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Abstract:  26 

Background: Cellular rejection after heart transplantation imparts significant morbidity and mortality. 27 

Current immunosuppressive strategies are imperfect, target recipient T-cells, and have a multitude of 28 

adverse effects. The innate immune response plays an essential role in the recruitment and activation of 29 

T-cells. Targeting the donor innate immune response would represent the earliest interventional 30 

opportunity within the immune response cascade. There is limited knowledge regarding donor immune 31 

cell types and functions in the setting of cardiac transplantation and no current therapeutics exist for 32 

targeting these cell populations.   33 

Methods: Using genetic lineage tracing, cell ablation, and conditional gene deletion, we examined donor 34 

mononuclear phagocyte diversity and function during acute cellular rejection of transplanted hearts in 35 

mice. We performed single cell RNA sequencing on donor and recipient macrophages, dendritic cells, 36 

and monocytes at multiple timepoints after transplantation. Based on our single cell RNA sequencing 37 

data, we evaluated the functional relevance of donor CCR2+ and CCR2- macrophages using selective cell 38 

ablation strategies in donor grafts prior to transplant. Finally, we perform functional validation of our 39 

single cell-derived hypothesis that donor macrophages signal through MYD88 to facilitate cellular 40 

rejection. 41 

Results: Donor macrophages persisted in the transplanted heart and co-existed with recipient monocyte-42 

derived macrophages. Single-cell RNA sequencing identified donor CCR2+ and CCR2- macrophage 43 

populations and revealed remarkable diversity amongst recipient monocytes, macrophages, and dendritic 44 

cells. Temporal analysis demonstrated that donor CCR2+ and CCR2- macrophages were transcriptionally 45 

distinct, underwent significant morphologic changes, and displayed unique activation signatures after 46 

transplantation. While selective depletion of donor CCR2- macrophages reduced allograft survival, 47 

depletion of donor CCR2+ macrophages prolonged allograft survival. Pathway analysis revealed that 48 

donor CCR2+ macrophages were being activated through MYD88/NF-ĸβ signaling. Deletion of MYD88 49 

in donor macrophages resulted in reduced antigen presenting cell recruitment, decreased emergence of 50 

allograft reactive T-cells, and extended allograft survival. 51 
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Conclusions: Distinct populations of donor and recipient macrophages co-exist within the transplanted 52 

heart. Donor CCR2+ macrophages are key mediators of allograft rejection and inhibition of MYD88 53 

signaling in donor macrophages is sufficient to suppress rejection and extend allograft survival. This 54 

highlights the therapeutic potential of donor heart-based interventions. 55 
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Introduction:  57 

Heart transplantation is the definitive treatment for end-stage heart failure with over 3000 transplants 58 

performed annually in the United States [1, 2]. Given the complexities of donor-recipient matching and 59 

imperfect immunosuppressive regimens, approximately 40% of transplanted patients suffer rejection 60 

within their first year after transplant leading to adverse short and long-term outcomes [3, 4]. Current 61 

strategies target recipient T-cells and impose harmful consequences of systemic immunosuppression 62 

including infection and malignancy [5].   63 

 T-cell activation by antigen presenting cells, including macrophages and dendritic cells, is a 64 

requisite step for allograft rejection [6-12]. Limiting the emergence and proliferation of alloreactive T-65 

cells by targeting macrophages and/or dendritic cells may mitigate the incidence of allograft rejection 66 

while avoiding adverse outcomes associated with systemic T-cell depletion or inhibition. While recipient-67 

derived macrophages and dendritic cells have an established role in heart transplant rejection [13-18], the 68 

precise role of donor-derived immune cells remain largely unexplored.  69 

 Donor hearts contains abundant populations of resident macrophages and fewer dendritic cells 70 

[19]. Targeting cardiac graft-resident macrophage activation represents an attractive approach to reduce 71 

rejection while eschewing systemic immunosuppression [15]. Interestingly, early activation of 72 

macrophages within the allograft can result in a prolonged activated inflammatory state that persists in the 73 

absence of antigen or other stimuli, a property termed “trained immunity” [20]. This suggests that early 74 

activation of donor macrophages may have long-term functional effects on allograft outcomes that are 75 

independent of ongoing immunosuppression.  76 

 We have previously reported that mouse and human hearts contain at least two subsets of resident 77 

macrophages with divergent origins and functions that can be distinguished based on the expression of C-78 

C chemokine receptor 2 (CCR2). CCR2+ macrophages are derived from adult hematopoietic progenitors, 79 

are replenished through ongoing monocyte recruitment, and orchestrate inflammatory responses including 80 

monocyte and neutrophil infiltration. CCR2- macrophages are derived from embryonic hematopoietic 81 

progenitors, are maintained independent of monocyte input, suppress inflammation, and promote tissue 82 
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repair [7, 19, 21-24]. The role of donor CCR2+ and CCR2- macrophages in the context of heart 83 

transplantation rejection remains to be elucidated [25]. 84 

 In the present study, we utilize a murine heart transplantation model to precisely interrogate the 85 

roles of donor macrophages during acute cellular rejection [26, 27]. By combining genetic lineage tracing 86 

with single cell RNA sequencing, we examine transcriptional signatures of donor and recipient 87 

macrophages and identify putative signaling mechanisms underlying donor CCR2+ and CCR2- 88 

macrophage activation. We use genetic lineage tracing to demonstrate that donor CCR2+ and CCR2- 89 

macrophages persist after heart transplantation. Targeted cell depletion strategies show that reduction of 90 

donor CCR2+ macrophages result in prolonged allograft survival with reduced inflammation whereas 91 

depletion of donor CCR2- macrophages conversely leads to rapid rejection with increased inflammation. 92 

We show that donor CCR2+ macrophages signal in part through MYD88 and inhibition of this signaling 93 

either in the donor graft or donor macrophages suppresses alloantigen-specific T-cell reactivity resulting 94 

in prolongation of allograft survival. Together, these findings establish donor CCR2+ macrophages as a 95 

viable therapeutic target to ameliorate or prevent heart transplant rejection.  96 
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Materials and Methods: 98 

Animal Models 99 

Mice were bred and maintained at the Washington University School of Medicine and all experimental 100 

procedures were performed in accordance with the animal use oversight committee. Mouse strains 101 

utilized included CD169DTR/+ [28], CCR2DTR/+ [29], MyD88f/f [30], LysMCre/+ [31], CSF1rertCre/+ [32], 102 

