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Abstract

Background: Cellular rejection after heart transplantation imparts significant morbidity and 

mortality. Current immunosuppressive strategies are imperfect, target recipient T-cells, and have 

adverse effects. The innate immune response plays an essential role in the recruitment and 

activation of T-cells. Targeting the donor innate immune response would represent the earliest 

interventional opportunity within the immune response cascade. There is limited knowledge 

regarding donor immune cell types and functions in the setting of cardiac transplantation and 

no current therapeutics exist for targeting these cell populations.

Methods: Using genetic lineage tracing, cell ablation, and conditional gene deletion, we 

examined donor mononuclear phagocyte diversity and macrophage function during acute cellular 

rejection of transplanted hearts in mice. We performed single cell RNA sequencing on donor and 

recipient macrophages and monocytes at multiple timepoints after transplantation. Based on our 
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imaging and single cell RNA sequencing data, we evaluated the functional relevance of donor 

CCR2+ and CCR2− macrophages using selective cell ablation strategies in donor grafts prior to 

transplant. Finally, we performed functional validation that donor macrophages signal through 

MYD88 to facilitate cellular rejection.

Results: Donor macrophages persisted in the rejecting transplanted heart and co-existed 

with recipient monocyte-derived macrophages. Single cell RNA sequencing identified donor 

CCR2+ and CCR2− macrophage populations and revealed remarkable diversity amongst recipient 

monocytes, macrophages, and dendritic cells. Temporal analysis demonstrated that donor CCR2+ 

and CCR2− macrophages were transcriptionally distinct, underwent significant morphologic 

changes, and displayed unique activation signatures after transplantation. While selective depletion 

of donor CCR2− macrophages reduced allograft survival, depletion of donor CCR2+ macrophages 

prolonged allograft survival. Pathway analysis revealed that donor CCR2+ macrophages are 

activated through MYD88/NF-ĸβ signaling. Deletion of MYD88 in donor macrophages resulted 

in reduced antigen presenting cell recruitment, reduced ability of antigen presenting cells to 

present antigen to T-cells, decreased emergence of allograft reactive T-cells, and extended allograft 

survival.

Conclusions: Distinct populations of donor and recipient macrophages co-exist within the 

transplanted heart. Donor CCR2+ macrophages are key mediators of allograft rejection and 

deletion of MYD88 signaling in donor macrophages is sufficient to suppress rejection and extend 

allograft survival. This highlights the therapeutic potential of donor heart-based interventions.
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Introduction:

Heart transplantation is the definitive treatment for end-stage heart failure with over 3000 

transplants performed annually in the United States1, 2. Given the complexities of donor-

recipient matching and imperfect immunosuppressive regimens, approximately 40% of 

transplanted patients suffer rejection within their first year after transplant leading to adverse 

short and long-term outcomes3, 4. Current immunosuppression strategies target recipient T-

cells and impose harmful consequences of systemic immunosuppression including infection 

and malignancy5. The ultimate goal of transplant immunology is allograft tolerance where 

the recipient does not reject the graft in the absence of ongoing immunosuppression. The 

induction and maintenance of tolerance remains elusive.

T-cell activation by antigen presenting cells, including macrophages, monocytes, and 

dendritic cells, is a requisite step for allograft rejection6–12. Limiting the emergence and 

proliferation of alloreactive T-cells by targeting macrophages, monocytes, and/or dendritic 

cells may mitigate the incidence of allograft rejection while avoiding adverse outcomes 

associated with systemic T-cell depletion or inhibition. While recipient-derived macrophages 

and dendritic cells have an established role in heart transplant rejection13–18, the precise role 

of donor-derived immune cells remains largely unexplored.
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Donor hearts contain abundant populations of resident macrophages and fewer dendritic 

cells19. Targeting cardiac graft-resident macrophage activation represents an attractive 

approach to reduce rejection while eschewing systemic immunosuppression15. Interestingly, 

early activation of macrophages within the allograft can result in a prolonged activated 

inflammatory state that persists in the absence of antigen or other stimuli, a property 

termed “trained immunity”20. This suggests that early activation of donor macrophages may 

have long-term functional effects on allograft outcomes that are independent of ongoing 

immunosuppression. As donor immune cells represent the earliest targetable cell in the 

rejection cascade, inhibiting the activation of donor macrophages may enable a reduction of 

systemic immunosuppression.

We have previously reported that mouse and human hearts contain at least two subsets of 

resident macrophages with divergent origins and functions that can be distinguished based 

on the expression of C-C chemokine receptor 2 (CCR2)21, 22. CCR2+ macrophages are 

derived from adult hematopoietic progenitors, are replenished through ongoing monocyte 

recruitment, and orchestrate inflammatory responses including monocyte and neutrophil 

infiltration. CCR2− macrophages are derived from embryonic hematopoietic progenitors, 

are maintained independent of monocyte input, suppress inflammation, and promote tissue 

repair7, 19, 21–24. The role of donor CCR2+ and CCR2− macrophages in the context of heart 

transplantation rejection remains to be elucidated25.

In the present study, we utilize a murine heart transplantation model to precisely interrogate 

the roles of donor macrophages during acute rejection26, 27. By combining genetic lineage 

tracing with single cell RNA sequencing, we examine transcriptional signatures of donor 

and recipient macrophages and monocytes and identify putative signaling mechanisms 

underlying donor CCR2+ and CCR2− macrophage activation. We use genetic lineage 

tracing to demonstrate that donor CCR2+ and CCR2− macrophages persist after heart 

transplantation but are ultimately lost due to ongoing rejection. Targeted cell depletion 

strategies show that reduction of donor CCR2+ macrophages result in prolonged allograft 

survival with reduced inflammation whereas reduction of donor CCR2− macrophages 

conversely leads to rapid rejection with increased inflammation. We show that donor CCR2+ 

macrophages signal in part through MYD88 and inhibition of this signaling either in the 

donor graft or donor macrophages suppresses immune infiltration and modulates recipient 

immune alloreactivity resulting in prolongation of allograft survival. Together, these findings 

establish donor CCR2+ macrophages and/or their signaling as a viable therapeutic target to 

ameliorate or prevent heart transplant rejection.

Materials and Methods:

Data Availability

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

upon reasonable request.
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Code Availability

All scripts used for single-cell data analysis are available from GitHub (https://github.com/

jamrute/2021_ACR_Kopecky_Lavine).

