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Abstract

Objective: Neovascularization can maintain and even improve tissue perfusion in the setting of 

limb ischemia during peripheral artery disease (PAD). The molecular and cellular mechanisms 

mediating this process are incompletely understood. We investigate the potential role(s) for 

Inhibitor of differentiation 3 (Id3) in regulating blood flow in a murine model of hind limb 

ischemia (HLI).

Approach and Results: HLI was modeled through femoral artery ligation and resection and 

blood flow recovery was quantified by Laser Doppler perfusion imaging. Mice with global Id3 

deletion had significantly impaired perfusion recovery at 14 and 21 days of HLI. Endothelial- or 

myeloid cell-specific deletion of Id3 revealed no effect on perfusion recovery while B cell-specific 

knockout of Id3 (Id3BKO) revealed a significant attenuation of perfusion recovery. Flow cytometry 

revealed no differences in ischemia-induced T cells or myeloid cell numbers at 7 days of HLI, yet 

there was a significant increase in B-1b cells in Id3BKO. Consistent with these findings, ELISA 
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demonstrated increases in skeletal muscle and plasma IgM. In vitro experiments demonstrated 

reduced proliferation and increased cell death when ECs were treated with conditioned media 

from IgM-producing B-1b cells and tibialis anterior muscles in Id3BKO mice showed reduced 

density of total CD31+ and αSMA+CD31+ vessels.

Conclusions: This study is the first to demonstrate a role for B cell-specific Id3 in maintaining 

blood flow recovery during HLI. Results suggest a role for Id3 in promoting blood flow during 

HLI and limiting IgM-expressing B-1b cell expansion. These findings present new mechanisms to 

investigate in PAD pathogenesis.
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Introduction:

Peripheral artery disease (PAD) is a prevalent vascular disease with many co-morbidities 

and few effective therapeutic options1–3. There is a need to identify novel molecular and 

cellular mechanisms regulating the capacity for individuals to maintain adequate tissue 

vascularization in response to reduced blood flow in major peripheral arteries. This can 

occur through arteriogenesis and/or angiogenesis4 mediated by many different factors 

including genetics, lifestyle, lipid levels and inflammation1,5,6. In this study, we investigated 

the potential role(s) for the transcription factor Inhibitor of differentiation 3 (Id3) in 

regulating vascularization during skeletal muscle ischemia.

Id3 is a broadly expressed member of the helix-loop-helix transcription factor family that 

regulates cell proliferation, differentiation, and responses to hyperlipidemia and cytokines 

including growth factors and inflammatory stimuli7–12. Our lab has previously identified a 

single nuclear polymorphism (SNP) in the coding region of the human ID3 gene. Expression 

of the minor allele of this SNP results in an amino acid change which attenuates binding 

with its partner protein E12. The minor allele also correlates with worsened indices of 

atherosclerosis13,14. Loss of Id3 in mice attenuates neovascularization during tumor growth 

and adipose tissue expansion15,16. Additional studies demonstrated that loss of expression of 

both Id3 and Id1, another HLH transcription factor with overlapping functions, attenuated 

muscle recovery during skeletal muscle ischemia17 and reduces capillary density during 

ischemic renal injury18. These studies, however, did not assess the individual role of Id3 on 

neovascularization. Thus, whether loss of Id3 alone impairs perfusion recovery in response 

to hind limb ischemia (HLI) remains unknown.

Importantly, Id3 plays a major role in lymphocyte biology, particularly in their growth and 

development19. Loss of Id3 has been shown to alter B lymphocyte trafficking to blood 

vessels20. B cells are primarily divided into innate B-1 cells and adaptive or conventional 

B-2 cells. B-1 cells produce Natural antibodies, predominantly of the IgM isotype. B-1 
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cells can be subdivided into B-1a and B-1b subtypes based on their expression of CD521,22. 

Notably, B cell-specific deletion of Id3 increased the number of B-1b cells in spleen, 

peritoneal cavity and blood23.

The immune system and inflammation have an established role in regulating blood flow 

and neovascularization in the setting of ischemia, though very little is known about the 

role that B cells, and specifically B-1 cells, may play in this process. Prior cell-specific 

knockout studies have demonstrated essential roles for endothelial cells (ECs)24,25 and 

macrophages26–30 in regulating ischemic neovascular adaptation in skeletal muscle. A recent 

study also demonstrated a role for Id3 in regulating endothelial function and proliferation 

in the bone marrow31. To our knowledge, however, no studies of B-1b cells in angiogenesis 

or perfusion recovery after HLI exist. Together, this provides rationale for investigating the 

roles of global and cell-specific Id3 expression in a murine model of hind limb ischemia 

(HLI).

Materials & Methods

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Reagents

Buffers and other solutions prepared for experiments are described in Table S1. 

Antibodies were purchased from Biolegend, BD Biosciences, Sigma Aldrich, ThermoFisher, 

eBiosciences, Miltenyi, Dianova, SouthernBiotech as specified in Tables S2–4. Primers were 

designed in-house and synthesized by IDT.