MyD88-/- [33], CX3CR1GFP/+ CCR2RFP/+ [34, 35]. All donor mice were on the C57BL/6 (B6) background 103 

and genotyped according to established protocols [36]. Recipient mice were age- and gender-matched 104 

BALB/c mice between 6-8 weeks of age. Equal numbers of male and female mice were included in all 105 

experiments. Diphtheria toxin receptor (DTR) and control mice were given 200 ng intraperitoneal 106 

injections of diphtheria toxin (Sigma Cat #D0564) on three consecutive days prior to transplant. 107 

Tamoxifen food pellets (500 mg/kg diet, Envigo Teklad Diets 500 TD130857) were provided for two 108 

weeks prior to transplantation. 109 

Heterotopic Heart Transplantation 110 

Heart grafts were harvested from donor mice and transplanted heterotopically into the abdomen of 111 

recipients following 1 hour of cold (4°C) ischemia, as previously described [26]. For low-dose 112 

immunosuppression, 200 µg CTLA4-Ig (Bio X Cell Cat BE0099) was administered intraperitoneally on 113 

post-transplant days 0, 2, 4, and 6. For high-dose immunosuppression, 1.25 mg CTLA4-Ig was 114 

administered on post-transplant days 0, 4, and 14. After transplantation, allografts were palpated daily. 115 

Cessation of a palpable heartbeat, confirmed by visual inspection, indicated rejection of the cardiac 116 

allograft. Perioperative graft loss (within 72 hours) was excluded from the analysis.  117 

Histology 118 

After ice cold PBS perfusion, atria of donor hearts were removed. Ventricles were placed in 4% PFA 119 

overnight at 4°C. Hearts were then rinsed with PBS x 3 and placed in PBS at 4°C overnight. Hearts were 120 

then placed in histology cassettes for paraffin embedding and dehydrated in 70% ethyl alcohol. Tissues 121 

were paraffin embedded and 4 µm sections were cut and stained with H&E. Images were obtained with 122 

EVOS imaging system model FLc or an AxioScan Z1 (Carl Zeiss, Jena, Germany). After imaging, slides 123 
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were scored in a blinded fashion by a trained cardiac pathologist based on the 1990 and 2004 ISHLT 124 

cellular rejection guidelines [37].  125 

Immunofluorescence 126 

After ice cold PBS perfusion, ventricles were placed in 4% PFA overnight at 4°C. Hearts were rinsed 127 

with PBS x 3 and infiltrated with 30% sucrose overnight at 4°C. Hearts were embedded in O.C.T. (Fisher 128 

HealthCare Tissue Plus O.C.T. Compound Cat 4585) and frozen at -80°C. 10 or 30 µm sections were 129 

obtained using a Leica Cryostat. Sections were then washed in TBS and stained in 10% FBS in TBS-T 130 

(0.05% Tween-20) blocking solution with primary antibodies: anti-GFP 1:2000 (Abcam Cat# ab13970), 131 

anti-RFP 1:1000 (Rockland p/n: 600-401-379), anti-mouse CD45 1:200 (BD Pharmingen Cat# 550539), 132 

anti-mouse CD68 1:200 clone FA-11 (Biolegend Cat# 137002), anti-Ki-67 1:200 (Invitrogen Cat# 14-133 

5698-82) overnight at 4°C in a humidified environment. For TUNEL staining, prior to primary antibody 134 

staining, Click-iT Plus TUNEL Assay with Alexa Fluor 647 dye Cat# C10619 was used followed by 135 

standard antibody staining as above. After washing, appropriate secondary antibodies were added to 136 

blocking buffer and sections were stained for 60 minutes at room temperature protected from light (Alexa 137 

Fluor 488 goat anti-chicken (Cat # A11039), Alexa Fluor 555 goat anti-rabbit (Cat # A21428), Alexa 138 

Fluor 647 goat anti-rat (Cat# A21247)). DAPI mounting, anti-fade solution (Vectashield Cat #H-1200) 139 

was added immediately prior to placement of no. 1.5 coverslips. Images were obtained with Zeiss LSM 140 

700 confocal microscope installed on an AxioImager.M2. Acquired images were processed using ZEN 141 

Blue and/or Black or Imaris V9.5 (Oxford Instruments). When quantifying cells, 10 µm sections were 142 

used. Entire heart sections were imaged with a 20X objective lens using both tile and z-stack features. Z-143 

stacks were collapsed, and tiles stitched in ZEN. Cells were counted when the antibody of interest co-144 

localized with DAPI. When possible, entire heart sections were counted. For 3D reconstruction, 30 µm 145 

sections were imaged with a single 40X z-stack. For surface area, volume, and projection quantification, 146 

at least two 40X fields in at least two non-consecutive sections were used for each heart. When possible, 147 

between 10-20 donor CCR2- or CCR2+ macrophages were averaged for each heart. To assess cellular 148 
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projections, reconstructed images were rotated and only distinct projections that measured at least 10 µm 149 

were considered. In all cases, genotype identification was blinded to the observer.  150 

ELISPOT 151 

10 days after transplant, recipient BALB/c splenocytes were frozen using C.T.L.-Cryo ABC Media 152 

(ImmunoSpot Cat#CTLC-ABC). In brief, fresh spleens were pressed through a 40 μm cell strainer and 153 

rinsed with 1X C.T.L. wash (ImmunoSpot Cat# CTLW-010). 1:1 CTL-C and CTL-A/B were added. Up 154 

to 10 million splenocytes /mL were aliquoted into 1 mL cyrovials, which were subsequently stored in 155 

liquid nitrogen. Responder splenocytes were thawed using C.T.L. anti-aggregate wash (ImmunoSpot Cat# 156 

CTL-AA-005), T-cells were isolated (Miltenyi Pan T Cell isolation kit II (130-095-130)) and used for 157 

ELISPOT assay. Irradiated (20cGy) B6 (stimulator-allogeneic) and BALB/c (stimulator-syngeneic) 158 

splenocytes were added to responder T-cells in C.T.L. Test media (ImmunoSpot Cat# CTLT-010) at a 159 

ratio of 600,000 stimulators to 150,000 responder T-cells overnight at 37°C. IFN-γ spots were detected 160 

per C.T.L. ELISPOT protocol (ImmunoSpot Mouse IFN-γ Single-Color ELISPOT). Plates were analyzed 161 

and quality controlled by a blinded third-party using CTL-ImmunoSpot S6 University Analyzer. Positive 162 