Animal Models

Mice were bred and maintained at the Washington University School of Medicine. 

IRB approval was obtained, and all procedures were in accordance with institutional 

guidelines and were performed in accordance with the animal use oversight committee. 

Mouse strains utilized included CD169DTR/+ 28, CCR2DTR/+ 29, MyD88f/f 30, LysMCre/+ 31, 

CSF1rertCre/+ 32, MyD88−/− 33, CX3CR1GFP/+ CCR2RFP/+ 34, 35. C.Cg-Tg(DO11.10)/

10Dlo/J “DO.11” mice were purchased from The Jackson Laboratories. All donor mice 

were on the C57BL/6 (B6) background and genotyped according to established protocols36. 

Recipient mice were age- and gender-matched BALB/c mice between 6–8 weeks of age, 

except in the setting of a syngeneic transplant when the recipient was a B6 mouse. Equal 

numbers of male and female mice were included in all experiments. Diphtheria toxin 

receptor (DTR) and control mice were given 200 ng intraperitoneal injections of diphtheria 

toxin (Sigma Cat #D0564) on three consecutive days prior to transplant. Tamoxifen food 

pellets (500 mg/kg diet, Envigo Teklad Diets 500 TD130857) were provided for two weeks 

prior to transplantation.

Heterotopic Heart Transplantation

Heart grafts were harvested from donor mice and transplanted heterotopically into the 

abdomen of recipients following 1 hour of cold (4°C) ischemia, as previously described26. 

For low-dose immunosuppression, 200 μg CTLA4-Ig (Bio X Cell Cat BE0099) was 

administered intraperitoneally on post-transplant days 0, 2, 4, and 6. For high-dose 

immunosuppression, 1.25 mg CTLA4-Ig was administered on post-transplant days 0, 4, 

and 14. For syngeneic transplantation, B6 was used for both donor and recipient and no 

immunosuppression was administered. After transplantation, allografts were palpated daily. 

Cessation of a palpable heartbeat, confirmed by visual inspection, indicated rejection of the 

cardiac allograft. Perioperative graft loss (within 72 hours) was excluded from the analysis.

Histology

See Supplemental Methods

Immunofluorescence

See Supplemental Methods

Alloreactivity Assay

10 days after transplant, recipient BALB/c splenocytes were frozen using C.T.L.-Cryo ABC 

Media (ImmunoSpot Cat#CTLC-ABC). In brief, fresh spleens were pressed through a 40 

μm cell strainer and rinsed with 1X C.T.L. wash (ImmunoSpot Cat# CTLW-010). 1:1 

CTL-C and CTL-A/B were added. Up to 10 million splenocytes /mL were aliquoted into 

1 mL cyrovials, which were subsequently stored in liquid nitrogen. Responder splenocytes 

were thawed using C.T.L. anti-aggregate wash (ImmunoSpot Cat# CTL-AA-005), T-cells 
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were isolated (Miltenyi Pan T Cell isolation kit II (130-095-130)) and used for ELISPOT 

assay. Irradiated (20cGy) B6 (stimulator-allogeneic) and BALB/c (stimulator-syngeneic) 

splenocytes were added to responder T-cells in C.T.L. Test media (ImmunoSpot Cat# 

CTLT-010) at a ratio of 600,000 stimulators to 150,000 responder T-cells overnight at 

37°C. IFN-γ spots were detected per C.T.L. ELISPOT protocol (ImmunoSpot Mouse 

IFN-γ Single-Color ELISPOT). Plates were analyzed and quality controlled by a blinded 

third-party using CTL-ImmunoSpot S6 University Analyzer. Positive (ConA) and negative 

controls were included. All samples were performed in technical triplicates and each 

experimental condition consisted of at least six independent samples.

Antigen Presentation Assay

Post-transplant day 3–4 antigen presenting cells (CD45+, CD11b+, Ly6c+ and CD64+) were 

sorted from cardiac grafts into C.T.L. Test media. Antigen presenting cells were cultured 

with 1mg/1mL OVA (Sigma Cat # O1641) overnight at 37°C. T-cells from DO.11 mice were 

isolated (Miltenyi Pan T Cell isolation kit II (130-095-130)) and cultured for 3 days with 

OVA-loaded antigen presenting cells on ELISPOT plates (5000 APC:100,000 T-cells) and 

analyzed as above.

Flow Cytometry

See Supplemental Methods

Single Cell RNA Library Construction

FACS sorted CD45+CD11b+Ly6G−CD64+ Ly6c−, CD45+CD11b+Ly6G−CD64+ Ly6c+ and 

CD45+CD11b+Ly6G−CD64− Ly6c+ cells were sorted by the presence (donor library) or 

absence (recipient library) of GFP and then processed and encapsulated with barcoded 

oligo-dT containing gel beads with the 10X Genomics Chromium controller. Library 

preparation was performed as per manufacturer recommended protocols at the McDonnel 

Genome Institute at Washington University. Single cell libraries were multiplexed into a 

single lane and were sequenced at a target read depth of 100,000 reads/cell using a NovaSeq 

sequencer (Illumina).

Single Cell Analysis

See Supplemental Methods

Statistical Analysis

Data were analyzed by using the statistical software (Prism, V9.0; GraphPad, La Jolla, 

CA). The Kaplan-Meier method was used to estimate survival curves. The Log-rank 

(Mantel-Cox) was used to compare survival between groups with a p-value <0.05 considered 

statistically significant. Differences between groups were examined by using non-parametric 

Mann-Whitney U test. Multiple means were compared by using Kruskal-Wallis one-way 

analysis of variance with the Dunn’s test for multiple comparisons. A p< 0.05 (two-sided) 

was indicative of a statistically significant difference. Bonferroni correction was performed 

when multiple hypotheses were tested. Gene set scores were analyzed with a 2-way ANOVA 

with multiple comparisons including: (CCR2+ pre vs CCR2+ post; CCR2− pre vs CCR2− 
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post; and CCR2+ post vs CCR2− post). Data are presented as dot plots or box whisker plots 

generated in Prism. Power calculations were performed to ensure adequate sample size (n = 

number of animals). The exact sample size used to calculate statistical significance is stated 

in the appropriate figure legend.