Mice

Knockout mice on a C57BL/6J background were generated and housed at the University of 

Virginia. All animal experiments performed in this study were approved by the Institutional 

Animal Care and Use Committee of the University of Virginia.

Genetic knockout models—Five transgenic knockout lines were maintained and utilized 

in these studies: Id3 global knockout (KO) and wild type (WT) littermates (Id3GWT 

and Id3GKO, respectively), Id3 B cell-specific KO and WT littermates (Id3fl/flCD19cre/+ 

(Id3BKO) and Id3fl/flCD19+/+ (Id3BWT)), Id3 myeloid-specific KO and WT littermates 

(Id3fl/flLysmcre/+ (Id3MKO) and Id3fl/flLysm+/+ (Id3MWT)), Id3 EC-specific conditional 

KO and WT littermates (Id3fl/flCdh5-CreERT2 (Id3ECKO) and Id3+/+Cdh5-Cre/ERT2 

(Id3ECWT)), and secreted IgM deficient and WT littermates (sIgM−/− and sIgM+/+). To 

induce Id3 KO in the conditional knockout line, Id3ECKO and Id3ECWT mice were 

administered 1 mg of tamoxifen via intraperitoneal injection per day for ten days over 

the course of two weeks. Tamoxifen was resuspended in peanut oil at a concentration of 10 

mg/mL and filter-sterilized prior to administration. Two weeks were allocated for tamoxifen 

wash-out following the final injection and prior to the start of any treatments or studies.

Model of hind limb ischemia (HLI)—To induce hind limb ischemia, the femoral artery 

of each mouse was ligated and resected as previously described32,33 (Figure 1A). Briefly, 
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mice were anesthetized with ketamine/xylazine and placed on a heating pad to maintain a 

proper body temperature. An incision was made on the underside of the mouse’s left leg 

near the hip crease and adipose tissue and facia was separated to access to the femoral artery. 

The femoral artery was ligated immediately rostral to the internal iliac artery bifurcation and 

then a section of the femoral artery distal to this point was resected. Smaller bifurcations 

between the internal iliac bifurcation and the epigastric bifurcation were cauterized to 

prevent bleeding and the femoral artery was carefully separated from the femoral vein and 

the local skeletal muscle. The femoral artery was cauterized immediately caudal to the 

epigastric bifurcation to prevent bleeding and end the resection. The incision was closed 

using surgical staples. Mice were administered buprenorphine every twelve hours for the 

next 48 hours and water containing antibiotics and acetaminophen for the next 7 days to 

manage pain.

To quantify blood flow in each limb, mice were anesthetized with ketamine/xylazine or 

isofluorane and placed under a PeriScan PIM-II blood perfusion monitor (laser Doppler 

scanner) (Perimed, Inc. North Royalton, OH). Images were taken in triplicate. Regions 

of interest (ROIs) were traced around the ischemic and non-ischemic foot of each mouse 

to quantify perfusion intensity. Perfusion of the ischemic foot was normalized to the non-

ischemic foot for each mouse. Perfusion was quantified at multiple time points including 1, 

3, 7, 14, 21, and 28 days post-femoral artery ligation and resection.

Tissue processing

In general, mice were euthanized by CO2 overdose. Blood was harvested via cardiac 

puncture and stored with 10 μL of 0.5 M EDTA to prevent coagulation. Mice were perfused 

through the left ventricle (after cutting the right atrium) with 10 mL PBS supplemented 

with heparin. All tissues harvested for RNA extraction were flash frozen in liquid nitrogen 

and stored at −80°C. In general, tissue harvest and processing procedures are based on 

previously-published methods33,34.

Blood—For flow cytometry analysis of cell populations, 100 μL of blood was treated with 

AKC lysis buffer (Table S1) for 5 minutes, rotating. Lysis was quenched with FACS buffer 

and cells were spun down. Pellets were resuspended in FACS buffer to be stained for flow 

cytometry. To isolate plasma, blood samples were spun down at 5,000 g for 5 minutes at 

room temperature. Plasma was then transferred into a fresh tube and stored at −20°C.

Skeletal muscle—For flow cytometry analysis of cell populations, gastrocnemius muscles 

were placed in digestion buffer (Table S1), minced, and incubated at 37°C, shaking, for ~45 

minutes. Digested tissue was then pipetted up and down to create a single-cell suspension, 

passed through a 70 μm filter, washed with FACS buffer, and pelleted. Cells were treated 

with AKC lysis buffer to lyse remaining red blood cells as needed. Cells were then stained 

for flow cytometry. For whole tissue analysis, gastrocnemius muscles were fixed in 4% PFA 

at 4°C, rotating, for 24–48 hours.
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Flow cytometry and live cell sorting

All cells were stained with fluorophore-conjugated antibodies against cell surface proteins 

(Table S2) in FACS buffer or Brilliant Violet Stain Buffer (BD, if more than one Brilliant 

Violet fluorophore was used at one time) for 25 minutes at 4°C then washed with FACS 

buffer. For cell population analysis, cells were then stained with Live/Dead (Fisher) in PBS 

for 30 minutes at 4°C then washed with FACS buffer. Cells were then fixed with 2% PFA 

for 7–10 minutes at room temperature and washed with FACS buffer. Finally, cells were 

resuspended in FACS buffer and stored at 4°C until analyzed. Cells were run on the Attune 

Nxt (Thermofisher Scientific) and compensated and analyzed in FCS Express. For live cell 

sorting, cells were stained with 7AAD or DAPI prior to sorting on the FACSAria Fusion or 

Influx (BD Biosciences). Cells were sorted into RPMI media enriched with 20% FBS.