(ConA) and negative controls were included. All samples were performed in technical triplicates and each 163 

experimental condition consisted of at least six independent samples. 164 

Flow Cytometry 165 

Single cell suspensions were generated from ice cold PBS perfused hearts by finely mincing and digesting 166 

ventricles in DMEM with Collagenase IV (Sigma C5138) 4500 U/mL in DMEM, Hyaluronidase 1 167 

(Sigma H3506) 2400 U/mL in DMEM, and DNAse I (Sigma D4527-40KU) 6000 U/mL in DMEM for 45 168 

minutes at 37°C. To deactivate the enzymes, samples were washed with HBSS that was supplemented 169 

with 2% FBS and 0.2% BSA and filtered through 40 μm cell strainers. Red blood cell lysis was 170 

performed with ACK lysis buffer (Thermo Fisher Scientific) for five minutes at room temperature. 171 

Samples were washed with DMEM and resuspended in 100 μL of FACS buffer (DPBS with 2% FBS and 172 

2 mM EDTA). Cells were stained with monoclonal antibodies at 4°C for 30 minutes in the dark. A 173 

complete list of antibodies is provided below. Samples were washed in FACS buffer and final 174 
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resuspension was made in 300 μL FACS buffer. DAPI was used for identification of dead cells. Immune 175 

cells were first gated as CD45+ followed by standard doublet exclusion. For single cell RNA sequencing 176 

sorting, flow cytometric analysis and sorting were performed on a BD FACS ARIAIII platform. 177 

Monocytes, macrophages, and dendritic cells were first gated as CD11b+ and then all Ly6C+ and CD64+ 178 

cells were further assessed. Donor (GFP+) and recipient (GFP-) cells were sorted separately. Donor 179 

macrophages were identified as CD45+ CD11b+ Ly6c- CD64+ GFP+ and then classified as alive (DAPI-) 180 

or dead (DAPI+). Spleens were pressed through 40 μM cell strainers and rinsed with DMEM. They were 181 

not further digested. Preparation was otherwise identical to heart single cell suspension/staining. Cell 182 

death flow cytometric analyses were performed on BD FACS Melody. 183 

Antibody Source Identifier 

CD45-PerCP/Cyanine 5.5, clone 30-F11 Biolegend Cat 103132 

CD11b-PE/Cy7, clone M1/70  Biolegend Cat 101215 

Ly6c-BV510, clone HK1.4 Biolegend Cat 128033 

CD64-APC, clone X54-5/7.1  Biolegend Cat 139305 

CD192 (CCR2)-PE, clone SA203G11  Biolegend Cat 150609 

I-A/I-E- APC/Cy7, clone M5/114.15.2  Biolegend Cat 107627 

Ly6g- PE/Cy7, clone 1A8  Biolegend Cat 127617 

CD11b- BV785, clone M1/70  Biolegend Cat 101243 

DAPI BD Biosciences  Cat 564907 

Single Cell RNA Library Construction 184 

FACS sorted CD45+CD11b+Ly6G-CD64+ (Ly6c+/-) cells were processed and encapsulated with barcoded 185 

oligo-dT containing gel beads with the 10X Genomics Chromium controller. Library preparation was 186 

performed as per manufacturer recommended protocols at the McDonnel Genome Institute at Washington 187 

University. Single cell libraries were multiplexed into a single lane and were sequenced at a target read 188 

depth of 100,000 reads/cell using a NovaSeq sequencer (Illumina).  189 

Single Cell Analysis 190 
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Pre-processing: Sequencing alignment and de-multiplexing was performed using Cell Ranger from 10X 191 

Genomics to generate feature barcoded count matrices. All subsequent analysis was performed using the 192 

Seurat v4.0.0 package. The following quality control steps were performed to filter the count matrices: 1) 193 

genes expressed in fewer than 3 cells and cells expressing fewer than 200 genes were removed; 2) cells 194 

expressing > 5,000 genes and > 50,000 counts were discarded as these could be potential multiplet events; 195 

3) cells with > 10% mitochondrial content were filtered out as these were deemed to be of low-quality. 196 

Normalization and variance-stabilization of raw counts was performed using SCTransform to find 3,000 197 

variably expressed genes and percentage mitochondrial reads were regressed out. Principle component 198 

analysis was used to find nearest neighbors and a 2D UMAP embedding was used for visualization. 199 

Differential gene expression testing was performed using the FindAllMarkers function between 200 

conditions and across clusters. Statistically significant genes (adjusted p-value < 0.05) were used for over-201 

representation pathway analysis using the clusterProfiler R package and WikiPathways database.  202 

 Data integration: Integration was performed on the donor and recipient datasets independently 203 

using the following workflow in Seurat. Normalization via SCTransform was performed for each time 204 

point separately. The SelectIntegrationFeatures function was then used to find consistently variable 205 

features across datasets. We identified anchors which were used to integrate the datasets with subsequent 206 

principal component analysis, clustering, and visualization being performed on the integrated counts. For 207 

all differential gene expression testing in the integrated dataset, log normalized RNA counts were used as 208 

per the Seurat recommendations. 209 

 Trajectory analysis: Palantir in Python v3 was used to perform trajectory analysis in the recipient 210 

population. SCTransformed counts with mitochondrial counts and cell cycle state regressed out were used 211 

as the input. Monocytes were specified as the starting population and default parameters were used to 212 

infer pseudotime and entropy values. 213 

MyD88 post-transplant day 3 reference mapping: The MyD88 post-transplant day 3 WT and KO 214 

datasets were processed using the same framework outlined in “pre-processing”. Differential Gene 215 

expression was used to annotate cell types a priori without reference mapping. SCTransform normalized 216 
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data was also mapped onto the integrated recipient object using FindTransferAnchors() by projecting the 217 

PCA structure of the recipient onto the query dataset. Finally, MapQuery() was used to project the query 218 

dataset onto the recipient UMAP embedding to annotate query cell types from the recipient annotations. 219 