Results:

Donor Macrophages Initially Persist after Heart Transplantation

To assess the dynamics of donor macrophages after heart transplantation in the setting 

of acute rejection, we transplanted B6 CX3CR1GFP/+ CCR2RFP/+ donor hearts into 

BALB/c recipients that received low-dose CTLA4-Ig. Low-dose CTLA4-Ig (200 μg on 

post-operative days 0, 2, 4, 6) is commonly used to study rejection as it sub-optimally 

suppresses the recipient immune system and does not induce tolerance to the donor 

graft27. Donor CCR2− macrophages (GFP+RFP−CD68+), donor CCR2+ macrophages 

(GFP+RFP+CD68+), and recipient monocyte-derived macrophages (GFP−RFP−CD68+) were 

quantified by immunofluorescence in naïve hearts 1, 3, 7, and 14 days after transplantation. 

There were more donor CCR2− than CCR2+ macrophages in the heart at all timepoints 

(Figure 1A–C). Donor CCR2− and CCR2+ macrophages persisted at early time points 

(days 1, 3) following transplantation. By post-transplant day 7, donor macrophages 

(CCR2−: 85 macrophages/mm2; CCR2+: 9.7 macrophages/mm2) were outnumbered by 

infiltrating recipient macrophages (704 recipient macrophages/mm2) (Figure 1D). Few 

donor macrophages (CCR2−: 1.6 macrophages/mm2; CCR2+: 1.1 macrophages/mm2) 

remained in heart grafts on post-transplant day 14.

To ensure that CCR2 expression remained stable in donor macrophages after transplantation, 

we performed genetic lineage tracing of CCR2+ cells. Tamoxifen chow was provided to B6 

CCR2ertCre/+Rosa26tdTomatoCCR2GFP/+ CD45.2 mice for two weeks prior to transplantation 

into CD45.1 BALB/c recipients to permanently label donor CCR2+ macrophages 

(tdTomato+). Flow cytometry performed 7 days after transplantation revealed that donor 

macrophages (CD45.2+CD64+) were either tdTomato−GFP− (89.2%) or tdTomato+GFP+ 

(9.2%). Few donor macrophages were either tdTomato−GFP+ or tdTomato+GFP− indicating 

that CCR2 expression is stable in donor macrophages after transplantation (Figure S1A).

To explore underlying mechanisms driving donor macrophage loss following 

transplantation, we measured donor macrophage cell death, proliferation, and emigration 

from the heart. Flow cytometry and TUNEL staining revealed a significant increase in donor 

macrophage cell death (1.3% DAPI+ GFP+ at baseline versus 13.3% DAPI + GFP + at post-

transplant day14) after transplantation (p = 0.0010) (Figure 1E, Figure S1B–E). We next 

assessed both hematogenous and lymphatic emigration from the heart. Evaluation of donor 

macrophages (CX3CR1GFP/+ CCR2RFP/+ into BALB/c with CTLA4-Ig) within the recipient 

spleen revealed less than 20 donor GFP+ macrophages per spleen, suggestive of minimal 

hematogenous trafficking after transplantation (Figure S2A)37. Lymphatic connections to the 

heart are severed after surgery and re-establishment of lymphatic drainage from the graft 

may take several weeks; however, several reports identify donor immune cells trafficking 

to the recipient mediastinal lymph nodes38–40. We observed rare donor CCR2− but no 

CCR2+ macrophages within the mediastinal lymph nodes (Figure S2B). Proliferation has 
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been reported to contribute to cardiac macrophage persistence23, 41. Immunofluorescence 

revealed that 4–5% of donor CCR2− and CCR2+ macrophages were proliferating (Ki67+) 

at baseline. Following transplantation, we observed an increase in the relative percentage of 

Ki67+ donor CCR2− macrophages (4.3% versus 11.0% at day 7, p = 0.035) (Figure S2C–D). 

A high percentage of recipient CD68+ cells (5.8%) were Ki67+ at post-transplant day 7 

(Figure S2D).

To determine whether allograft rejection or reperfusion injury42 was responsible for donor 

macrophage cell death, we transplanted B6 CX3CR1GFP/+ CCR2RFP/+ donor hearts into 

BALB/c recipients and administered high-dose CTLA4-Ig (1.25 mg on post-operative days 

0, 4, and 14)27, 43 (Figure S2E). This regimen has been shown to prevent cellular rejection 

with continued treatment but does not induce tolerance as the heart rejects upon cessation 

of therapy27. High-dose CTLA4-Ig prevented the loss of donor CCR2− macrophages at 

post-transplant day 14. Cessation of high-dose CTLA4-Ig at post-transplant day 14 resulted 

in the loss of donor CCR2− macrophages by day 28 post-transplant suggesting that allograft 

rejection leads to the elimination of donor CCR2− macrophages. High-dose CTLA4-Ig did 

not prevent the loss of donor CCR2+ macrophages (Figure S2F). To isolate the effect of 

reperfusion injury in the absence of rejection on donor macrophage survival, we performed 

syngeneic transplant of B6 CX3CR1GFP/+ CCR2RFP/+ donor hearts into B6 recipients 

without administration of immunosuppression and again noted the persistence of donor 

CCR2− macrophages (but not donor CCR2+ macrophages) at post-transplant day 14 (Figure 

S2F). These data indicate that rejection contributes to the loss of donor CCR2− macrophages 

and reperfusion injury leads to the loss of donor CCR2+ macrophages.