Histology

Preparing sections—Fixed skeletal muscles were incubated in 30% sucrose overnight 

at 4°C, rotating, until the tissues were saturated and sank to the bottom of the tube. Then, 

tissues were embedded in OCT and 10 μm sections were cut using a Cryostat (Leica 

Biosystems).

Immunofluorescence—Tissue sections were fixed once more in acetone for 10 minutes. 

Sections were then subjected to antigen retrieval and allowed to cool. They were then 

permeabilized with 0.25% Triton-100 in PBS, and then washed in PBS. Sections were 

blocked with 0.6% fish skin gelatin with 10% serum in PBS, then incubated with primary 

antibodies (Table S3) in 0.6% fish skin gelatin with 10% serum in PBS overnight at 4°C. 

Sections were washed as before and then incubated with secondary antibody for 1–2 hours 

at room temperature. Following one final wash, slides were counterstained with DAPI (1 

μg/mL) and coverslipped using ProLong Gold (Life Technologies). Images were obtained 

using Zeiss LSM700 confocal microscope, 20X objective. Figures shown are maximal 

intensity projection images.

ELISA

Total IgM in mouse plasma and muscle lysates were measured using colorimetric 

ELISA (Tables S4, S5). EIA/RIA high-binding microplates were coated with IgM-specific 

antibody (SouthernBiotech, 1020–01). Mouse IgM standards (Southern Biotech, 0101–01) 

or plasma samples were detected with alkaline phosphatase-conjugated goat anti-mouse 

IgM secondary antibody (SouthernBiotech, 1020–04) and pNPP substrate (SouthernBiotech 

0201–01). Absorbance measurements were analyzed with a SpectraMAX 190 microplate 

reader (Molecular Devices) at 405 nm. The standard curve was determined using a 4-

parameter function and concentration measurements were extrapolated using Softmax Pro 

3.1.2 software. Only samples with CV<15% and within the standard curve were included in 

analysis.

Gene expression

RNA extraction and cDNA synthesis—RNA was extracted from tissues and cells 

using TRIzol™ extraction (ThermoFisher Scientific, 15596026). 0.5 to 1 μg of RNA was 
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then treated with DNase (Invitrogen) and used to reverse transcribe cDNA using an iScript 

cDNA synthesis kit (BioRad, 1708891).

qRT-PCR—To quantify gene expression, cDNA was diluted in water as needed and 

combined with 0.5 mM forward and reverse primers (Table S6) and SYBR Green 

(SensiFast, BioLine). Semi-quantitative real-time PCR was performed on a CFX96 Real-

Time System (BioRad) with an annealing temperature of 60°C for all reactions. Data were 

calculated by the ΔΔCt method and expressed in arbitrary units that were normalized to 18s 

levels.

Cell culture

B cell culture and conditioned media preparation—B-1a, B-1b, and B-2 cells were 

sorted from peritoneal lavage samples (Figure S1) on the FACSAria Fusion or Influx cell 

sorters (BD). They were then resuspended in TLR9 agonist treatment media at 500,000 cells 

per 250 μL for 7 days or in EC starvation media at the same cell:media ratio for 6 hours. 

Cultures were then spun down and conditioned media supernatants transferred to fresh tubes 

and stored at −20°C. Cell pellets were resuspended in TRIzol™ for RNA extraction.

Cell lines—Human umbilical vein endothelial cells were ordered from Lonza (C2519A) 

and cultured in EC growth media. Murine primary skeletal muscle endothelial cells were 

purchased from Cell Biologics (C57–6220) and cultured in complete mouse endothelial 

cell medium (Cell Biologics, M1168). Cells were passaged using TrypLE Express (Gibco, 

12605–010). Experiments were conducted with cells passaged 2 to 5 times.

Proliferation and cell death assays—10,000 HUVECs were plated per well of a 

96-well plate in 100 μL of EC starvation media for MTS assays and 60,000 murine ECs 

were plated per well of a 24-well plate in 400 μL of EC growth media for flow cytometric 

assessment of cell death and proliferation. Additional conditioned media treatments were 

added (specified in figure legends) and cells were then cultured in a hypoxia chamber (2% 

O2, C-Chamber and ProOx C21, BioSpherix) within a cell culture incubator at 37°C for 24 

hours.