Reference mapped cell-type prediction scores were used to assess the robustness of label transfer. 220 

Statistical Analysis. Data were analyzed by using the statistical software (Prism, V9.0; GraphPad, La 221 

Jolla, CA). Kaplan-Meier survival analysis was performed with Log-rank (Mantel-Cox) with a p-value 222 

<0.05 considered statistically significant. Differences between groups were compared by using non-223 

parametric Mann-Whitney U test. Multiple means were compared by using a one- or two-way analysis of 224 

variance with the Dunn’s test for multiple comparisons. P< 0.05 (two-sided) was indicative of a 225 

statistically significant difference. Bonferroni correction was performed when multiple hypotheses were 226 

tested. Data are presented as dot plots or box whisker plots generated in Prism. Power calculations were 227 

performed to ensure adequate sample size (n = number of animals). The exact sample size used to 228 

calculate statistical significance is stated in the appropriate figure legend.  229 

Data Availability.  230 

All sequencing data is freely available upon request. 231 

Code Availability.  232 

All scripts used for single-cell data analysis are available from GitHub 233 

(https://github.com/jamrute/2021_ACR_Kopecky_Lavine). 234 
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Results: 236 

Donor Macrophages Initially Persist after Heart Transplantation 237 

To assess the dynamics of donor macrophages after heart transplantation, we transplanted B6 238 

CX3CR1GFP/+ CCR2RFP/+ donor hearts into BALB/c recipients that received low-dose CTLA4-Ig. Donor 239 

CCR2- macrophages (GFP+RFP-CD68+), donor CCR2+ macrophages (GFP+RFP+CD68+), and recipient 240 

macrophages (GFP-RFP-CD68+) were quantified in naïve hearts and 1, 3, 7, and 14 days after 241 

transplantation. There were more donor CCR2- than CCR2+ macrophages in the heart at all timepoints 242 

(Figure 1A-C). Donor CCR2- and CCR2+ macrophages persisted at early time points (days 1, 3) 243 

following transplantation. By post-transplant day 7, donor macrophages (CCR2-: 85 macrophages/mm2 ; 244 

CCR2+: 9.7 macrophages/mm2) were outnumbered by infiltrating recipient macrophages (704 recipient 245 

macrophages/mm2) (Figure 1D). Few donor macrophages (CCR2-: 1.6 macrophages/mm2 ; CCR2+: 1.1 246 

macrophages/mm2) remained in heart grafts on post-transplant day 14.  247 

 To ensure that CCR2 expression remained stable in donor macrophages after transplantation, we 248 

performed genetic lineage tracing of CCR2+ cells. Tamoxifen chow was provided to B6 249 

CCR2ertCre/+Rosa26tdTomatoCCR2GFP/+ CD45.2 mice for two weeks prior to transplantation into CD45.1 250 

BALB/c recipients to permanently label donor CCR2+ macrophages (tdTomato+). Flow cytometry 251 

performed 7 days after transplantation revealed that donor macrophages (CD45.2+CD64+) were either 252 

tdTomato-GFP- (89.2%) or tdTomato+GFP+ (9.2%). Few donor macrophages were either tdTomato-GFP+ 253 

or tdTomato+GFP- indicating that CCR2 expression is stable in donor macrophages after transplantation 254 

(Online Figure 1A). 255 

 To explore underlying mechanisms driving donor macrophage loss following transplantation, we 256 

measured donor macrophage cell death, proliferation, and emigration from the heart. Flow cytometry and 257 

TUNEL staining revealed a significant increase in donor macrophage cell death (1.3% DAPI+ GFP+ at 258 

baseline versus 13.3% DAPI + GFP + at post-transplant day14) after transplantation (p = 0.0010) (Figure 259 

1E, Online Figure 1B-E). We next assessed both hematogenous and lymphatic emigration from the 260 

heart. Evaluation of donor macrophages (CX3CR1GFP/+ CCR2RFP/+ into BALB/c with CTLA4-Ig) within 261 
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the recipient spleen revealed less than 20 donor GFP+ macrophages per spleen, suggestive of minimal 262 

hematogenous trafficking after transplantation (Online Figure 2A) [38]. Lymphatic connections to the 263 

heart are severed after surgery and re-establishment of lymphatic drainage from the graft may take several 264 

weeks; however, several reports identify donor immune cells trafficking to the recipient mediastinal 265 

lymph nodes [39-41]. We observed rare donor CCR2- but no CCR2+ macrophages within the mediastinal 266 

lymph nodes (Online Figure 2B). Proliferation has been reported to contribute to cardiac macrophage 267 

persistence [22, 42]. Immunofluorescence revealed that 4-5% of donor CCR2- and CCR2+ macrophages 268 

were proliferating (Ki67+) at baseline. Following transplantation, we observed an increase in the relative 269 

percentage of Ki67+ donor CCR2- macrophages (4.3% versus 11.0% at day 7, p = 0.035) (Online Figure 270 

2C-D). A high percentage of recipient CD68+ cells (5.8%) were Ki67+ at post-transplant day 7 (Online 271 

Figure 2D).  272 

 To determine whether allograft rejection was responsible for donor macrophage cell death, we 273 

transplanted B6 CX3CR1GFP/+ CCR2RFP/+ donor hearts into BALB/c recipients and administered high-dose 274 

CTLA4-Ig [27, 43] (Online Figure 2E). This regimen has been shown to prevent cellular rejection with 275 

continued treatment but does not induce tolerance as the heart rejects upon cessation of therapy [27]. 276 

High-dose CTLA4-Ig prevented the loss of donor CCR2- macrophages at post-transplant day 14. 277 

Cessation of high-dose CTLA4-Ig at post-transplant day 14 resulted in the loss of donor CCR2- 278 

macrophages by day 28 post-transplant suggesting that allograft rejection leads to the elimination of 279 

donor CCR2- macrophages. High-dose CTLA4-Ig did not prevent the loss of donor CCR2+ macrophages 280 

(Online Figure 2F). These data indicate that rejection may contribute to the loss of CCR2-, but not 281 

CCR2+ donor macrophages.  282 

Donor and Recipient Macrophages are Distinct and Evolve Over Time after Heart Transplantation 283 