Donor and Recipient Macrophages are Distinct and Evolve Over Time after Heart 
Transplantation

We utilized single cell RNA sequencing to investigate the cellular and transcriptional 

landscape of donor and recipient macrophages after heart transplantation. B6 CX3CR1GFP/+ 

CCR2RFP/+ donor hearts were transplanted into BALB/c recipients and received low-dose 

CTLA4-Ig (Figure 2A). From the transplanted heart, donor (CD45+CD11b+CD64+GFP±) 

and recipient (CD45+CD11b+CD64+GFP−) cells were sorted separately at baseline (donor) 

and 1 (donor and recipient), 7 (donor and recipient) and 14 (recipient) days after 

transplantation and underwent single cell RNA sequencing (Figure 2B). We recovered 

approximately 4,194 donor and 10,590 recipient cells across all time points and detected 

3000–5000 genes per cell (Figure S 3). We performed Harmony integration of donor 

and recipient libraries and noted that donor and recipient transcriptional signatures were 

unique and the cell populations were readily distinguished based on GFP expression 

(Figure 2C–E). Differential gene expression analysis identified discrete transcriptional 

signatures within donor and recipient populations. Donor cells expressed markers of tissue 

resident macrophages including Cbr2, F13a1, Folr2, and Egr1. Recipient cells expressed 

Ly6c2, Ly6a, Plac8, Ccl5, S100a8, and S100a9 consistent with monocyte and monocyte-

derived macrophage identity (Figure 2F–G). Donor and recipient macrophages showed 

distinct time evolving transcriptional signatures after transplantation (Figure 2G). Pathways 

enriched in donor macrophages include MAPK, Myc signaling and ribosomal protein 

synthesis. In contrast, glycolysis, electron transport chain, type II interferon signaling, 
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proteasome degradation, and TYROBP/DAP-12 signaling pathways were enriched in 

recipient macrophages and monocytes (Figure 2H–I).

Recipient Monocyte and Macrophage Diversity

Following transplantation, recipient monocytes infiltrate the donor heart and are known 

to promote allograft rejection44. To investigate the cell fates of infiltrating monocytes 

following transplantation, we performed an integrated analysis of recipient monocytes and 

macrophages (Figure 3). Cell clustering revealed distinct cell states of monocytes (Mo1, 

Mo2), macrophages (Mac1, Mac2, Mac3, Mac4, Mac5, Mac6), and dendritic-like (DC) 

cells with unique transcriptional signatures (Figure 3A–B, Figure S4). Monocytes were 

prevalent across all time points after transplantation suggestive of their ongoing recruitment. 

Mac5 and Mac6 macrophages decreased and Mac1, Mac2, Mac3, and Mac4 macrophages 

increased in frequency over time suggesting a temporal relationship amongst macrophage 

subsets (Figure 3C–D). Palantir trajectory analysis indicated that the extent of cell entropy 

reduced over time after transplantation (Figure S5D) indicating that recipient monocytes and 

macrophages enter the heart and differentiate over the course of rejection. Mo1, Mac1, 

Mac4, and DCs showed the greatest degree of entropy and lowest pseudotime values 

suggesting that they represent relatively undifferentiated states. In contrast, Mo2, Mac2, 

Mac5, and Mac6 displayed reduced entropy and higher pseudotime values suggesting that 

these subsets are more differentiated (Figure Ss 5–6).

Transcriptional Diversity of Donor CCR2− and CCR2+ Macrophages

The composition of donor macrophage populations was assessed using our single cell 

RNA sequencing dataset. Donor macrophages were identified based on GFP expression and 

library indexed as separate libraries were constructed for donor and recipient macrophages. 

Res Mac1 and Res Mac2 contained GFP+ cells (Figure 3E). CCR2 was expressed in both 

donor and recipient populations with highest expression in the recipient (recruited) cells 

(Figure 3F).

We next focused on donor macrophages (Figure 4A). We have previously categorized 

cardiac macrophages based on MHC-II and CCR2 expression19, 22, 23. Consistent with 

these findings, we detected MHC-IIhigh CCR2−, MHC-IIlow CCR2−, MHC-IIhigh CCR2+, 

and MHC-IIlow CCR2+ populations (Figure 4B–C, D). Density mapping showed shifts in 

donor macrophage states after transplantation (Figure 4E–F).

To delineate transcriptomic differences between donor CCR2− and CCR2+ macrophages, 

we performed a differential expression analysis. Donor CCR2− macrophages differentially 

expressed tissue resident macrophages genes including Folr2, Cbr2, Vsig4, Ccl8, and 

Ccl12. In contrast, donor CCR2+ macrophages expressed inflammatory genes (Figure 4H). 

Collectively, these data indicate that donor CCR2− and donor CCR2+ macrophages represent 

distinct populations at the transcriptional level.

Donor Macrophages are Essential for Allograft Survival after Heart Transplantation

To elucidate the functional roles of donor macrophages in allogenic heart transplantation, we 

utilized CD169DTR/+ 28 and CCR2DTR/+ 29 mice to deplete CCR2− and CCR2+ macrophages 
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from the cardiac graft, respectively. We have previously established the specificity and 

efficacy of these murine strains in depleting CCR2− and CCR2+ macrophages from the 

heart19, 24. To this end, we transplanted B6 control, CD169DTR/+, or CCR2DTR/+ hearts 

into BALB/c recipients that received low-dose CTLA4-Ig. Diphtheria toxin (DT) (200 ng) 

was administered to the donor mouse daily for three days prior to transplant and three 

times per week to the recipient after transplantation to maintain depletion. Allografts lacking 

donor CCR2+ macrophages (CCR2DTR/+) had longer survival than littermate controls (35 

versus. 26 days, p=0.0013; log-rank HR 0.287, 0.079–1.031). In contrast, allografts lacking 

donor CCR2− macrophages (CD169DTR/+) had shorter survival times compared to littermate 

controls (16 versus. 28 days, p=0.0004; log-rank HR 4.334, 1.147–16.39) (Figure 5A).

To investigate whether donor macrophages influence allograft inflammation, we harvested 

donor hearts 10 days after transplantation and performed histological analysis (Figure 

5B–C). Compared to controls, allografts lacking donor CCR2− macrophages had more 

severe cellular rejection (3R/3B versus 2R/3A), while allografts lacking donor CCR2+ 

macrophages had milder cellular rejection (1R/2 versus 2R/3A). Immunostaining revealed 

increased CD45+ leukocytes in allografts lacking donor CCR2− macrophages compared to 

controls (1367 versus 1021 CD45+ cells/mm2, p = 0.014). Allografts lacking donor CCR2+ 

macrophages had a similar number of CD45+ leukocytes compared to controls (1116 versus 

1021 CD45+ cells/mm2, p = 0.58) (Figure 5D–E). These data support the conclusion that 

donor CCR2− macrophages confer protection against acute allograft rejection whereas donor 

CCR2+ macrophages promote allograft rejection.

