounds 

of DB mice following skin wounding. (A–C) BM, circulating and splenic Ly6Chi Mo; (A) 

percentage (of total cells) of Ly6Chi Mo in BM, (B) PB and (C) spleen of DB and ND mice 

at different time points following skin wounding. (D–G) Wound Mo/Mp; (D) representative 

flow cytograms with mean percentages, and absolute numbers of (E) Ly6Chi Mo, (F) 

Ly6Chi Mp, and (G) Ly6Clo Mp in the wounds of DB and ND mice at different time points 

post-skin wounding. Mean±SD, n=5–6 mice for each time point for each strain. Data were 

compared between DB and ND groups over different time points using two-way ANOVA 

and over different time points in the same group using one-way ANOVA (Kruskal–Wallis 

test) in kinetic assays. Differences between groups were considered significant if p≤0.05. a, 
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mean value significantly different from day 0 in ND; b, mean value significantly different 

from day 0 in DB; c, mean value significantly different between two strains at the same time 

point.
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