We utilized single cell RNA sequencing to investigate the cellular and transcriptional landscape of donor 284 

and recipient macrophages after heart transplantation. B6 CX3CR1GFP/+ CCR2RFP/+ donor hearts were 285 

transplanted into BALB/c recipients and received low-dose CTLA4-Ig (Figure 2A). From the 286 

transplanted heart, donor (CD45+CD11b+CD64+GFP+) and recipient (CD45+CD11b+CD64+GFP-) cells 287 
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were sorted at baseline (donor) and 1 (donor and recipient), 7 (donor and recipient) and 14 (recipient) 288 

days after transplantation and underwent single cell RNA sequencing (Figure 2B). We recovered 289 

approximately 30,000 donor and 30,000 recipient cells across all time points and detected 3000-5000 290 

genes per cell (Online Figure 3). Donor and recipient cells clustered separately and were readily 291 

distinguished based on GFP expression (Figure 2C-E). Differential gene expression analysis identified 292 

discrete transcriptional signatures within donor and recipient populations. Donor cells expressed markers 293 

of tissue resident macrophages including Cbr2, F13a1, Folr2, and Mrc1. Recipient cells expressed Ly6c2, 294 

Ly6a, Plac8, Ccl5, S100a8, and S100a9 consistent with monocyte and monocyte-derived macrophage 295 

identity (Figure 2F). Donor and recipient macrophages showed distinct time evolving transcriptional 296 

signatures at multiple timepoints after transplantation (Figure 2G, Online Figure 4A-F). Pathways 297 

enriched in donor macrophages include MAPK, Myc signaling and ribosomal protein synthesis. In 298 

contrast, glycolysis, electron transport chain, type II interferon signaling, proteasome degradation, and 299 

TYROBP/DAP-12 signaling pathways were enriched in recipient monocytes and macrophages (Figure 300 

2H-I, Online Figure 4G-L). 301 

Recipient Monocyte and Macrophage Diversity  302 

Following transplantation, recipient monocytes infiltrate the donor heart and are known to promote 303 

allograft rejection [44]. To investigate the cell fates of infiltrating monocytes following transplantation, 304 

we performed an integrated analysis of recipient monocytes and macrophages. Cell clustering revealed 305 

distinct cell states of monocytes (Ly6Clow, Ly6Chigh), macrophages (Arg1+, Cxcl2+, Ccl8+, proliferating), 306 

and dendritic-like (Cd209+) cells with unique transcriptional signatures (Figure 3A-B, Online Figure 5). 307 

Monocytes were prevalent across all time points after transplantation suggestive of their ongoing 308 

recruitment. Arg1+ and Cxcl2+ macrophages decreased and Ccl8+ macrophages increased in frequency 309 

over time suggesting a temporal relationship amongst macrophage subsets (Figure 3C). Palantir 310 

trajectory analysis indicated that the extent of cell entropy reduced over time after transplantation 311 

indicating that recipient monocytes and macrophages enter the heart and differentiate over the course of 312 

rejection (Figure 3D-F). Ly6Chigh monocytes, Arg1+ macrophages, and Cxcl2+ macrophages had the 313 
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greatest degree of entropy and lowest pseudotime values suggesting that they represent relatively 314 

undifferentiated states. In contrast, Cd209+ dendritic-like cells, Ly6Clow monocytes, and Ccl8+ 315 

macrophages displayed reduced entropy and higher pseudotime values suggesting that these subsets are 316 

more differentiated. Proliferating cells had intermediate entropy and pseudotime values consistent with 317 

the hypothesis that infiltrating monocytes and newly formed monocyte-derived macrophages proliferate 318 

within cardiac tissue [42] (Figure 3G). Analysis of the cellular differentiation landscape (entropy versus. 319 

pseudotime) predicted distinct pathways of monocyte differentiation that included Ccl8+ macrophage, 320 

Cd209+ dendritic-like cell, and Ly6Clow monocyte branches. Interestingly, Arg1 and Cxcl2+ macrophages 321 

were predicted to represent intermediate states that give rise to Ccl8+ macrophages (Figure 3H, Online 322 

Figure 6). 323 

Transcriptional Diversity of Donor CCR2- and CCR2+ Macrophages  324 

The composition of donor macrophage populations was assayed using our single cell RNA sequencing 325 

dataset. Donor-derived macrophages were identified by GFP expression (Figure 4A) and expressed the 326 

macrophage marker, C1q (Figure 4B). We had previously categorized cardiac macrophages based on 327 

MHC-II and CCR2 expression [19, 21, 22]. Consistent with these findings, we detected MHC-IIhigh CCR2-
328 

, MHC-IIlow CCR2-, MHC-IIhigh CCR2+, and MHC-IIlow CCR2+ populations (Figure 4C-D). High-329 

resolution clustering revealed further transcriptional diversity amongst MHC-IIlow CCR2- macrophages. 330 

We identified two transcriptional states that displayed a resident macrophage phenotype (Folr2+, 331 

Folr2+Cd207+Vsig4+) and three additional states distinguished by the expression of type I interferon 332 

responsive genes, chemokines (Cxcl2, Ccl7), and Arg1. MHC-IIhigh CCR2+ macrophages expressed 333 

Cd209a and MHC-IIlow CCR2+ cells expressed Ly6c2 (classical monocytes) and Ace (non-classical 334 

monocytes) (Figure 4E-H, Online Figure 7A-K). Temporal analysis comparing donor macrophages at 335 

baseline to days 1 and 7 post-transplant revealed loss of donor macrophages over time, consistent with 336 

our immunostaining and flow cytometry data. Most donor CCR2+ macrophages were lost by day 7 post-337 

transplant (Online Figure 7L). While many donor CCR2- macrophage states decreased over time, MHC-338 

IIlow CCR2- macrophages expressing Cxcl2/Ccl7 and Arg1 increased in relative abundance (Figure 4I).  339 
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 To delineate transcriptomic differences between donor CCR2- and CCR2+ macrophages, we 340 

performed a differential expression analysis. Donor CCR2- macrophages differentially expressed tissue 341 

resident macrophages genes including Folr2, Cbr2, Vsig4, Ccl8, and Ccl12. In contrast, donor CCR2+ 342 

macrophages expressed inflammatory genes (Figure 4J-L). Collectively, these data indicate that donor 343 

CCR2- and donor CCR2+ macrophages represent distinct populations at the transcriptional level. 344 