Donor Macrophage Activation following Transplantation

To examine the phenotypic behavior of donor macrophages after heart transplantation, 

we performed high-resolution imaging of donor macrophages at baseline and 1-, 3-, and 

7-days post-transplant (Figure 6A–C, Figure S7A–B). At baseline, donor CCR2− and 

CCR2+ macrophages were relatively small, homogenously distributed within the heart, 

and displayed few cellular projections. Three-dimensional reconstruction of 30 μm heart 

sections (Figure 6D–E), revealed that both donor CCR2− and CCR2+ macrophages increase 

significantly in surface area (CCR2−: baseline 202.6 μm2 versus day 7 1121 μm2, p<0.0001; 

CCR2+: baseline 277.6μm2 versus day 7 1431 μm2, p<0.0001), volume (CCR2−: baseline 

120.1 μm3 versus day 7 941.9 μm3, p<0.0001; CCR2+: baseline 245.1 μm3 versus day 

7 1431 μm3, p<0.0001, and number of projections (CCR2−: baseline 0.637 projections/

macrophage versus day 7 3.76 projections/macrophage, p<0.0001; CCR2+: baseline 0.43 

projections/macrophage versus day 7 4.388 projections/macrophage, p<0.0001) (Figure 

6F–K). There was no significant difference in morphologic quantification between donor 

macrophages at each time point (p > 0.05), except for CCR2− macrophage volume at 

baseline compared to that of CCR2+ macrophages (p = 0.006) (Figure S7C–E).

Differential gene expression analysis demonstrated that donor CCR2− and CCR2+ 

macrophages displayed distinct activation signatures after transplant (Figure 6L, M). Donor 

CCR2− macrophages displayed enriched PI3K and VEGF signaling post-transplantation 

(Figure 6N). Compared to baseline, donor CCR2+ macrophages expressed markedly 

increased levels of genes associated with enhanced MYD88/NF-κβ signaling post-transplant 
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(Figure 6O–R). Taken together, these data indicate that both donor CCR2− and CCR2+ 

macrophages are activated through distinct mechanisms following transplantation.

Inhibition of MYD88 Signaling in Donor Macrophages Prevents Allograft Rejection

We have previously demonstrated that donor CCR2+ macrophages orchestrate 

leukocyte trafficking following syngeneic transplantation through a MYD88 dependent 

mechanism19, 24. To determine whether inhibition of MYD88 signaling in donor 

macrophages presents a possible therapeutic approach for preventing or reducing graft 

rejection, we used donor mice that lack MyD88 either globally or selectively in 

macrophages. We transplanted B6 control, MyD88−/−, MyD88f/f LysMCre/+, or MyD88f/f 

CSF1rertCre/+donor hearts into BALB/c recipients, which were subsequently treated with 

low-dose CTLA4-Ig. Global deletion of MYD88 in the donor heart and conditional deletion 

of MYD88 in donor macrophages both resulted in significantly prolonged allograft survival 

compared to controls (all p < 0.009) (Figure 7A).

To assess graft inflammation, we performed histological analyses and CD45+ 

immunostaining on control and MyD88f/f CSF1rertCre/+donor hearts 10 days after 

transplantation. Compared to controls, allografts lacking MYD88 in donor macrophages 

had only mild cellular rejection (1R/2 versus 2R/3A) (Figure 7B–C) decreased CD45+ cells 

abundance (1022 versus 1328 CD45+ cells/mm2, p = 0.017) (Figure 7D), decreased CD8a+ 

cell abundance (110 versus 146 CD8a+ cells/mm2, p = 0.038 (Figure 7E). and decreased 

CD68+ cell abundance (705 versus 964 CD68+ cell/mm2, p = 0.039) (Figure 7F).

Deletion of MYD88 affects Antigen Presentation, Type II Interferon Signaling, and T-cell 
Activation

To delineate the role of donor macrophage MyD88 signaling on recipient monocyte 

fate specification, we performed single cell RNA sequencing of recipient monocytes, 

macrophages, and dendritic cells (CD45+ CD11b+ Ly6c+/− CD64+/−) isolated from WT and 

MyD88f/f CSF1rertCre/+ donor hearts at post-transplant day 3. We recovered 6,207 WT and 

3,598 MyD88f/f CSF1rertCre/+ cells and detected 3,000 to 5,000 genes per cell (Figure S8A). 

We projected the data onto our donor and recipient monocyte, macrophage, and dendritic 

cell reference object and obtained high confidence mapping scores (Figure 8A, Figure 

S8B). Cell composition analysis showed increased proportion of Mo1 in WT allografts and 

increase Mac1 and Mac6 in MyD88f/f CSF1rertCre/+ donor hearts. We did not detect any 

differences among other monocyte, macrophage, or dendritic cell states (Figure 8A). Few 

cells mapped to donor macrophage populations indicating the majority of recovered cells 

were of recipient origin.

We detected global differences in gene expression between recipient cells recruited to 

control and MyD88f/f CSF1rertCre/+ donor hearts. Decreased expression of genes associated 

with antigen presentation (0.22 versus 0.50, p < 0.001) (Figure 8B), type II interferon 

signaling (−3.11 versus −0.045, p < 0.001) (Figure 8C), and T-cell activation (−0.107 versus 

0.187, p < 0.001) (Figure 8D) were detected in cells recruited to MyD88f/f CSF1rertCre/+ 

donor hearts. Antigen presentation, type II IFN, and T-cell activation signaling were cell 
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type specific and prominent among the CCR2+ monocyte/macrophage subsets with less 

impact in the CCR2− macrophages (Figure S8C).

These data suggest that deletion of MyD88 in donor macrophages reduces alloreactive T-cell 

generation and decreased antigen presentation capacity in infiltrating recipient macrophages 

as a potential mechanism. We tested the possibility that inhibition of MyD88 in donor 

macrophages diminished the ability of recipient antigen presenting cells to present antigen 

to T-cells. Compared to control hearts, recipient antigen presenting cells from donor hearts 

lacking MyD88 had significantly less ability to present antigen to T-cells (0.0085 versus 

0.19 spots/T-cell positive control, p = 0.048) (Figure 8E). Furthermore, compared to 

controls, recipients transplanted with MyD88f/f CSF1rertCre/+ hearts had significantly fewer 

T-cells in their spleens that produced IFN-γ following exposure to donor antigen (0.14 

versus 0.27 spots/T-cell positive control, p = 0.029). (Figure 8F). Collectively, these findings 

indicate that MYD88 signaling in donor macrophages is an important regulator of antigen 

presentation in recipient antigen presenting cells and alloreactive T-cell priming.