For MTS assays only: At 23 hours, 20 μL of MTS reagent (Promega) was added to each well 

and the plate placed back in the hypoxia chamber for one additional hour. Absorbance from 

each well was then read with a SpectraMAX 190 microplate reader (Molecular Devices) 

at 490 nm and 665 nm. 665 nm values were subtracted from 490 nm to account for 

background. Blank control values were then subtracted from the absorbance values of each 

“non-blank” well and these values were normalized to the vehicle control.

For flow cytometry assays: Cells were trypsinized and spun down to wash away all 

treatments. Cells were then stained with Live/Dead Aqua (L34966A, Invitrogen) for 15 

minutes on ice, followed by staining with an antibody specific to Ki67 (Table S2). 

The FoxP3 staining buffer kit (Invitrogen, 00-5523-00) was used to stain for Ki67 per 

manufacturer’s instructions. Cells were run on the Attune Nxt (ThermoFisher Scientific) 

following the first experiment and the Aurora Borealis (CyTEK) following the second 

experiment. Data was analyzed using FlowJo v10 (BD).
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Statistics

All statistical analysis was performed using Prism 7 or 8 or 9 (GraphPad Software, 

Inc.). Because sample n < 15 for all murine experiments, normal distribution could not 

be determined. Mann-Whitney tests were used to compare two experimental groups and 

two-way ANOVAs were used to compare three or more experimental groups with two 

independent variables (such as both time and genotype, for example). Where experiments 

were conducted using male and female mice, statistical analyses were conducted separately 

by sex. Following two-way ANOVA, post-hoc Sidak’s multiple comparisons test (with 

single pooled variance) was run to compare experimental groups. Normality and equal 

variance were not assessed as a pre-condition for this analysis. Data are generally expressed 

as mean ± standard deviation (SD). P values and the specific statistical analyses used are 

specified in figures and figure legends.

Results

Id3 regulated perfusion recovery in response to HLI in a B cell-specific manner

To investigate whether Id3 regulates blood flow in response to ischemia, HLI was surgically 

induced in Id3 knockout and wild type (WT) littermates (Figure 1A). At day 3 of HLI in 

wild type mice, Id3 mRNA levels were significantly increased in ischemic (I) gastrocnemius 

muscles compared to non-ischemic (NI) muscles (Figure 1B). Using laser Doppler perfusion 

imaging (LDPI), we found that Id3 global knockout (Id3GKO) mice had significantly reduced 

blood flow at days 14 and 21 after HLI compared to Id3 wild-type (Id3GWT) littermates 

(Figure 1C). Histological staining verified that the injury response was isolated to the 

ischemic limb in these mice (Figure S2). Cell-specific Id3 knockout mice were employed 

to identify the cell type responsible for the attenuated perfusion recovery in Id3GKO mice. 

All lines were validated for effective and cell-specific knockout of Id38,23 (Figure S3). 

Interestingly, our hypothesis that loss of Id3 in ECs and macrophages would attenuate 

perfusion recovery proved null: male and female Id3ECKO (Figure S4A) and Id3MKO mice 

(Figure S4B) demonstrated no differences in perfusion recovery compared to WT littermate 

controls. However, B cell-specific Id3 KO mice (Id3BKO) mice had significantly reduced 

blood flow recovery relative to Id3BWT controls at days 14 and 21 of HLI in males (Figure 

1D) trending to be lower also in females at 14 and 21 days but only reaching statistical 

significance at day 28 of HLI in females (Figure S4C). The reason for these temporal 

differences are unclear, but it is of note that perfusion recovery in the male mice was higher 

than in the female and this has also been shown previously in the literature35.

B-1b cell numbers were significantly increased in ischemic muscles of Id3BKO mice 
compared to Id3BWT mice

To identify the immune cell populations in I and NI skeletal muscles 7 days after HLI and 

test the impact of B cell-specific loss of Id3, flow cytometry of gastrocnemius muscles was 

performed (Figures 2A, S5, and S6C). We observed a significant increase in total CD45+ 

immune cells (Figure 2B and S7A) as well as CD19+ B cells (Figure 2C and S7B) in I 

muscle compared to NI muscle. The overall increase in immune cells was in part due to 

increases in B cell numbers, however, there were also significant increases in CD11b+F4/80+ 

macrophages (Figure S6E), CD3+ T cells (Figure S6F), and other CD11b+ immune cells 
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(Figure S6K) in Id3BWT mice. However, while the numbers of total B cells in ischemic 

muscle were significantly higher in Id3BKO mice compared to Id3BWT mice (Figures 2C and 

S7B), as expected, total T cell, macrophage, neutrophil, monocyte, and other immune cell 

numbers were not significantly changed in Id3BKO mice in I or NI muscles (Figures S6E–K 

and S7G–H).

The differences in B cell numbers were due to increases in CD19+B220low B-1 cells 

(Figures 3D and S7C), but not B220high B-2 cells (Figures 2E and S7D). More specifically, 

CD5+ B-1a B cells (Figures 2F and S7E) were not affected by the loss of Id3 in B cells, 

but Id3BKO mice had significantly more CD5− B-1b cells (Figures 2G and S7F) in I muscle. 