Donor Macrophages are Essential for Allograft Survival after Heart Transplantation  345 

To elucidate the functional roles of donor macrophages in allogenic heart transplantation, we utilized 346 

CD169DTR/+ [28] and CCR2DTR/+ [29] mice to deplete CCR2- and CCR2+ macrophages from the cardiac 347 

graft, respectively. We have previously established the specificity and efficacy of these murine strains in 348 

depleting CCR2- and CCR2+ macrophages from the heart [19, 24]. To this end, we transplanted B6 349 

control, CD169DTR/+, or CCR2DTR/+ hearts into BALB/c recipients that received low-dose CTLA4-Ig. 350 

Diphtheria toxin (DT) (200 ng) was administered to the donor mouse daily for three days prior to 351 

transplant and three times per week to recipient after transplantation to maintain depletion. Allografts 352 

lacking donor CCR2+ macrophages (CCR2DTR/+) had longer survival than littermate controls (35 versus. 353 

26 days, p=0.0013; log-rank HR 0.287, 0.079-1.031). In contrast, allografts lacking donor CCR2- 354 

macrophages (CD169DTR/+) had shorter survival times compared to littermate controls (16 versus. 28 days, 355 

p=0.0004; log-rank HR 4.334, 1.147-16.39) (Figure 5A).  356 

 To investigate whether donor macrophages influence allograft inflammation, we harvested donor 357 

hearts 10 days after transplantation and performed histological analysis (Figure 5B-C). Compared to 358 

controls, allografts lacking donor CCR2- macrophages had more severe cellular rejection (3R/3B versus 359 

2R/3A), while allografts lacking donor CCR2+ macrophages had milder cellular rejection (1R/2 versus 360 

2R/3A). Immunostaining revealed increased CD45+ leukocytes in allografts lacking donor CCR2- 361 

macrophages compared to controls (1367 versus 1021 CD45+ cells/mm2, p = 0.014). Allografts lacking 362 

donor CCR2+ macrophages had a similar number of CD45+ leukocytes compared to controls (1116 versus 363 

1021 CD45+ cells/mm2, p = 0.58) (Figure 5D-E). These data support the conclusion that donor CCR2- 364 
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macrophages confer protection against acute allograft rejection whereas donor CCR2+ macrophages 365 

promote allograft rejection.   366 

Donor Macrophage Activation following Transplantation 367 

To examine the phenotypic behavior of donor macrophages after heart transplantation, we performed 368 

high-resolution imaging of donor macrophages at baseline and 1, 3, and 7 days post-transplant (Figure 369 

6A-C, Online Figure 8A-B). At baseline, donor CCR2- and CCR2+ macrophages were relatively small, 370 

homogenously distributed within the heart, and displayed few cellular projections. Three-dimensional 371 

reconstruction of 30 µm heart sections (Figure 6D-E), revealed that both donor CCR2- and CCR2+ 372 

macrophages increase significantly in surface area (CCR2-: baseline 202.6 µm2 versus day 7 1121 µm2, 373 

p<0.0001; CCR2+: baseline 277.6µm2 versus day 7 1431 µm2, p<0.0001), volume (CCR2-: baseline 120.1 374 

µm3 versus day 7 941.9 µm3, p<0.0001; CCR2+: baseline 245.1 µm3 versus day 7 1431 µm3, p<0.0001, 375 

and number of projections (CCR2-: baseline 0.637 projections/macrophage versus day 7 3.76 376 

projections/macrophage, p<0.0001; CCR2+: baseline 0.43 projections/macrophage versus day 7 4.388 377 

projections/macrophage, p<0.0001) (Figure 6F-K). There was no significant difference in morphologic 378 

quantification between donor macrophages at each time point (p > 0.05), except for CCR2- macrophage 379 

volume at baseline compared to that of CCR2+ macrophages (p = 0.006) (Online Figure 8C-E). 380 

 Differential gene expression analysis demonstrated that donor CCR2- and CCR2+ macrophages 381 

displayed distinct activation signatures after transplant. Compared to baseline, donor CCR2+ macrophages 382 

expressed markedly increased levels of genes associated with enhanced MYD88/NF-κβ signaling post-383 

transplant (0.17 versus 0.82, p < 0.0001) (Figure 6M, O). Donor CCR2- macrophages also displayed a 384 

subtle MYD88/NF-κβ signature after transplantation (0.072 versus 0.28, p < 0.0001). Donor CCR2- 385 

macrophages differentially expressed genes involved in type II interferon signaling, specifically interferon 386 

gamma (IFN- γ) (-0.17 versus 0.51, p < 0.0001) (Figure 6L, N-O). Taken together, these data indicate 387 

that both donor CCR2- and CCR2+ macrophages are activated through distinct mechanisms following 388 

transplantation. 389 

Inhibition of MYD88 Signaling in Donor Macrophages Prevents Allograft Rejection 390 
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We have previously demonstrated that donor CCR2+ macrophages orchestrate leukocyte trafficking 391 

following syngeneic transplantation through a MYD88 dependent mechanism [19, 24]. To determine 392 

whether inhibition of MYD88 signaling in donor macrophages presents a possible therapeutic approach 393 

for preventing or reducing graft rejection, we used donor mice that lack MyD88 either globally or 394 

selectively in macrophages. We transplanted B6 control, MyD88-/-, MyD88f/f LysMCre/+, or MyD88f/f 395 

CSF1rertCre/+donor hearts into BALB/c recipients which were treated with low-dose CTLA4-Ig. Global 396 

deletion of MYD88 in the donor heart and conditional deletion of MYD88 in donor macrophages both 397 

resulted in significantly prolonged allograft survival compared to controls (all p < 0.009) (Figure 7A).  398 

 To assess graft inflammation, we performed histological analyses and CD45+ immunostaining on 399 

control and MyD88f/f CSF1rertCre/+donor hearts 10 days after transplantation. Compared to controls, 400 

allografts lacking MYD88 in donor macrophages had only mild cellular rejection (1R/2 versus 2R/3A) 401 

(Figure 7B-C) and decreased CD45+ cells abundance (1022 versus 1328 CD45+ cells/mm2, p = 0.017) 402 