Discussion:

To the best of our knowledge, this is the first study to investigate the transcriptional signature 

and dynamics of donor and recipient myeloid cells following allogenic heart transplantation 

at a single cell resolution. We defined the functional importance of donor CCR2+ and 

CCR2− macrophages in allograft rejection and identified donor CCR2+ macrophages as a 

key cell type that potentiates rejection. Finally, we implicated MYD88 signaling in donor 

macrophages as a potential therapeutic target to modulate the recipient cell function, reduce 

the generation of alloreactive T-cells, decrease rejection, and extend allograft survival.

Using genetic lineage tracing and single cell RNA sequencing, we longitudinally dissected 

the dynamics of donor macrophages after heart transplantation. We show that in the setting 

of cellular rejection, donor macrophages persisted for approximately 1–2 weeks and are 

subsequently lost from the graft. Intriguingly, suppression of allograft rejection using high-

dose CTLA4-Ig immunosuppression or using a syngeneic transplant model was sufficient to 

preserve donor CCR2− macrophages, but not donor CCR2+ macrophages. This observation 

raises the possibility that alloreactive T-cells play an active role in eliminating donor CCR2− 

macrophages. Future studies will be required to identify the precise population of T-cells 

that targets donor CCR2− macrophages and to dissect the molecular mechanisms and cell 

death pathways involved.

Single cell RNA sequencing demonstrated that donor and recipient macrophages are 

transcriptionally distinct and that these populations dynamically evolve over the course 

of rejection. Consistent with transcriptional evidence of cell activation, donor macrophages 

show significant morphologic changes including increased surface area, volume, and cellular 

projections. Differential gene expression analysis identified signatures of MYD88/NF-κβ 
signaling in donor CCR2+ macrophages after transplantation. Either depletion of donor 

CCR2+ macrophages or conditional deletion of MYD88 signaling in donor macrophages 

was sufficient to reduce rejection and extend allograft survival. These data build on 

our prior observation that donor CCR2+ macrophages direct infiltration of recipient 
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neutrophils and monocytes into the heart through the expression of MYD88 dependent 

chemokines and cytokines19, 24. Depletion of donor macrophage MYD88 signaling led 

to infiltration of recipient cells with lower expression of antigen presentation, type 

II interferon, and T-cell activation gene expression signatures, which we confirmed 

experimentally. Based on the robust MYD88/NF- κβ signature observed in donor CCR2+ 

macrophages after transplantation and improved outcomes seen in donor hearts that lack 

MyD88 in macrophages, we posit that MYD88 signaling in donor CCR2+ macrophages 

contributes to allograft rejection. However, we cannot exclude the possibility that MYD88 

signaling in donor CCR2− macrophages may also contribute to some of the observed 

phenotypes. Collectively, these findings provide the first evidence that targeting specific 

donor macrophage populations may serve as a therapeutic approach to prevent cellular 

rejection. Targeting donor specific populations could be done using ex-situ perfusion devices 

prior to implantation and holds promise of ameliorating graft rejection45, 46.

Our data indicated an opposing role for donor CCR2− macrophages. Depletion of donor 

CCR2− macrophages resulted in rapid rejection and increased immune cell infiltration 

into the allograft, indicating that donor CCR2− macrophages have a protective function. 

Following transplantation, we observed patches of donor CCR2− macrophages that appeared 

to physically interact with and clustered around donor CCR2+ macrophages. It is possible 

that donor CCR2− macrophages prevent the activation of donor CCR2+ macrophages and 

other immune cells. Consistent with this hypothesis, tissue resident macrophages have 

previously been shown to cloak areas of injury and prevent inflammatory activation of innate 

immune cells. We hypothesize that donor CCR2− macrophage are protective potentially 

through masking pro-inflammatory signaling from donor CCR2+ macrophages and their 

depletion could lead to more rapid rejection and increased inflammatory infiltration.

Finally, our single cell RNA sequencing data revealed that donor and recipient macrophages 

are distinct and shed new light on the surprising diversity of recipient monocyte, 

macrophage, and dendritic cell populations. Using a probabilistic model to predict the 

trajectories of differentiating monocytes, we show evidence that recipient monocytes 

have the capacity to differentiate into several unique macrophage and dendritic cell-like 

populations. The environmental cues and molecular signals responsible for these fate 

decisions are of considerable interest. Future studies will focus on the contribution of each 

recipient monocyte, macrophage, and dendritic cell population to allograft rejection.

Limitations and Conclusions.

Our study is not without limitations. Mouse models of heterotopic heart transplantation are 

imperfect as they are mechanically unloaded and thus may not fully mirror the clinical 

scenario. We additionally recognize genetic manipulation of donor macrophage composition 

and signaling may not be fully recapitulated by pharmacological interventions. We have 

previously reported that human donor macrophages persist in the allograft following 

heart transplantation in the absence of clinical rejection21. An important next step is to 

determine whether transcriptionally similar states of monocytes, macrophages, and dendritic 

cells infiltrate the transplanted human heart in the context of acute cellular rejection. 

Additionally, while we used the best available Cre lines to delete MyD88 in macrophages, 
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we cannot exclude a function of MyD88 in dendritic cells. Our gating schemes focused on 

macrophages, monocytes, and classic dendritic cell 2 and did not specifically interrogate 

all dendritic cell subsets. Nonetheless, our findings establish donor macrophages as a 

potential therapeutic target to improve transplant outcomes and identify inhibition of MyD88 

signaling in the donor heart as a therapeutic approach to suppress donor CCR2+ macrophage 

activation and blunt alloimmune responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

CCR2 C-C chemokine Receptor 2

CD169 Cluster of Differentiation 169

CX3CR1 C-X3-C motif Chemokine Receptor 1

DTR Diphtheria Toxin Receptor

ELISPOT Enzyme-Linked Immune absorbent SPOT

Ert2-Cre Estrogen Receptor 2- Cre

GFP Green Fluorescent Protein

RFP Red Fluorescent Protein

MyD88 Myeloid Differentiation Primary Response Protein 88
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Clinical Perspective

What Is New?

• Donor macrophages persist after heart transplantation and have a unique 

transcriptional signature when compared to recipient macrophages.