B-1b cell numbers were also increased in spleen, bone marrow, and peritoneal cavity of 

Id3BKO mice at day 7 of HLI (Figure S8). Our previous work demonstrated a similar 

B-1b-specific increase in these tissues at baseline in Apoe−/− mice fed a normal laboratory 

diet23 suggesting that Id3-dependent increases in B-1b cell numbers in these compartments 

are not ischemia-dependent. Notably, however, there were no differences in total B cells or 

any of the B cell subtypes, including B-1b, in the skeletal muscle in the NI limb, providing 

evidence that Id3-dependent differences in B-1b cell number in skeletal muscle of the 

ischemic limb is not simply because the animal has more B-1b cells.

To explain why Id3BKO mice have increased numbers of B-1b cells in ischemic muscle, 

we hypothesized that there were differences in cell recruitment to muscle. We observed a 

significant increase in Cxcl12 transcripts from I gastrocnemius muscles on day 3 of HLI 

compared to NI controls (Figure 2H). We then investigated expression of CXCR4, the 

receptor for CXCL12, on B cell subsets in the peritoneal cavity. The peritoneal cavity is one 

of the niches in which B-1 cells reside. There, we observed that a higher proportion of B-1a, 

B-1b, and B-2 cell subsets from Id3BKO mice were CXCR4+ at day 7 of HLI compared to 

WT littermate controls (Figure 2I). More importantly, when normalized to the number of 

WT B cell subsets that were CXCR4+, Id3BKO B-1b cells demonstrated the largest increase 

in the number of CXCR4+ cells compared to WT cells (Figure 2J). A similar pattern was 

observed for CXCR5+ B cells. The ligand for CXCR5 is CXCL13, which has been shown 

to be increased in the setting of ischemia36. The proportion of CXCR5+ B cell subsets 

was increased in Id3BKO compared to WT littermate control mice at day 7 of HLI (Figure 

S9A), and that increase was most substantial in the B-1b cell compartment (Figure S9B). 

This provides an explanation for the finding that specifically B-1b cells increase in ischemic 

muscle of Id3BKO mice.

Id3BKO mice had higher levels of IgM in ischemic skeletal muscle and plasma during HLI 
compared to Id3BWT mice.

B-1 cells are a major source of IgM in vivo37 and prior studies suggest that expansion of the 

B-1b cell population in vivo will result in increased IgM levels20,23. We found that Id3BKO 

mice had significantly higher levels of total IgM in circulation with a particularly significant 

spike in IgM levels at day 7 of HLI (Figure 3A). IgM levels were also increased locally 

in skeletal muscle after 7 days of HLI and this appeared to persist until day 28 of HLI 

(Figure 3B). IgM can be identified in ischemic skeletal muscle by immunofluorescence as 
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well (Figure 3C). Additionally, circulating levels of total IgG, IgG1, IgG2a, IgG2b, IgG2c, 

and IgG3 were not different between genotypes after 7 days of HLI (Figure S10).

Prior work in the setting of atherosclerosis demonstrates that B-1 cells secrete natural 

IgMs that are specific to various danger-associated molecular patterns (DAMPs) upregulated 

in the setting of hyperlipidemia, including oxidized lipids23,38–41. DAMPs such as High 

mobility group box-1 (HMGB1) and oxidized phospholipid 1-palmitoyl-2-arachidonoyl-sn-

glycero-3-phosphocholine (oxPAPC) have been shown to have pro-angiogenic effects in 

ECs and affect blood flow recovery during HLI42–50. To investigate whether HMGB1- and 

oxPAPC-specific IgM (Figure S11A) were present in the setting of ischemia and upregulated 

in Id3BKO mice, IgM levels were measured by ELISA. IgM specific to HMGB1 (Figure 

S11B) and oxPAPC (Figure S11C) were significantly higher in the plasma of Id3BKO mice 

at day 7 of HLI.

Conditioned media from B-1b cells with IgM secreting capabilities inhibited EC 
proliferation and survival in response to hypoxia

To begin investigating whether B-1-produced IgM affects vascular function in the setting 

of hypoxia, we asked whether B cell-produced IgM had paracrine effects on ECs in the 

setting of hypoxia. Secreted IgM (sIgM)-deficient mice have altered B cell populations in 
vivo introducing important caveats restricting our use of the HLI model in this mouse51–53. 