(Figure 7D-E). Furthermore, compared to controls, recipients transplanted with MyD88f/f CSF1rertCre/+ 403 

hearts had significantly fewer T-cells in their spleens that produced IFN-γ following exposure to donor 404 

antigen (57.4 versus 143.6 spots/150,000 responder T-cells, p = 0.0087). (Figure 7F). Collectively, these 405 

findings indicate that MYD88 signaling in donor macrophages is an important driver of alloimmunity 406 

after transplantation.  407 

Deletion of MYD88 effects Antigen Presentation, Interferon Signaling, and T-cell Activation  408 

Depletion of MyD88 resulted in prolonged allograft survival, reduced inflammation, and reduced allograft 409 

alloreactivity. Our single cell RNA sequencing data suggests that infiltrating monocytes differentiate into 410 

distinct cell types after transplantation. To delineate the role of donor macrophages influenced recipient 411 

monocyte fate specification, we utilized a MyD88 donor macrophage depletion strategy. We performed 412 

single cell RNA sequencing of recipient monocytes, macrophages, and dendritic cells (CD45+ CD11b+ 413 

Ly6c+/- CD64+/-) isolated from WT and MyD88f/f CSF1rertCre/+ donor hearts at post-transplant day 3. We 414 

recovered approximately 20,000 cells and detected 3,000 to 5,000 genes per cell (Online Figure 9A). The 415 

majority of recovered cells expressed markers of monocytes and macrophages present within the recipient 416 
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dataset including Arg1+ and Ccl8+ cluster marker genes (Online Figure 9B-D). We also observed a 417 

population of MHC-IIhigh macrophages that were reduced in MyD88f/f CSF1rertCre/+ donor hearts. Few 418 

Lyve1+ resident macrophages were identified consistent with a predominance of recipient derived cells.  419 

 To examine the impact of donor macrophage MYD88 signaling on recipient cell fate, we 420 

projected the data onto our recipient monocyte, macrophage, and dendritic cell reference object and 421 

obtained high confidence mapping scores (Figure 8A, Online Figure 9E). Cell composition analysis 422 

showed increased proportion of monocytes in WT allografts and increased proliferating cells in MyD88f/f 423 

CSF1rertCre/+ donor hearts. We did not detect any differences among other monocyte, macrophage, or 424 

dendritic cell states (Figure 8A). However, we did detect global differences in gene expression. MyD88f/f 425 

CSF1rertCre/+ cells displayed lower expression of genes associated with antigen presentation (0.22 versus 426 

0.50, p < 0.001) (Figure 8B), interferon signaling (-3.11 versus -0.045, p < 0.001) (Figure 8C), and T-427 

cell activation (-0.107 versus 0.187, p < 0.001) (Figure 8D). These data are consistent with the 428 

observation that deletion of MyD88 in donor macrophages reduces alloreactive T-cell generation and 429 

suggestive of decreased antigen presentation capacity in infiltrating recipient macrophages as a potential 430 

mechanism.   431 
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Discussion:  432 

To the best of our knowledge, this is the first study to investigate the transcriptional landscape and 433 

dynamics of donor and recipient myeloid cells following allogenic heart transplantation at a single cell 434 

resolution. We defined the functional importance of donor CCR2+ and CCR2- macrophages in allograft 435 

rejection and identified donor CCR2+ macrophages as a key cell type that potentiates rejection. Finally, 436 

we implicated MYD88 signaling in donor macrophages as a potential therapeutic target to reduce the 437 

generation of alloreactive T-cells, decrease rejection, and extend allograft survival. 438 

 Using genetic lineage tracing and single cell RNA sequencing, we longitudinally dissected the 439 

dynamics of donor macrophages after heart transplantation. We show that in the setting of cellular 440 

rejection, donor macrophages persisted for approximately 1 week and are subsequently lost from the 441 

graft. Intriguingly, suppression of allograft rejection using high-dose CTLA4-Ig immunosuppression was 442 

sufficient to preserve donor CCR2- macrophages, but not donor CCR2+ macrophages. This observation 443 

raises the possibility that alloreactive T-cells play an active role in eliminating donor CCR2- 444 

macrophages. Future studies will be required to identify the precise population of T-cells that target donor 445 

CCR2- macrophages and to dissect the molecular mechanisms and cell death pathways involved. 446 

 Single cell RNA sequencing demonstrated that donor and recipient macrophages are 447 

transcriptionally distinct and that these populations dynamically evolve over the course of rejection. 448 

Consistent with transcriptional evidence of cell activation, donor macrophages show significant 449 

morphologic changes including increased surface area, volume, and cellular projections. Differential gene 450 

expression analysis identified signatures of IFN- γ and MYD88/NF-κβ signaling in donor CCR2- and 451 

CCR2+ macrophages, respectively, after transplantation. Either depletion of donor CCR2+ macrophages or 452 

conditional deletion of MYD88 signaling in donor macrophages was sufficient to reduce rejection and 453 

extend allograft survival. These data build on our prior observation that donor CCR2+ macrophages direct 454 

infiltration of recipient neutrophils and monocytes into the heart through the expression of MYD88 455 

dependent chemokines and cytokines [24]. Depletion of donor macrophage MYD88 signaling led to 456 

infiltration of recipient cells with lower expression of antigen presentation, interferon, and T-cell 457 
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activation gene expression signatures. Based on the robust MYD88/NF- κβ signature observed in donor 458 

CCR2+ macrophages after transplantation and improved outcomes seen in donor hearts that lack MyD88 459 

in macrophages, we posit that MYD88 signaling in donor CCR2+ macrophages contributes to allograft 460 

rejection. However, we cannot exclude the possibility that MYD88 signaling in donor CCR2- 461 

macrophages may also contribute to some of the observed phenotypes. Collectively, these findings 462 

provide the first evidence that targeting specific donor macrophage populations may serve as a therapeutic 463 

approach to prevent cellular rejection. Targeting donor specific populations could be done using ex-situ 464 

perfusion devices prior to implantation and holds promise of ameliorating graft rejection [45, 46]. 465 

 Our data indicated an opposing role for donor CCR2- macrophages. Depletion of donor CCR2- 466 

macrophages resulted in rapid rejection and increased immune cell infiltration into the allograft, 467 

indicating that donor CCR2- macrophages have a protective function. Following transplantation, we 468 

observed patches of donor CCR2- macrophages that appeared to physically interact with and clustered 469 

around donor CCR2+ macrophages. It is possible that donor CCR2- macrophages prevent the activation of 470 

donor CCR2+ macrophages and other immune cells. Consistent with this hypothesis, tissue resident 471 

macrophages have previously been shown to cloak areas of injury and prevent inflammatory activation of 472 

innate immune cells [47]. The mechanistic basis for this phenomenon is not fully understood, but could 473 

involve IFN-γ signaling. Along these lines, we hypothesize that donor CCR2- macrophage are protective, 474 

potentially through IFN-γ, and their depletion could lead to more rapid rejection and increased 475 

inflammatory infiltration. IFN-γ could be involved in the upregulation of immunomodulatory mediators.  476 

 Finally, our single cell RNA sequencing data revealed that donor and recipient macrophages are 477 

distinct and shed new light on the surprising diversity of recipient monocyte, macrophage, and dendritic 478 

cell populations. Using a probabilistic model to predict the trajectories of differentiating monocytes, we 479 

show evidence that recipient monocytes have the capacity to differentiate into several unique macrophage 480 

and dendritic cell-like populations. The environmental cues and molecular signals responsible for these 481 

fate decisions are of considerable interest. Future studies will focus on the contribution of each recipient 482 

monocyte, macrophage, and dendritic cell population to allograft rejection.  483 
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Limitations and Conclusions. Our study is not without limitations. Mouse models of heterotopic heart 484 

transplantation are imperfect as they are mechanically unloaded and thus may not fully mirror the clinical 485 

scenario. We additionally recognize genetic manipulation of donor macrophage composition and 486 

signaling may not be fully recapitulated by pharmacological interventions. Nonetheless, our findings 487 

establish donor macrophages as a potential therapeutic target to improve transplant outcomes and identify 488 

inhibition of MYD88 signaling in the donor heart as a therapeutic approach to suppress donor CCR2+ 489 

macrophage activation and blunt alloimmune responses. 490 

  491 
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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 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) (Dunn’s test for multiple comparisons; p = 0.0015) and baseline and d14 (Dunn’s 

test for multiple comparisons; p = 0.0014). 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 = 0.0197) and baseline and d14 (Dunn’s test for 

multiple comparisons; p = 0.0215). 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). 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) 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 myeloid cells are CD45+ CD11b+ Ly6c+ CD64+ 

GFP+ whereas recipient myeloid cells are CD45+ CD11b+ Ly6c+ CD64+ GFP-. UMAP embedding plot of 

aggregated dataset split by C) donor and recipient, D) donor and recipient separated by timepoint, and E) 

GFP expression showing donor vs recipient demarcation, confirming robustness of gating strategy. 

Heatmaps of normalized counts for differentially expressed marker genes between F) donor versus 

recipient and G) donor versus recipient separated by timepoint. 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) from differential gene testing. 
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Figure 3: Recipient immune cells are heterogeneous and differentiate after infiltration. A) UMAP 

embedding plot of recipient myeloid cells at post-transplant day 1 (d1), post-transplant day 7 (d7), and 

post-transplant day 14 (d14) colored by cell type. B) Dot plot for top marker gene for each cell cluster 

found from differential gene expression testing where dot size corresponds to percentage of cells 

expressing the gene and color corresponds to average expression in the given cluster. C) Frequency of 

each population at d1, d7, and d14. Palantir D) pseudotime and E) entropy trajectories of recipient cells at 

d1, d7, and d14. F) Bar graph of entropy across time of aggregated clusters with p-values for associated 

comparisons. G) Palantir entropy versus pseudotime colored by timepoint (left) and cell type (right). H) 

Box plot for Palantir entropy values split by cell type.  
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Figure 4: Donor macrophages can be distinguished as CCR2+ and CCR2-. UMAP embedding plot of 

A) GFP, B) C1qa, C) H2-Aa, and D) Ccr2 expression. UMAP embedding plot of donor macrophages 

colored by cluster annotation at E) baseline, F) post-transplant day 1, and G) post-transplant day 7. H) Dot 

plot for C1qa, H2-Aa, and Ccr2 expression and top marker genes per cell cluster found from differential 

gene expression testing where dot size corresponds to percentage of cells expressing the gene and color 

corresponds to average expression in the given cluster. I). Bar plot of relative cell composition of donor 

macrophages at baseline, post-transplant day 1 (d1), and post-transplant day 7 (d7). J) Feature plot of 

gene set scores from CCR2- macrophages (C1qc, C1qa, Pf4, Apoe, Folr2, Cbr2, Ccl8, Cd207, Ccl12, 

Vsig4) and K) CCR2+ macrophages (Plac8, Ly6c2, Ccr2, Cytip, Fn1, S100a4, Thb1, S100a6, Tmsb10, 

S100a8). L) Dot plot for CCR2+ and CCR2- macrophages marker genes where dot size corresponds to 

percentage of cells expressing the gene and color corresponds to average expression in the given cluster. 
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Figure 5: Donor macrophages differentially mediate allograft survival. A) Kaplan-Meier survival 

curve of CD169DTR/+ vs CCR2DTR/+ vs littermate controls (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). Heatmaps of normalized counts for differentially expressed marker genes between 

baseline and post-transplant for L) donor CCR2- macrophages and M) donor CCR2+ macrophages. N) 

Gene set scores in donor CCR2- and CCR2+ macrophages for NF-ĸβ/MYD88 (CCR2+: p < 0.0001; CCR2-

: p < 0.0001) and IFN-γ (CCR2+: p = 0.61; CCR2-: p < 0.0001) split by pre- and post-transplant status. 

Gene set scores calculated with Mann-Whitney U test. * < 0.05. O) 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 

versus MyD88f/f LysMCre/+ (Log-rank; p = 0.002), MyD88f/f CSF1rertCre/+ (Log-rank; p = 0.009), or 

MyD88-/- (“KO” Log-rank; p = 0.0002) 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 E) quantification showing significant 

reduction in CD45+ cells/mm2 in MyD88f/f CSF1rertCre/+ hearts (Mann-Whitney U Test; p = 0.0017,) 

compared to littermate control. F) Number of IFN-γ spots per 150,000 responder T-cells with a significant 

reduction in MyD88f/f CSF1rertCre/+ cohort (Mann-Whitney U Test; p = 0.0087). 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 recipient composite dataset (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.  
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