• Depletion of donor CCR2- and CCR2+ macrophages prior to heart 

transplantation results in opposing effects on allograft survival benefit.

• Interfering with donor CCR2+ macrophage activation by deletion of MyD88 

results in extended allograft survival through suppression of recipient antigen 

presenting cell function and alloreactive T-cell generation.

What Are the Clinical Implications?

• These findings suggest that donor macrophages represent a potential 

therapeutic target prior to transplantation.

• Therapies focused on suppressing donor CCR2+ macrophage activation or 

augmenting CCR2- macrophage function may represent new approaches 

to reduce alloimmune responses and extend organ survival following heart 

transplantation.
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Figure 1: Persistence of Donor Macrophages after Heart Transplantation.
A-D) At baseline, all macrophages co-express GFP and CD68. A subset of GFP+ CD68+ 

macrophages express RFP and are identified as donor CCR2+ macrophages. Donor CCR2− 

macrophages are identified as CD68+ GFP+ RFP−. At post-transplant day 1 (d1), donor 

CCR2− and CCR2+ macrophages co-exist with recipient monocyte derived macrophages 

(CD68+ only). By post-transplant day 14 (d14), only rare donor macrophages are identified. 

B) Donor CCR2− macrophages significantly decrease over time from baseline to d14 

(Kruskal-Wallis; p < 0.0003). Specifically, there is a decrease in donor CCR2− macrophages 

between baseline and post-transplant day 7 (d7, n = 7) (Dunn’s test for multiple 

comparisons; p = 0.0015) and baseline and d14 (Dunn’s test for multiple comparisons; p 

= 0.0014) (baseline n = 8, d1 = 7, d3 = 7, d 7 = 7, d14 = 3). C) There is a significant 

decrease of donor CCR2+ macrophages over time from baseline to d14 (Kruskal-Wallis; p = 

0.0111) and specifically between baseline and d7 (Dunn’s test for multiple comparisons; p = 
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0.0197) and baseline and d14 (Dunn’s test for multiple comparisons; p = 0.0215) (baseline n 

= 8, d1 = 7, d3 = 7, d 7 = 7, d14 = 3). D) There is a significant increase in recipient CD68+ 

cells during the course of rejection (Kruskal-Wallis; p < 0.0001) and specifically between 

post-transplant day 1(d1) and d7 (Dunn’s test for multiple comparisons; p = 0.0134) and 

baseline and d14 (Dunn’s test for multiple comparisons; p = 0.0015) (d1 = 5, d3 = 5, d 7 

= 5, d14 = 3). E) DAPI+ donor macrophages (GFP+) were considered to have undergone 

cell death. There was a significant increase in donor macrophages cell death after transplant 

(Kruskal-Wallis; p = 0.0010) and from baseline to d7 (Dunn’s test for multiple comparisons; 

p = 0.002) (baseline n = 6, d1 = 4, d 7 = 6, d14 = 10). Scale bar = 100 μm.
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Figure 2: Donor and recipient immune cells are distinct.
A) Schematic of single cell RNA sequencing workflow. B) Post-transplant day 1 gating 

scheme. Donor macrophages and monocytes are CD45+ CD11b+ Ly6c+ CD64+ GFP+ 

whereas recipient macrophages and monocytes are CD45+ CD11b+ Ly6c+ CD64+ GFP−. 

UMAP embedding plot of aggregated dataset split by C) donor and recipient, D) donor and 

recipient split by different timepoints, and E) GFP expression showing donor vs recipient 

demarcation, confirming robustness of FACS gating strategy. Heatmaps of normalized 

counts for differentially expressed marker genes between F) donor versus recipient and G) 

unique markers enriched in donor and recipients at different time points. Gene-Concept 

Network Plot for upregulated pathways with key genes annotated in H) donors and 

I) recipients using statistically significant genes (adjusted p-value < 0.05, Bonferroni 

correction) from differential gene testing.
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Figure 3: Macrophage diversity in integrated recipient and donor hearts post heart 
transplantation.
A) UMAP embedding plot of Harmony integrated donor and recipient libraries colored 

by transcriptionally distinct cell states. B) Heatmap of top 5 differentially expressed genes 

across populations using statistically significant genes (adjusted p-value < 0.05, Bonferroni 

correction), with representative genes shown. C) Relative donor and recipient contribution to 

cell states in (A). D) Cell composition of donor/recipient cells at different time points among 

the different myeloid cell states. E) Percent GFP positive cells in myeloid cell states from 

(A). (F) DotPlot of CCR2 expression in different cell states.
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Figure 4: Donor macrophages change their transcriptional state and are diminished post-
transplantation.
UMAP embedding plot of A) donor macrophages annotated by integrated object annotation 

B) GFP (51.7% positive) positive cells, C) Ccr2 and D) H2-Aa expression in donor myeloid 

cells. Gaussian kernel density embedding plots showing density of E) baseline, F) post-

transplant day 1, and G) post-transplant day 7 donor myeloid cells in the UMAP space. 

H) DotPlot of CCR2 and HLA-DR expression in CCR2− (Res Mac1, Res Mac2, Mac2) 

and CCR2+ (Mo1, Mo2, Mac1, Mac3-6, DC) populations. I) Top differentially expressed 

genes between donor CCR2+ and CCR2− macrophages using statistically significant genes 

(adjusted p-value < 0.05, Bonferroni correction).
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Figure 5: Donor macrophages differentially mediate allograft survival.
A) Kaplan-Meier survival curve of CD169DTR/+ (n = 7) vs CCR2DTR/+ (n = 11) vs 

littermate controls (n = 13) (Log-rank). B) H & E stain on transplanted hearts collected 

at post-transplant day 10. C) At least 3 random regions were evaluated by a trained cardiac 

pathologist and scored based on the 1990/2004 ISHLT cellular rejection grading guidelines 

(n=16 hearts for each cohort). D) Post-transplant day 10 hearts were stained with CD45 