Thus, we selected an in vitro model that would eliminate these additional variables. We 

verified that our cultured ECs expressed EC marker CD31 (Figure S12A) as well as IgM 

receptors FcμR and pIgR, but not Fc⍺/μR, in the settings of hypoxia and normoxia (Figure 

S12B). ECs were cultured with conditioned media (CM) from sIgM+/+ or sIgM−/− B-1b 

or B-1a cells. B-1a and B-1b CM treatments both contained 5 μg/mL of IgM and equal 

volumes were used for sIgM−/− B-1a and B-1b CM treatments to ensure that cells were 

exposed to equal amounts of other media components. EC numbers were quantified using an 

MTS assay (Figure 4A). While ECs cultured with CM from sIgM+/+ and sIgM−/− B-1a cells 

did not affect cell numbers compared to media-only controls, we observed that CM from 

WT B-1b cells, but not sIgM−/− B-1b cells attenuated EC numbers (Figure 4B). ECs were 

then cultured with WT B-1b media to quantify proliferation and cell death in the setting 

of hypoxia. IgM-containing B-1b CM reduced the percentage of Ki67+ ECs in culture as 

well as the Ki67 mean fluorescence intensity over control CM (Figure 4C). Additionally, the 

proportion of dead ECs was increased in B-1b CM-treated cultures (Figure 4D). Altogether, 

these data indicate a role for B-1b cell-secreted IgM in regulating EC proliferation and 

survival in the setting of hypoxia in vitro.

Id3BKO mice demonstrated reduced vascular density in the tibialis anterior muscle during 
HLI

To determine if our in vitro findings translated to changes in the vasculature in vivo, vascular 

density was quantified in the tibialis anterior (TA) muscle at Day 28 of HLI in Id3BWT 

and Id3BKO mice. Vascular density was quantified by counting the number of total CD31+ 

vessels, αSMA−CD31+ capillaries (Figure 5A, arrowheads) and αSMA+CD31+ arteries and 

arterioles (Figure 5A, arrows) per image. Five images were captured per muscle section, 

and three sections 300 μm apart in each muscle were imaged per mouse. The number of 
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CD31+ structures, or vessels, per muscle section were quantified and averaged amongst 

all muscles in the same experimental group and also plotted per section to better describe 

density across each muscle (Figure S13A). The average density of total CD31+ vessels 

was significantly lower in the I TA muscles of Id3BKO mice than Id3BWT controls (Figure 

5C) mirroring the reductions in cultured EC numbers when treated with sIgM+/+ B-1b CM 

(Figure 4B–D). When plotted across the length of the muscle (Figure S13B), total CD31+ 

density was also significantly reduced in Id3BKO I TA muscles (Figure S13C). Interestingly, 

we observed differences when CD31+ vessels were divided between those with and without 

investment of αSMA+ cells (pericytes and vascular smooth muscle cells (VSMCs)). The 

average αSMA−CD31+ capillary density per muscle was not different between genotypes 

in (Figures 5C), nor was the area under the curve when capillary densities were plotted 

across sections per TA (Figure S13D–E). However, TA-specific reductions in the density of 

αSMA+CD31+ vessels were observed in I Id3BKO muscles compared to I Id3BWT muscles 

(Figures 5D, S13F–G).

Additionally, increased vascular permeability suggests decreased vascular stability and thus 

potentially lower perfusion. Early signs of edema and vascular permeability were assessed 

by quantifying the wet and dry weights of TA muscles after 7 days of HLI. While edema 

clearly increased with ischemia, there was no difference between genotypes (Figure S14).

Discussion

PAD patients with insufficient neovascularization capacity do not have access to many 

effective therapeutic options due to a lack of understanding about the mechanisms driving 

these adaptations. Using a murine model of ischemia, we identified Id3, IgM, and B cells, 

respectively, as novel molecular and cellular regulators of ischemic neovascularization. 

More specifically, mice lacking Id3 expression in B cells, but not ECs or macrophages, 

demonstrated attenuated blood flow recovery in the setting of HLI.

Our study provides the first evidence that B cells play a role in mediating ischemic 

neovascularization. Klotzsche-von Ameln et al. demonstrated that Del-1−/− mice have 

increased B and T cell recruitment to skeletal muscle and reduced blood flow recovery after 

HLI; however, the study did not demonstrate specifically that B cells were mediating blood 

flow changes or neovascularization54. Two additional studies demonstrated that exogenous 

delivery of an anti-VEGFA IgG antibody can inhibit capillary density and blood flow 

recovery during HLI via interactions with FcƔR on myeloid cells55,56. It remains unclear, 

however, how much this FcƔR signaling axis affects neovascularization at homeostatic 

levels. B cells and IgM have also been implicated in promoting tissue injury during 

ischemia/reperfusion via complement deposition57–64. This injury model, however, lacks a 

chronic time point in which to observe and quantify a neovascular component. Results from 

studies demonstrating a role for FcƔR in neovascularization and our findings that cultured 

ECs express IgM receptors FcμR and pIgR prompt further questions regarding the role that 

IgM receptors on endothelium might play in the growth of new blood vessels. It is unknown 

if these receptors are expressed on endothelium or other vascular cells of human skeletal 

muscle. Studies specifically investigating the expression of IgM and IgM receptors in human 
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skeletal muscle of PAD patients, however, will be necessary for full translation of this study 

into human PAD.

Loss of Id3 in B cells attenuated blood flow at later time points during HLI and this 

correlated with early increases in B-1b cell numbers in ischemic muscle, but not non-

ischemic muscle, and increased IgM levels in circulation and ischemic muscle. Previous 

literature demonstrated that IgM deposition activated complement and myocyte damage 

in ischemic skeletal muscle58,59,63. A recent study demonstrated that myocyte signaling 

can influence vascular responses in the skeletal muscle65; but, interestingly, our studies 

provide evidence that IgM can also directly influence the endothelium in the absence of 

myocytes. In vitro studies revealed that conditioned media from B-1b cells that secrete 

IgM inhibited EC proliferation and survival, while conditioned media from secreted IgM-

deficient B-1b cells did not. EC survival and proliferation are necessary for in both 

arteriogenesis and angiogenesis66–69 as well as to prevent vascular dropout in hypoxic 

tissue. Furthermore, this effect was specific to IgM-secreting B-1b cells as sIgM+/+ and 

sIgM−/− B-1a CM did not have differential effects on EC numbers in vitro. This raises 

an interesting question regarding the distinctions between these two B cell subsets and 

the IgM repertoire secreted by each. Previous studies demonstrated distinctions in IgH 

rearrangement, heavy chain variable domain family usage, and frequency of N-sequence 

additions during rearrangements between B-1a and B-1b cells70–72. While additional studies 

are needed to understand the implications of these published findings for the current study, 

results support a functional distinction between B-1a and B-1b cells and rationalizes pursuit 

of a deeper understanding for B-1 cell subsets in ischemia and neovascularization.

The total number of CD31+ blood vessels and those specifically with αSMA+ cell 

investment were also decreased in ischemic TA muscles of Id3BKO mice, demonstrating 

loss of Id3 in B cells affects the number of stabilized blood vessels in ischemic muscle. We 

suggest that inhibition of EC population size and frequency of stabilized blood vessels by 

increased levels of IgM in Id3BKO mice is at least in part a cause of attenuated blood flow 

recovery in our model.

In addition to total IgM, DAMP-specific IgM levels were also increased. These DAMPs, 

HMGB1 and oxPAPC, promote neovascularization and are upregulated in the setting of 

ischemia42–50. More specifically, HMGB1 exogenously delivered during HLI was shown 

to promote blood flow recovery73. A study was recently published demonstrating that 

peritoneal B-1 cells are the main source of HMGB1-specific IgM, which neutralizes 

HMGB1 function in vivo74. Thus, it is possible that beyond inhibiting EC number directly, 

increased levels of IgM specific to these molecules may result in increased IgM-DAMP 

binding, which in turn inhibits DAMP-induced mechanisms that normally promote blood 

flow recovery. Overall, these hypotheses and our in vitro results introduce a potential novel 

role for IgM in regulating endothelial cell responses during ischemic neovascularization.

Approaches to specifically deplete B-1b cells or IgM in wild type mice are not yet 

developed. A B-1b cell-specific marker has not been identified: the markers typically 

used to identify this subset (CD5, B220, CD19, CD11b, CD23) are also expressed on 

other cell types making depletion methods currently unfeasible. And while studies have 
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successfully reduced IgG or IgM in vivo by passing blood through a column to deplete 

the antibodies75–78, these methods do not permit facile depletion over time. Furthermore, 

while anti-CD20 antibodies have been used to deplete B cells in vivo, these methods are 

not completely effective: B-1 B cells persist at low levels in the peritoneal cavity following 

antibody administration79. Adoptive transfer studies are a feasible alternative; however, prior 

studies demonstrate that transfer of B cells into B cell-deficient mice has low transfer 

efficiency80. While transfers into Rag1−/− mice are more effective, T cell populations are 

then absent in the model and these cells have been shown to also play an important role in 

ischemic neovascularization28,81,82. Further development of these methods will be of great 

importance for advancing our understanding of the roles B-1 cells, and specifically B-1b 

cells, play during ischemia and other disease and injury settings.

When considering how to translate these mechanisms to human disease, it is important 

to identify distinctions between our model of HLI and human disease. First, the HLI 

model employed in this study is an acute model relative to the long-term, chronic timeline 

characteristic of PAD in humans. Following surgery, mice lose approximately 70% of the 

blood flow in the foot of the affected leg. However, PAD is often caused by atherosclerosis, 

which develops on the order of years, in a major artery feeding the lower limb2,83. Second, 

the immune systems of mice and humans are not the same. To date, a putative B-1 cell 

population has been identified in humans84, however, further investigation is required to 

fully understand the identity and function of B-1 cells and how they regulate ischemic 

neovascularization in humans.

In summary, these studies are the first to demonstrate that loss of Id3 leads to impaired 

perfusion recovery after HLI and determine that this is a B cell-intrinsic effect. The findings 

that Id3BKO mice with reduced blood flow recovery during HLI had increased B-1b cell 

numbers and IgM levels in the skeletal muscle, coupled with in vitro data demonstrating that 

B-1b-derived IgM inhibited EC proliferation and survival in the setting of hypoxia provides 

a novel mechanistic link between Id3, B cells, and HLI. Further studies to determine the 

impact of loss of B-1b cells and their IgM products on angiogenesis and recovery of 

perfusion after HLI could lead to novel targeted immune approaches to improve symptoms 

and outcomes in PAD patients.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Global- and B cell-specific, but not EC- or macrophage-, specific loss of Id3 

attenuates blood flow recovery in the setting of hind limb ischemia.

• B cell-specific Id3 KO mice have increased B-1b cell numbers and IgM levels 

and attenuated vascular density in ischemic muscle.

• Conditioned media from B-1b cells that secrete IgM inhibits EC proliferation 

and survival in vitro.

Osinski et al. Page 19

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Id3 regulates blood flow in a B cell-specific manner.
(A) Schematic of the murine model of hind limb ischemia (HLI) and quantification of 

microvascular blood flow using laser Doppler perfusion imaging. (B) mRNA levels of Id3 
in ischemic (I) and non-ischemic (NI) gastrocnemius muscle lysates at day 3 of HLI. (C) 

Results from laser Doppler perfusion imaging (LDPI) quantifying blood flow in the feet 

of Id3GWT and Id3GKO littermate males at days 1, 3, 7, 14, and 21 days post-femoral 

artery ligation. Blood flow is quantified as the proportion of blood flow in the I foot over 

blood flow in the NI foot per mouse. (D) Blood flow results in Id3BWT and Id3BKO male 

littermates. Data shown is the mean ± SD. Statistical analyses were performed using Mann 

Whitney test (B) and two-way ANOVA (C,D).
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Figure 2. Loss of Id3 in B cells results in increased B-1b cell numbers in ischemic skeletal muscle.
(A) Flow cytometry gating strategy for identifying immune cell populations in digested 

gastrocnemius muscles at day 7 of HLI. (B-G) Total CD45+ cells (B), total CD19+ B cells 

(C), total CD19+B220low B-1 cells (D), total CD19+B220high B-2 cells (E), total CD5+ B-1a 

(F), and total CD5− B-1b cells (G) per gastrocnemius muscle were quantified. (H) mRNA 

levels of Cxcl12 in NI and I gastrocnemius muscle lysates at day 3 of HLI. (I) Proportion 

of peritoneal cavity B-1a, B-1b, and B-2 cells that are CXCR4+ at day 7 of HLI. (J) The 

number of peritoneal cavity Id3BKO CXCR4+ B-1a, B-1b, and B-2 cells normalized to 

Id3BWT CXCR4+ B cell subset numbers. Data shown is the mean ± SD. Statistical analyses 

were performed using two-way ANOVA (B-G) and Mann Whitney tests (H, I).
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Figure 3. Id3BKO mice have increased circulating and local levels of IgM.
(A) Total IgM in plasma from Id3BWT and Id3BKO mice was measured by ELISA at 

pre-HLI, Day 7, and Day 28 of HLI. (B) Total IgM levels in NI and I skeletal muscle at 

days 7 and 28 of HLI were measured by ELISA. (C) IgM and DAPI staining in ischemic 

gastrocnemius muscle from day 21 of HLI. Data shown is the mean ± SD. Statistical 

analyses were performed using two-way ANOVA.
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Figure 4. B-1b-produced IgM inhibits EC proliferation and survival in vitro.
(A) B-1b and B-1a cells from sIgM+/+ and sIgM−/− mice were sorted by flow and stimulated 

in vitro by a TLR9 agonist CpG/ODN 1668 for 7 days to induce IgM production. The 

conditioned media (CM) from each stimulation was then used to treat ECs in the setting of 

hypoxia (2% O2). To account for affects induced by TLR9 agonist remaining in the CM, this 

agonist was included in the vehicle control. Cell numbers following 24 hours of culture in 

hypoxia were quantified by MTS assay and normalized to media-only controls. (B) HUVEC 

numbers after treatment with B-1a CM and B-1b CM were measured. (C,D) Murine EC 

proliferation (C) and cell death (D) was quantified using flow cytometry. Data points from 

each independent experiment are represented by different symbols. Data shown is the mean 

± SD. Statistical analyses were performed using Mann Whitney tests.
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Figure 5. Id3BKO mice have reduced vascular density in ischemic tibialis anterior muscles.
(A-D) Ischemic tibialis anterior (TA) muscles from Id3BWT and Id3BKO mice were 

harvested at day 28 of HLI, then fixed, embedded, and sectioned. Sections were stained 

with antibodies against EC marker CD31 and contractile protein αSMA, which is typically 

expressed in perivascular cells such as pericytes and VSMCs. (A) A representative image 

of CD31+ and αSMA+ is provided. The white arrows point to αSMA+CD31+ structures, 

or vessels, while the arrowhead points to a αSMA−CD31+ structure, or vessel. Scale bar 

delineates 50 μm in the left-hand Merge panel. The righthand Merge panel shows a higher 

magnification of both specified structures and the scale bar delineates 25 μm. (B-D) The 

number of total CD31+ vessels (B), CD31+αSMA− capillaries (C), and αSMA+CD31+ 

vessels (D) per muscle section were averaged across sections per mouse. Data shown is the 

mean ± SD. Statistical analyses were performed using Mann Whitney tests.
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