(red) and DAPI (blue). E) Number of CD45+ cell/mm2 heart was quantified. There was a 

significant difference among the three groups (Kruskal-Wallis; p = 0.027) and between WT 

and CD169DTR/+ (Dunn’s test for multiple comparisons; p=0.014). There was no difference 

noted between WT and CCR2DTR/+ (Dunn’s test for multiple comparisons; p = 0.58). n=16 

for each cohort. Scale bar = 50 μm.
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Figure 6: Donor macrophages dynamically respond after heart transplantation.
40X magnification z-stacks were obtained of dual reporter mice at A) baseline, B) 

post-transplant day 1 (d1), and C) post-transplant day 7 (d7). 30 μm thick sections 

were reconstructed with Imaris software to obtain volumetric reconstructions of donor 

macrophages at D) baseline and E) at d7. From reconstructions, quantitative measurements 

of donor CCR2− macrophages F) surface area (μm2), G) volume (μm3) and H) number of 

projections were obtained. For each timepoint, each data point represents the average of 

10–20 macrophages from at least two regions of interest in at least two separate sections per 

heart. Identical measurements were performed in donor CCR2+ macrophages (I-K) across 

time. Statistical analyses were computed with Kruskal-Wallis (noted p-value) and Dunn’s 

test for multiple comparisons (* when < 0.05 compared to baseline) (baseline n = 10, d1 

= 9, d3 = 7, d7 = 8). Heatmaps of normalized counts for differentially expressed marker 

genes between baseline and post-transplant for L) donor CCR2− macrophages and M) donor 
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CCR2+ macrophages. PROGENy pathway analysis at basleine and post-transplant in N) 

CCR2− and O) CCR2+ macrophages. P) PROGENy derived NF-қB pathway enrichment 

score violin plot across 4 CCR2− and CCR2+ macrophages at baseline and post-transplant. 

Q) Gene set score for CCR2+ macrophage activation post-transplant shown in CCR2+ and 

CCR2− macrophages pre- and post-transplant (p < 0.01). Gene set score p-values calculated 

with 2-way ANOVA with multiple comparisons. R) Genes used to calculate gene set score. 

Scale bar = 10 μm.
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Figure 7: Donor macrophages signal through MyD88.
A) Kaplan-Meier survival curve with control (n = 10) versus MyD88f/f LysMCre/+ (Log-

rank; p = 0.002, n = 4), MyD88f/f CSF1rertCre/+ (Log-rank; p = 0.009, n = 6), or MyD88−/− 

(“KO” Log-rank; p = 0.0002; n = 8) donor allografts (censored at 60 days). B) H & E 

staining of WT and MyD88f/f CSF1rertCre/+ allografts collected at post-transplant day 10. C) 

ISHLT cellular rejection scores comparing WT (n=12) and MyD88f/f CSF1rertCre/+ (n=12) 

hearts. D) CD45+ immunofluorescent staining of WT (n=12) and MyD88f/f CSF1rertCre/+ 

(n=12) hearts with quantification showing significant reduction in CD45+ cells/mm2 in 

MyD88f/f CSF1rertCre/+ hearts (1022 cells vs 1328 cells/mm2; Mann-Whitney U Test; p 

= 0.0017,) compared to littermate control. E) CD8a+ immunofluorescent staining of WT 

(n=14) and MyD88f/f CSF1rertCre/+ (n=11) hearts with quantification showing significant 

reduction in CD8a+ cells/mm2 in MyD88f/f CSF1rertCre/+ hearts (110 cells vs 146 cells/

mm2; Mann-Whitney U Test; p = 0.038) compared to littermate control. F) CD68+ 

immunofluorescent staining of WT (n=12) and MyD88f/f CSF1rertCre/+ (n=12) hearts with 

quantification showing significant reduction in CD68+ cells/mm2 in MyD88f/f CSF1rertCre/+ 

hearts (705 cells vs 964 cells/mm2; Mann-Whitney U Test; p = 0.039,) compared to 

littermate control. Scale bar: B= 200 μm; D=50 μm.
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Figure 8: Donor MyD88 depletion leads to modulation of recipient immune cell gene expression.
UMAP embedding plot of A) post-transplant day 3 WT and post-transplant day 3 MyD88f/f 

CSF1rertCre/+ mapped onto integrated donor/recipient UMAP (left). Composition plot 

showing frequency of each population (right) in WT and MyDf/f CSF1rertCre/+. Combined 

z-scores for top genes and calculated gene set scores for B) antigen presentation (0.569 

vs 0.211, p<0.0001), C) interferon signaling (−0.0032 vs −0.324, p<0.0001), and D) T-cell 

activation (0.1744 vs −0.1803 p< 0.0001) gene set scores with genes on the right. Statistical 

test Mann-Whitney U Test. E) Number of IFN-γ spots per conA positive control of DO.11 

T-cells co-cultured with OVA-loaded post-transplant days 3–4 macrophages and monocytes 

(Antigen presentation assay) with a significant reduction in MyD88f/f CSF1rertCre/+ cohort 

(0.0084 vs 0.19 spots/conA treated T-cell control; Mann-Whitney U Test; p = 0.048; n = 5 

WT, n = 6 MyD88f/f CSF1rertCre/+). F) Number of IFN-γ spots per conA positive control of 

recipient T-cells co-cultured with irradiated donor antigen (T-cell alloreactivity assay) with 
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a significant reduction in MyD88f/f CSF1rertCre/+ cohort (0.13 vs 0.26 spots/conA treated 

T-cell control; Mann-Whitney U Test; p = 0.029; n = 6 each group).

Kopecky et al. Page 28

Circulation. Author manuscript; available in PMC 2023 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction:
	Materials and Methods:
	Data Availability
	Code Availability
	Animal Models
	Heterotopic Heart Transplantation
	Histology
	Immunofluorescence
	Alloreactivity Assay
	Antigen Presentation Assay
	Flow Cytometry
	Single Cell RNA Library Construction
	Single Cell Analysis
	Statistical Analysis

	Results:
	Donor Macrophages Initially Persist after Heart Transplantation
	Donor and Recipient Macrophages are Distinct and Evolve Over Time after Heart
Transplantation
	Recipient Monocyte and Macrophage Diversity
	Transcriptional Diversity of Donor CCR2− and
CCR2+ Macrophages
	Donor Macrophages are Essential for Allograft Survival after Heart
Transplantation
	Donor Macrophage Activation following Transplantation
	Inhibition of MYD88 Signaling in Donor Macrophages Prevents Allograft
Rejection
	Deletion of MYD88 affects Antigen Presentation, Type II Interferon Signaling,
and T-cell Activation

	Discussion:
	Limitations and Conclusions.
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Figure 8:

