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Abstract

Acute rejection (AR) is an important contributor to graft failure, which remains a leading cause of death after heart trans-
plantation (HTX). The regulation of immune metabolism has become a new hotspot in the development of immunosup-
pressive drugs. In this study, Increased glucose metabolism of cardiac macrophages was found in patients with AR. To find
new therapeutic targets of immune metabolism regulation for AR, CD45" immune cells extracted from murine isografts,
allografts, and untransplanted donor hearts were explored by single-cell RNA sequencing. Total 20 immune cell subtypes
were identified among 46,040 cells. The function of immune cells in AR were illustrated simultaneously. Cardiac resident
macrophages were substantially replaced by monocytes and proinflammatory macrophages during AR. Monocytes/mac-
rophages in AR allograft were more active in antigen presentation and inflammatory recruitment ability, and glycolysis.
Based on transcription factor regulation analysis, we found that the increase of glycolysis in monocytes/macrophages was
mainly regulated by HIF1A. Inhibition of HIF1A could alleviate inflammatory cells infiltration in AR. To find out the effect
of HIF1A on AR, CD45% immune cells extracted from allografts after HIF1A inhibitor treatment were explored by single-cell
RNA sequencing. HIF1A inhibitor could reduce the antigen presenting ability and pro-inflammatory ability of macrophages,
and reduce the infiltration of Cd4+ and Cd8a+ T cells in AR. The expression of Hifla in AR monocytes/macrophages was
regulated by pyruvate kinase 2. Higher expression of HIF1 A in macrophages was also detected in human hearts with AR.
These indicated HIF1 A may serve as a potential target for attenuating AR.
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innate immune response contributes to graft injury in AR
[32]. Damage-associated molecular patterns (DAMPs) are
released following ischemia/reperfusion injury (IRI) during
the HTX procedure. DAMPs are recognized through pat-
tern recognition receptors (PRRs) on the cell surface and
in the cytoplasm of innate immune cells. This process will
activate the innate immune cells, assisting the occurrence
of AR [42]. It is important to note that the innate immune
response in AR cannot be fully explained by IRI. Deletion of
MyD88 which is an important PPR adaptor did not attenuate
rejection [27]. The latest research also found that monocytes
and macrophages could acquire memory specific to major
histocompatibility complex I (MHC-I) antigens, which was
called innate myeloid cell memory. Blocking this recogni-
tion attenuates kidney and heart allograft rejection [11].
Other innate immune cells, such as natural killer (NK) cells,
are also been found in the allograft heart, which can promote
expansion and effector function of alloreactive T cells [28].
Therefore, immunosuppressants targeting the innate immune
system are worthing developing.

Current immunosuppressants mainly target the antigen
presentation process and its cascade signaling pathways,
such as calcineurin-NFAT payhway, mTOR pathway, and
DNA synthesis process. The new concept of immunometa-
bolic research is gaining interests. Activated immune cells
need to remodel their metabolic state because their ener-
getic and synthetic demands are higher than those of resting
cells. This offers the opportunity for preventing and treating
inflammatory diseases by manipulating the metabolic pro-
cess of immune cells [31]. This approach may have great
promise for improving the prognosis for transplant patients,
but the theories of immunometabolic regulation have not
been explored in transplant immunology.

The immune cell populations, transcriptome, and meta-
bolic activity in allografts are complicated, and their roles
in hearts with AR are difficult to interpret by the traditional
approach. Single-cell RNA sequencing (scRNA-seq) has
been developed, in which a large number of gene expressions
in thousands of individual cells can be measured simultane-
ously [26]. This approach offers an opportunity to define cell
types and states comprehensively in hearts with AR.

In human heart samples with AR, we observed high
abundance of pyruvate kinase (PKM) in macrophages by
immunostaining. This indicated glucose metabolism was
increased in graft-infiltrating macrophages, despite treated
by immunosuppressive therapy. To further explore the mech-
anism of AR, scRNA-seq of immune cells was performed
from isografts, allografts, and untransplanted donor hearts.
We revealed the whole landscape of immune cells during
the AR at a single-cell resolution. A significant increase of
glycolysis level in monocytes/macrophages was observed
in allografts. Hifla was found to be highly expressed gene
in monocytes/macrophages in allografts and regulate the
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expression of glycolysis-related genes. HIF1A inhibitor
could alleviate inflammatory levels of AR. By scRNA-seq of
immune cells in allografts treated with HIF1A inhibitor, we
found that inhibition of HIF1A could attenuate antigen pres-
entation and pro-inflammatory effects of macrophages. We
next confirmed that the expression of Hifla was regulated by
PKM?2, a key rate-limiting enzyme of glycolysis. Hif/a and
glycolysis formed a positive cycle to regulate energy metab-
olism of monocytes/macrophages. HIF1 A was expressed at
higher levels in human hearts with AR than that in healthy
hearts. Taken together, HIF1 A-dependent activation of mac-
rophages may play a catalytic role in AR, which may serve
as a promising therapeutic target for preventing AR.

Methods
Human heart sample collection

The use of human tissue in the present study was approved
by the Human Ethics Committee of Fuwai Hospital, Chinese
Academy of Medical Sciences. Written informed consent
was obtained from each patient. Human AR heart samples
(n=3) were collected from patients who had undergone sec-
ondary HTX due to AR. Healthy heart samples (n=4) were
obtained from brain-dead donors with a normal circulatory
supply who were not suitable for transplantation due to tech-
nical or noncardiac reasons.

Mice

Male C57BL/6J and BALB/c mice with a bodyweight of
25-28 g at 10-12 weeks of age were used for this study.
Animals were purchased from the Charles River Laborato-
ries (Beijing, China). All animals were cared for in a specific
pathogen-free facility and were approved by the Animal Eth-
ics Committee at Fuwai Hospital.

HTX in mice

All animals were anesthetized with an intraperitoneal injec-
tion of pentobarbital and placed supine on the operative field.
The donor surgery was done as follows: a midline abdomi-
nal incision was made, 1 ml of ice-cold heparin (10 U/ml)
was injected through the inferior vena cava. Next, the thora-
cotomy was performed. The heart was perfused with 4 °C
saline solution to remove the blood. The inferior vena cava,
the superior vena cava, the pulmonary veins, and the azy-
gous vein are ligated with 6-0 silk and divided superior to
the ligatures. The donor’s heart was harvested after dissec-
tion of the ascending aorta and pulmonary artery. Store the
heart in ice-cold solution. For the recipient, along midline
abdominal incision was made. Abdominal viscera were put
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outside the abdomen with gauze to expose the abdominal
aorta and the inferior vena cava. The ascending aorta and
the pulmonary artery of the donor’s heart were anastomo-
sed end to side to the abdominal aorta and the inferior vena
cava, respectively. Allogenic HTX was performed to induce
severe AR (donor BALB/c; recipient C57BL/6J). Isogenic
HTX was performed to rule out IRI (donor BALB/c; recipi-
ent BALB/c).

Tissue processing and single-cell dissociation

7 days after HTX, surgically excised the explanted hearts.
The hearts were rinsed to remove the blood by ice-cold phos-
phate buffer, then collected in DMEM media (11885084,
Gibco) containing 10% fetal bovine serum (35-076-CV,
Corning). Remove the great vessels and atrial tissue, then an
approximately 1-mm-thick cross-section of the myocardium
was cut from the middle of the heart and fixed with 4% para-
formaldehyde overnight. Tissues were processed into paraf-
fin sections for pathological staining. The remaining sections
of hearts tissues were prepared for single-cell suspensions.

We pooled five hearts together from each group, the heart
tissues were minced into small pieces and incubated at 37 °C
in 10 ml freshly prepared enzyme buffer containing 200 U/
ml collagenase type II (LS004176, Worthington). Cells in
the supernatant were harvested every 15 min by filtering the
cells through a 40 pm cell strainer (352340, Falcon) into
equal volume of 10% FBS/DMEM. The residual tissues on
the cell strainer were dissociated again for 15 min, then fil-
tered the cells into the 10% FBS/DMEM. Repeat this pro-
cedure three times until most of tissue had been dissociated
into single cells. Finally, cells were collected by centrifuga-
tion at 300X g for 5 min, the pellets were resuspended in 1 ml
of 10% FBS/DMEM.

Flow cytometry and fluorescence-activated cell
sorting

For scRNA-seq, non-cardiomyocyte suspension was stained
by dyeing buffer containing anti-CD45-FITC (564590, BD
Biosciences) at a dilution of 1:200 per 10° cells, and incu-
bated on ice for 20 min in dark, then washed cells by PBS
twice. Resuspended the pellets in 600 ul PBS containing
30 ul 7-AAD (559925, BD Biosciences) before FACS. The
stained cells were analyzed and sorted by FACS Aria II cell
sorter (BD Biosciences). The CD45" and 7-ADD™ immune
cells were sorted for scRNA-seq. Finally, cell viability was
more than 90% assessed by Trypan Blue staining before
scRNA-seq. For identification of the inflammatory cells
proportion, non-cardiomyocyte suspension were stained by
anti-CD45-FITC antibody (564590, BD Biosciences) at a
dilution of 1:200 per 10° cells, the proportion of inflam-
matory cells was the proportion of CD45* cells to total

non-cardiomyocytes. For fate-mapping macrophages, non-
cardiomyocyte suspension was stained by anti-CD11b-PE
(120112-82, ThermoFisher) and anti-LY6C-APC (175931-
82, ThermoFisher). Fate-mapping macrophages which
came from recipients were FITC beads positive. For sort-
ing LY6C" macrophages in allografts, non-cardiomyocyte
suspension was stained by anti-CD45-FITC antibody
(564590, BD Biosciences), anti-CD11b-PE (12-0112-82,
ThermoFisher), and anti-LY6C-APC (17-5931-82, Ther-
moFisher). CD45%, CD11b* and LY6C* macrophages were
sorted.

Histology and morphology

For each control heart or graft, an approximately 1 mm-long
cross-sectional tissue were taken, and fixed into formalin for
24 h, then embedded in paraffin, then serially sectioned at
4-pm thickness. Serial sections were stained with hematoxy-
lin and eosin(H&E) to determine the inflammatory pheno-
type and structure. The established inflammatory score (O:
no inflammatory infiltrates; (1) 1-5 distinct mononuclear
inflammatory area, with the involvement of 5% or less of
the cross-sectional area of the heart; (2) more than five dis-
tinct mononuclear inflammatory areas, or the involvement of
over 5% but not over 20% of the cross-sectional area of the
heart; (3) profound mononuclear infiltration involving over
20% of the area, without necrosis; (4) diffuse inflammation
with necrosis in the heart) was used to evaluate leukocyte
infiltration semi-quantitatively as previously described [6].

Immunohistochemistry stain

About 3-pm-thick sections were prepared and collected on
poly-lysine-coated slides. Antigen repair was performed
using EDTA solution (pH 9.0, ZLI-9068, ZSBG-BIO,
China). The endogenous peroxidase activity was blocked by
3% hydrogen peroxide for 20 min, and nonspecific binding
was blocked by the use of goat serum (ZLI-9056, ZSBG-
BIO, China) for 45 min. Sections were stained with anti-
rabbit CD3 (ab31630, Abcam, UK), anti-mouse HIF1A
(abl, Abcam, UK), followed by anti-rabbit-HRP (PV-6001,
ZSBG-BIO, China) or anti-mouse-HRP (PV-6002, ZSBG-
BIO, China) and chromogenic DAB staining, respectively.
Immuno-positive cells and areas were quantified using
Image-pro plus software.

Multiplex immunofluorescence staining

The Opal 7 multiplexed assay (PerkinElmer, MA, USA) was
used to generate multiple staining slides. The best concentra-
tion of antibodies was determined before multiplex staining,
including CD3 (ab16669, Abcam, 1/100), CD68 (ab31630,
Abcam, 1/100), HIF1A (Abcam, abl, 1/50), PKM (Abcam,
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ab150377, 1/400), CCR2 (Abcam, ab273050,1/400). Nuclei
were stained with DAPI. The detection for each marker was
completed after the application of all antibodies. The slides
were scanned at high resolution using Vectra3 with a 20 X or
40 x objective.

LW6 treatment

The compound LW6 was purchased from MedChem Express
(HY-13671, MCE). Allogenic HTX was performed, and the
mice were randomly assigned to two groups, the LW6 treat
group and the no treat group. LW6 was dissolve into vehicle
solution containing 10% dimethylacetamide, 5% Tween-80,
and 85% of saline. Intraperitoneal injection: no treat group,
vehicle solution; LW6 treat group, LW6 at a dose of 20 mg/
kg once a day. The treatments were continued for 7 days
after HTX surgery.

TEPP46 treatment

The compound TEPP46 was purchased from MedChem
Express (HY-18657). Allogenic HTX was performed, and
the mice were randomly assigned to two groups, the TEPP46
treat group and the no treat group. TEPP46 was dissolve
into vehicle solution containing 7% dimethylsulfoxide, 5%
Tween-80, and 20% PEG300, and 68% of saline. Intraperi-
toneal injection: no treat group, vehicle solution; TEPP46
treat group, TEPP46 at a dose of 100 mg/kg once a day. The
treatments were continued for 7 days after HTX surgery.

Single-cell RNA sequencing

Single-cell suspensions were loaded on the Chromium Sin-
gle cell Controller (10 x Genomics) to generate a single cell
and gel bead emulsion (GEM). scRNA-seq libraries were
prepared using the Single Cell 5° PE (V3.0.2). GEM reverse
transcription was performed by the thermal cycler (Bio-Rad
C1000 Touch) running the following program: 53 °C for
45 min and 85 °C for 5 min, held at 4 °C. Following reverse
transcription, GEMs were broken, and single-strand cDNA
was purified with DynaBeads Myone Silane Beads. cDNA
was amplified with the thermal cycler: 98 °C for 3 min, 14
cycles of 98 °C for 15 s, 67 °C for 20 s, 72 °C for 60 s;
72 °C for 1 min, and held at 4 °C. Subsequently, cDNA was
cleaned up using the SPRIselect reagent kit (Beckman Coul-
ter), quantified, and quality controlled with the Agilent Bio-
analyzer High Sensitivity Kit. Indexed sequencing libraries
were prepared by Single Cell 5° PE (V3.0.2): (1) enzymatic
fragmentation, (2) end repair, (3) A-tailing, (4) adaptor liga-
tion, (5) post ligation cleanup—SPRIselect. (6) sample index
PCR, (7) post sample index PCR cleanup—SPRIselect, (8)
post library construction QC. 5" Gene Expression libraries
comprise standard Illumina paired-end constructs which
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begin with P5 and end with P7. 16 bp 10x Barcodes are
encoded at the start of Read 1, while sample index sequences
are incorporated as the i7 index read. Read 1 and Read 2 are
standard Illumina sequencing primer sites used in paired-end
sequencing. Read 1 is used to sequence 16 bp 10 x Barcodes
and 10 bp UML

scRNA-seq data preprocessing

10 X sequencing data were performed using Cell Ranger Sin-
gle-Cell Software (version 3.0.2, 10X genomics) with mm10
mouse reference genome for each sample group. We used
the default parameters for cellranger. Cells with fewer than
lower UMI counts were filtered automatically by cellranger.
We further filtered out cells with the number of expressed
genes < 800 or the number of UMI < 1000 or the percent-
age of mitochondrial > 10% or the number of expressed
genes > 5000 or the number of UMI > 50,000. Doublets were
detected with Scrublet approach [52].

Dimension reduction and clustering of scRNA-seq
data

Based on the above preprocessing, we conduct clustering
for the remaining cells. Gene expression values (or UMI
count matrix) for each cell were normalized to count-per-
ten-thousand, log-transformed by NormalizeData function in
Seurat v3.0.2. A set of highly variable genes was identified
by FindVariableFeatures with parameter nfeatures=3000.
Using these highly variable genes, we integrated data Find-
IntegrationAnchors and IntegrateData functions in Seurat
with 50 dimensions to use from the CCA to specify the
neighbor search space [47]. The integrated data were scaled,
and principal component analysis was run on the scaled data
for the set of previously defined highly variable genes. To
identify the number of principal components (PCs) to use
for clustering, we ran the JackStraw and ScoreJackStraw
procedure implemented in Seurat, combined with variance
contribution ration that identified 55 statistically significant
PCs. The selected 55 PCs were feed in FindNeighbors with
k.param=25, RunUMAP with n.neighbors =25, FindClus-
ters with resolution=0.1 to 1.0 step by 0.1. Finally, we used
resolution=0.5 as the final clustering results. For cluster-
ing, we also experimented with modifying the number of
PCs (40, 50 and 60) but found that varying the number of
PCs caused only minor impact on the clustering results.
UMAP visualization was used for show cells’ labels and
groups. Cell identity was assigned by manual annotation
using known marker genes and computed DEGs (differential
expression genes). The DEGs for each cluster were com-
puted in at least 10% of cells in either of the two populations
compared and the expression fold change at least exp(0.6).
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Supervised clustering method

Before and after annotation, a cluster or cell type classifier
was built by training two supervised learning tools, Ran-
domPForest and xgboost, to look the accuracy and stability
of clustering and cell type annotation. As commonly setting
in supervised learning, we split the training data and testing
data (the selected 55 PCs) into 70% and 30%, respectively.
We take cluster id as the true label for clustering results, and
we show that the accuracy of testing data of both Random-
Forest and xgboost can reach 90% on primary clustering
results. As for cell type annotation, the accuracy of Random-
Forest and xbgoost can achieve to 0.93.

Gene scores

Enrichment scores were calculated using Seurat function
‘AddModuleScore’. ‘AddModuleScore’ function calcu-
lated the average expression of a gene set subtracting the
aggregated expression of control gene sets, which could be
deemed as the average relative expression. Gene lists were
in Online-only Table I.

Differential expression analysis

Differential expression (DE) tests for a gene between a pair
of clusters or between a cluster and the remaining clusters
were performed using the FindAllMarker function in Seurat
package (with default test method Wilcoxon rank sum test, p
values were adjusted for multiple testing using the Bonfer-
roni correction).

Differential proportion analysis

We adopted an approach for detecting changes in popula-
tions across different conditions [12]. Cells were assigned
two labels: a group (G) label representing experiment group/
condition and a cell type label (L). A count table was gener-
ated for each cluster per condition, and then computed the
proportion of cell types in different conditions, respectively.
We defined statistics for the differential proportion test,
Apj =ij‘ —pjc2 as the difference in cluster proportions
between two conditions C; and C,, where pjc' and pjc2 are
corresponding proportions in condition C; and condition C,
for some cluster j. Then Farbehi et al. [12] construct a null
distribution for Apj by randomly permuting cluster labels L
for some w proportion of n total cells. Specifically, we ran-
domly selected w X n cells and replaced their cell-type labels
by the labels randomly chosen from all the cells (sampling
without replacement). A new count and proportion table was
then generated from this randomized sample. Here we used

w=0.3,0.24, 0.2, 0.15, 0.1, 0.05 and repeat 50,000 times for

each value, and then the resulting Ap’ across the randomized
J

data forms the null distribution.

After constructing null distribution, we then calculated
empirical p values representing either an increase or decrease
: 50,000
mn Apj SUCh that Pincrease = 50,:)00 b=1 ]<APb > Ap/>spdecrease =

1 50,000 ..
30000 2b=1 I(Apb < Apj),where I(») was the indicator
function. A final p value, p; can be defined as the minumum

of Pincrease and Pdecrease-

SCENIC analysis

We applied single-cell regulatory network inference and
clustering (SCENIC) analysis to identify which transcrip-
tion factors (TFs) for some major cell types (Macrophage,
Neutrophils, T cells, NK cells, DC cells) [1]. For each major
cell type, we conducted SCENIC analysis for three groups,
respectively. When focusing on TFs interaction, we only
considered those TFs with TF_score > 0.5 and target genes
with Target_score > 0.5. The database, including motif,
TSS+/10 kb, TSS +/5 kb, and mouse TFs can be down-
loaded from https://www.resources.aertslab.org/cistarget/.

RNA velocity analysis

We conducted RNA velocity analysis for Macrophage.
Specifically, the bam files produced by a standard pipeline
of cellranger for each group can be fed into velocyte (ver-
sion 0.17.17) using runlOx command to obtain spliced and
unspliced information. And then we used the standard pipe-
line of scvelo (version 0.1.24) to obtain the latent time of
the macrophage cell type (combined M1-M9). Note that we
used the scvelo.pp.filter_normalize function with parameters
min_shared_counts =20 and n_top_genes=2000 and scvelo.
pp-moments function with n_pcs= 30 and n_neightbors = 30.
We used the default values for other functions in velocyte.

Cell-cell interaction analysis

Cell—cell interaction weights were computed by the product
of the fold change of ligands in sender-cell types and the
fold change of the corresponding receptors in receiver-cell
types. And the ligand receptor database was download from
CellPhoneDB.

Gene ontology analysis
Over-representation of GO terms in gene lists was calcu-

lated using the enrich Go function in R package cluster-
Profiler. Gene symbol was firstly converted into entrezid by
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bitr function in clusterProfile. We only show top few sig-
nificant go term (sort p value in increasing order, and limit
p value < 0.05) unless otherwise stated.

RNA isolation and real-time quantitative PCR

Total RNA was extracted using RNeasy Mini Kit (74104,
Qiagen) following the manufacturer's protocol. RNA was
reverse transcribed using PrimeScript™ RT Master Mix
(RRO36A, Takara). For real-time quantitative PCR, cDNA
was amplificated by powrup SYBR master mix (A25742,
ThermoFisher) and run on Applied Biosystems QuantS-
tudio 5 thermocycler. Rps18 gene were used as reference
gene. Relative quantitation values were calculated using the
2(— Delta Delta Ct) method.

Bone marrow-derived macrophages (BMDM) culture
and polarization

Bone marrow cells were collected from femur and tibia
bones from 6 to 8 weeks old C57BL/6J mice. BMDM were
induced polarization in Dulbecco’s modified eagle medium
(DMDM) + 10% FBS + 1% penicillin and streptomycin solu-
tion + 100 ng/pl monocyte-colony stimulating factor(M-
CSF, 51112-MNAH, SinoBiological) for 7 days.

IFN-y and cardiac antigen induced activation
of BMDM

0.2 g fresh heart fragments of BALB/c were cut with oph-
thalmic scissors in 600 pl PBS and homogenized using
MagNA Lyser (Roche). The homogenate was centrifugated
at 3000 rpm for 4 min and the supernatant liquid was filted
by 0.22 pm filter (SLGV033NS, Merck). The filted supper-
natant was used as cardiac antigen. Polarized BMDM was
acquired as above. The activation of BMDM was cultured
in DMEM + 10%FBS + 1% Penicillin&Streptomycin solu-
tion+ 20 ng/ul M-CSF + 20 ng/pl IFN-y +2.5% cardiac anti-
gen solution for 48 h. The concentration of LW6 treatment
was 10 pmol/L.

Cardiomyocytes and BMDM co-culture

Cardiomyocytes were isolation from Balbl/c mice using neo-
natal heart dissociation kit following the manufacturer’s pro-
tocol (130-098-373, Miltenyi). Six-well plate seeded with 1
million cardiomyocytes per well in DMEM + 10%FBS + 1%
Penicillin&Streptomycin solution. 1 day later, 0.5 million
polarized BMDM per well were added to the cardiomyo-
cytes culture medium. LW6 (10 pmol/l) was added at same
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time. The death of cardiomyocytes was identified by flow
cytometry with 7AAD staining.

Fate-mapping of monocytes

C57BL/6J mice were injected intravenously with 200 pl of
0.5 mm-microsphere fluoresbrite YG beads (18859-1, Poly-
sciences; diluted 1:10). Injected beads could be captured by
blood monocytes. 1 h later, C57BL/6J mice injected with
beads was used as recipients for HTX experiments to receive
Blab/c mouse heart. Mice were sacrificed 7 days after HTX,
allografts harvested, and the frequency of fluorescent beads
macrophages in allografts determined by flow cytometry.

Survival analysis

LW6 was administered daily in allogenic HTX, and vehicle
solution was administered daily in allogenic HTX as control.
Grafts were touched daily until it stopped beating, and the
survival time of the graft was recorded.

Statistical analysis

For non scRNA-seq data analysis, two-group comparisons,
an unpaired, two-tailed Student’s ¢ test was used. Multiple
group comparisons were made by one-way ANOVA. Sur-
vival analysis was performed by Kaplan—Meier. All values
are presented as the mean + SEM; n refers to the sample
size. A value of p <0.05 was considered statistically sig-
nificant. For scRNA-seq data analysis, all statistical analysis
was performed in R. Statistical significance was accepted
for p <0.05.

Results

Glucose metabolism of macrophages elevated
in patients with AR

Explanted hearts were collected from patients receiving
a second heart HTX due to AR. All patients had defined
pathological features of AR, such as focal inflammatory cell
infiltration and cardiomyocyte destruction, despite receiv-
ing immunosuppressive therapy (Fig. 1a). Besides T cells
(CD3), a large number of macrophages (CD68™) infiltrated
in the explanted hearts with AR (Fig. 1b, c). PKM was
highly expressed in AR, especially in macrophages (Fig. 1d).
These results suggested that the glucose utilization of graft-
infiltrating macrophages is higher in AR.
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«Fig.2 Overview of the 46,040 single cells isolated from mice HTX
model. a Study design of scRNA-seq in mice HTX model. b UMAP
plot of the 46,060 immune cells, colors coded for cell type. ¢ Gene-
expression heatmap of the marker genes for 23 cell types. d UMAP
plot for each experimental group, Ctrl, normal hearts; Iso, Isografts,
Allo, allografts. e The percentage change tendency of each cell type
among three groups. f Expression of classical marker genes used to
define cell type. FACS flow cytometry and fluorescence activated cell
sorting, DCs dendritic cells, /LCs innate lymphoid cells, NK natural
killer

Total cardiac immune cell populations in hearts
with AR

For seraching potential therapeutic targets, we constructed
mice models of HTX. According to the histological analysis,
AR only happened in allografts, with obvious inflammatory
cell infiltration and myocardial cell necrosis (Suppl. Fig-
ure 1A-D). Considering the sex mismatch in clinical situ-
ation, we also constructed sexually mismatched allografts,
including male donor heart to female recipient and female
donor heart to male recipient. These two situations showed
no differences in inflammatory cell infiltration (Suppl. Fig-
ure 1E-G). Previous studies have shown that the survival
time of allografts was associated with recipient estrogen
level over chromosomal sex mismatches [25, 60]. Estrogen
levels are influenced by the menstrual cycle and age. To
exclude estrogenic interference, we finally chose male to
male HTX model for further studies. SCRNA-seq was per-
formed on the cardiac immune cell population (CD45%) from
allografts, isografts, and untransplanted hearts (Fig. 2a).
Transcriptional profiles of 46,040 cells (allografts: 16,972;
isografts: 13,480; control: 15,588) were captured after qual-
ity control. 23 cell clusters were identified according to the
well-characterized marker genes and the enrichment func-
tion of each cell type (Fig. 2b, c). No significant intergroup
batch effect was observed (Fig. 2d). The most abundant
cell populations were monocytes/macrophages (M, nine
clusters), followed by neutrophils (N, two clusters), T cells
(three clusters), dendritic cells (DCs, three clusters), B cells
(one cluster), natural killer (NK) cells (one cluster), innate
lymphoid cells (ILCs, one cluster), cardiomyocytes (one
cluster), fibroblasts (one cluster), and contaminated cells
(one cluster) (Fig. 2e, f). A cluster of contaminated cells
was excluded from the downstream analysis with the expres-
sion of multiple lineage markers, such as Cd8b1, Iglc3, and
Cd209d.

The phenotypic shift of monocytes/macrophages
in AR

We defined nine transcriptional states of monocytes/mac-
rophages (Fig. 3a). The gene expression pattern was different
among monocytes/macrophages subclusters. M1 expressed

high levels of Ly6¢2 and Ccr2, which indicated these clusters
belonged to classical monocytes (Fig. 3b, d). M2 expressed
Ly6¢2 and Treml4, which was defined as intermediate mono-
cytes [19] (Fig. 3b, d). M3 also expressed Ly6c2 and Ccr2
but had completely different functions compared to M1, M3
is mainly associated with inflammatory response, including
response to interferon, leukocyte chemotaxis, and regulation
of innate immune response (Suppl. Figure 2A). M4 highly
expressed markers of resident macrophages, including Apoe,
F13al, Mgl2, Cd163, and Pf4, and with the low expres-
sion of Ly6¢2 and Ccr2 (Fig. 3b, d). M5 expressed Vsig4
(Fig. 3b), which was reported to inhibit pro-inflammatory
macrophage activation [14, 20]. M6 expressed Sppl and
Lgals3 (Fig. 3b), which was implicated in the phagocytic
clearance of dead cells and reparative fibrosis [41]. M7
expressed Fabp4, Gpihbpl, Sparc, and Egfl7 (Fig. 3b). M8
expressed the marker genes associated with anti-inflam-
mation, including Fnl, Argl, Lrgl, and Olrl (Fig. 3b). We
calculated the pathway enrichment scores of cell-cycle in
monocytes/macrophages, M9 represented the dividing cell,
which had the highest cell-cycle score (Fig. 3e).

The proportion of Ly6¢2* and Ccr2* cells( M1, M2, and
M3) all increased in allografts compared with that in iso-
grafts (Fig. 3c). CCR2* and CD68* monocytes/macrophages
were confirmed by immunofluorescence to be increased in
allografts (Suppl. Figure 3A—C). To find out the origin of
these cells, we performed fate mapping of monocytes in
recipients. Blood monocytes of recipients were specifically
labeled by the intravenous injection of fluorescent latex
beads 1 h before HTX (Suppl. Figure 3D). Flow cytometry
of fate-mapped cells in the donor heart 1 week after bead
injection showed that 85.12+1.48% CD11b* LY6C* mono-
cytes/macrophages contained fluorescent latex beads. This
indicated that these Ly6c2% monocytes/macrophages (M1,
M2, and M3) within allografts are mostly recruited from
the recipient (Suppl. Figure 3E). 83.32+1.23% CDI11b"
monocytes/macrophages contained fluorescent latex beads.
This indicated that myeloid cells within allografts are
mostly recruited from the recipient (Suppl. Figure 3E). They
secreted the proinflammatory chemokine CxclI0 and IL1b
(Fig. 3d). M2 and M3 both highly expressed Lyn (Fig. 3d),
a Src family tyrosine kinase, which promoted the expression
of inflammatory mediators and the production of reactive
oxygen species [54, 57]. It indicated that M1, M2, and M3
played a significant role in constructing niches that drove
inflammation and immune responses in AR. Based on two
panels of genes associated with antigen-presenting and
glycolysis (Suppl. Table 1), respectively, we computed for
each monocytes/macrophages among three groups a score
representing the extent to which its gene expression pattern
matched that expected by the two gene panels. M1 may have
a strong antigen-presenting ability (Fig. 3f), and maintained
a high level of glycolysis (Fig. 3g). Both of these abilities
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Fig. 3 Inter-group heterogeneity of monocytes/mcrophages. a The
UMAP plots of monocytes/macrophages, which were color-coded
according to their group (top panel) and cell clusters (bottom panel).
b Dot-plot heatmap showing the top expressed marker genes in each
macrophage cluster. ¢ The percentage change of each cluster of

were particularly elevated in monocytes/macrophages of
allografts (Fig. 3h, 1). This was consistent with the enhanced
glucose metabolism in macrophages of human hearts with
AR.

M4/5/6/7 were mainly found in normal hearts, they had
low expression of Ly6¢2 and Ccr2 (Fig. 3c, d). Among
them, M4 was the largest number of immune cells in
normal hearts (Fig. 3c). Enrichment analysis showed
M4 was associated with ERK cascade and regulation of
hemopoiesis (Suppl. Figure 2A). M4 and M5 expressed
genes associated with M2-like macrophages (Mrcl, Maf,

@ Springer

monocytes/macrophages among three groups. d Violin plots show-
ing the expression of representative marker genes. e Cell cycle scores
for each macrophage cluster. f Antigen processing and presentation
scores. g Glycolysis scores. h. Antigen processing and presentation
scores in different group. i Glycolysis scores in different group

Cbr2) (Fig. 3d). These two clusters of macrophages were
substantially replaced by monocyte-derived macrophages
in allografts. M8 was observed mainly in the isograft,
but also showed a slight increase in allografts (Fig. 3c).
MS was associated with angiogenesis and wound healing
(Suppl. Figure 2A).

A latent time trajectory was built to reveal the develop-
mental progression of monocytes/macrophages (Fig. 4a),
and we found that the development of M1 was a continuum
program from the control group to the Iso group to the Allo
group (Fig. 4b). We identified three gene modules in M1
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based on the latent time trajectory. We focused on genes
that belonged to modules 1, which was mainly upregulated
during the latent time on the Allo groups (Fig. 4c). Mod-
ule 1 was enriched for “response to IFN-y”, “ATP meta-
bolic process” and “antigen processing and presentation”
(Fig. 4d). The gradually increasingly elevated genes include
those associated with antigen presentation (H2-Abl, H2-
Ebl, Psmb8, and Psme?2), glycolysis (Pkm, Pgkl, Aldoa,
and Tpil), and proinflammation (Cxcl9, Ccl5, and 1118bp)
(Fig. 4e).

We applied Single-Cell Regulatory Network Inference
and Clustering (SCENIC) to assess which transcription
factors (TFs) were responsible for driving the phenotypic
transformation among the three groups (Fig. 4f, g). It iden-
tified macrophages in the normal hearts were mainly regu-
lated by Egr2 and MIx. The macrophages in the Allo groups
were mainly dominated by Hmgal, Sp1, E2f3, Pknoxl, and
Cebpa.

The pro-inflammatory role of neutrophils in AR

We detected 4285 neutrophils, which were divided into 2
clusters (Fig. 5a). The proportion of N2 was similar among
the three groups. The proportion of N1 was significantly
increased in both Iso and Allo groups (Fig. 5b).

N1 had an elevated expression of Srgn (Fig. 5c¢). Com-
pared with N2, N1 released high levels of proinflamma-
tory genes //1b and Cxcl2. Meanwhile, N1 cells highly
expressed Mmp9 (Fig. 5d). The Mmp9 level is reported to
be positively associated with the rejection of HTX [33]. N1
highly expressed genes including Tapl, Tap2, and Tapbp,
which encode the transporter associated with the assembly
and transport of MHC class I molecules (Fig. 5d). N2 had
an increased expression of Anxa5 and Cxcll6 (Fig. Sc, d).
Anxa$5 can inhibit the clearance of apoptotic cells, increase
their immunogenicity [37].

To investigate the differences in regulatory relation-
ships between neutrophils and T cells between Iso and Allo
groups, we performed ligand and receptor interaction analy-
sis. The ligand-receptor interactions with statistical differ-
ences between the two groups were visually using circular
plots. The thickness of the line represents the strength of the
interaction relationship (Fig. 5e). There was stronger interac-
tion between neutrophils and T cells in allografts (Fig. Se).
N1 in allografts expressed more Cxcll0, interacted with
Cxcr3 on T cells. N1 in isografts had a weak and sparse
antigen-presenting relationship with T cells (H2-Q10/Cd3),
but the relationship in allografts was stronger(Fig. 5e). This
suggested neutrophils had more pro-inflammatory effects in
AR.

The SCENIC analysis revealed several TFs responsible
for gene expression of neutrophils in allografts, including

Cebpg, Stat5b, Arid3a, Bcl6, and Foxo3 (Fig. 5f). Cebpg
and Stat5b were involved in neutrophil development and
differentiation [18]. Bcl6 and Foxo3 prevented neutrophil
apoptosis [48, 59], which may exacerbate inflammation in
AR. Arid3a was reported as a potential transcription regula-
tor of IFN-a producing in neutrophils [36].

Ccr7* dendritic cells were responsible for antigen
presentation

2023 DCs were detected in our study and identified as three
types of DCs (Fig. 6a). The percentage of D1 decreased
after HTX, the percentage of D2 increased in isografts, and
D3 increased in allografts (Fig. 6b). D1 highly expressed
the markers of conventional type 1 DCs (¢cDCls), includ-
ing Irf8, Xcrl, and Clec9a (Fig. 6¢), and maintained a high
level of lipid metabolism (Suppl. Figure 4A). D2 expressed
Cd209a (Fig. 6¢), the marker of monocyte-derived DCs,
which had a role in regulating defense response and inflam-
matory responses (Suppl. Figure 4A). D3 was distinguished
by high expression of migration-associated genes Ccr7 and
Fscnl (Fig. 6¢), which represented as DCs moving toward
draining lymph nodes. Compared to the other two clusters
of DCs, D3 has stronger phagocytosis ability, especially in
allografts (Fig. 6d, e).

To explore the antigen presentation role of DCs, we per-
formed ligand and receptor analysis between dendritic cells
and T cells. D1 carried Xcrl, connected with Xcll from T
cells (Fig. 6f). This interaction is an important factor in anti-
gen cross-presentation [4]. D3 expressed B2m and H2-04,
provided signal 1, and expressed Cd40, provided signal 2
for T cells activation (Fig. 6f). This indicated that D3 played
a major role in antigen presentation. D3 also enhanced the
interactions with T cells by expressing Cxcl16, 1112b, and
Ccl5 (Fig. 6g). SCENIC identified several TFs that may
regulate gene expression of DCs in AR, including E2f5,
Arnt, RfxI, and Nfatc3 (Fig. 6h). E2f5 could regulate the
cell cycle by controlling the expression of genes required
for DNA synthesis and cell division [21]. Rfx] plays a key
CIITA-independent role in protecting MHCII promoters
against DNA methylation [39]. Nfatc3 has been reported to
be associated with type 1 IFN production in DCs [3].

Higher level of T cell activation was found in AR

2604T cells were clustered into three clusters (Fig. 7a).
T1 increased in the Allo group compared with the other
two groups (Fig. 7b). T1 cells expressed high levels of
genes associated with T cell activation, including Cd2,
Cd28, Lck, and Corola. T1 also expressed genes associ-
ated with cell division, including Birc5, Stmnl, Mki67, and
Top2a (Fig. 7c). These indicated that T1 cells were con-
stantly dividing and proliferation. T2 contained T cells
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«Fig.4 RNA velocity and SCENIC analysis of monocytes/mac-
rophages. a Velocity plot showing dynamic change of macrophages.
b Density plot showing latent time of M1. ¢ Heatmap for M1 over
latent time. d Gene ontology enrichment analysis of module 1 in M1.
e Representative genes of module 1 in M1. f Heatmap of the area
under the curve (AUC) scores for the expression of genes regulated
by TFs, as estimated using SCENIC in each macrophage cluster. g.
Violin plots of certain TFs, Egrl/ and Hmgal in macrophage clusters

demonstrating higher scores of interferon-stimulated genes
(ISGs), including Ifitm3, Irf7, and Gbp2 (Fig. 7d, e). T2 cells
were more abundant in normal hearts. T3 was characterized
by the expression of Trdv4, Tcrg-V6, and 1117a, which were
hallmarks of y6 T cells (Fig. 7c).

T1 could be divided into two subclusters, based on
the expression of Cd4 and Cd8a (Fig. 7f). Gene function
enrichment analysis showed that Cd8a* T1 cells had sig-
nificant cell killing ability, and Cd4* T1 cells had a role
in regulating T cell activation and cell adhesion (Fig. 71).
Cd8a™ T1 cells expressed XclI and Ccl4 (Fig. 7g). These
genes are associate with recruiting DCs [4]. Cd8a* T1 cells
expressed Ldha (Fig. 7g). Ldha was responsible for increas-
ing the pro-inflammatory phenotype of T cells [45]. Cd4™*
T1 cells had increased expression of Hifla and Gotl genes
(Fig. 7g). These two genes could control the proliferation
and cytotoxicity of T cells [49, 55]. Selective inhibition
of Gotl with acetic acid could ameliorate experimental
autoimmune encephalomyelitis [55]. Cd4* T1 cells highly
expressed Tnfrsf4 (Fig. 7g), which was functioned as a T cell
co-stimulatory molecule [50]. Interestingly, all the above-
highlighted genes had the highest expression in allografts
(Fig. 7h).

SCENIC revealed that E2f5, Hdac, Bptf, Tcf3, and Arnt
accounted for the changes of gene expression in AR (Fig. 7j).
Consistent with previous reports, the HDAC inhibitor could
prevent murine cardiac allograft rejection [58]. Bptf was also
reported as an essential TF for T cell homeostasis and func-
tion [53]. Tcf3 could promote T cells to express lower levels
of inhibitory receptors and exhibit more potent cytotoxicity
[13].

NK cells had higher cytotoxic effects in AR

We detected 1 cluster of 1055 NK cells. All three groups
had similar proportions of NK cells, around 2% (Suppl.
Figure 5A, B). NK cells expressed more granular enzyme
genes in allografts, including Gzma and Gzmb, but not
Gzmc (Suppl. Figure 5C). Among the three groups, NK
cells in allografts had the highest activated levels (Suppl.
Figure 5D). Gene expression network analysis based on
SCENIC analysis revealed /rf7 might play a central role
in driving transcriptional activity of NK cells in allografts
(Suppl. Figure SE).

HIF1A regulated the degree of AR

Increased glycolysis levels of monocytes/macrophages were
observed in allografts, but not in isografts (Fig. 3i). The
expression of genes encoding glycolytic enzyme (Pgaml,
Gapdh, Aldoa, Enol, Pgkl), glycogen utilization (Sorbs],
Gbel, Pygl), and glycolytic promoter (Akt2, Stat3, Bnip3)
were all increased in monocytes/macrophages of allografts
(Suppl. Figure 6A—C). Through SCENIC analysis, these
genes were identified to be regulated by Hifla, and the tar-
gart score of Hifla on the above genes was significantly
higher in allografts than in isografts (Suppl. Figure 6D). We
next explored the expression level of Hifla in each cell type
and each group. Hifla was expressed highly in M1 and M3
(Fig. 8a). Hifla was significantly up-regulated in the Allo
group (Fig. 8b). Immunofluorescence staining verified that
HIF1A was highly expressed in macrophages (HIF1A and
CD68 positive) in allografts (Fig. 8c). These results indi-
cated that increased cardiac macrophage glycolysis may be
regulated by Hifl a. Hifl a-dependent glycolysis is critical for
the induction of inflammation [8, 23], but the role of Hifla-
dependent glycolysis in AR has not been clarified.

To investigate the role of Hifla in AR, we treated the AR
mice model with the HIF1A inhibitor LW6 (Fig. 8d). The
intraperitoneal injection of LW6 into AR mice for 7 days
attenuated leukocyte accumulation in allografts (no treat
vs. LW6 treat, 3.6 +£0.3 vs. 2.6 0.2, p=0.019, Fig. 8e, f).
LW6 treatment reduced the manifestation of congestion
and oedema of allografts when removed from recipients
at 7 days after HTX (Suppl. Figure 7A). It also could sig-
nificantly prolong the median survival time of allografts in
the recipient (no treat vs. LW6 treat, 9.5 days vs. 21 days,
p <0.001, Suppl. Figure 7B). The expression of HIFIA
was inhibited by LW6 (no treat vs. LW6 treat, 191.7 +£55.7/
mm? vs. 30.9 + 13.5/mm?, p=0.001, Fig. 8g). We induced
activation of bone marrow-derived macrophages (BMDM)
from C57BL/6 J mice using IFN-y and cardiac antigens from
BALB/c mice. LW6 was added into this in vitro cell culture
model or not. We found inhibition of HIF1A by LW6 could
significantly decrease the expression of Pkm2, Gapdh, and
Enol in macrophage, confirming that HIF1A can regulate
the macrophage glycolytic process (Suppl. Figure 7C).We
further validated whether HIF1A is expressed in human AR
heart specimens. Heart samples from patients with AR were
collected, compared with hearts from healthy controls. The
number of HIF1A™ macrophages (CD68 positive) in patients
with AR was increased (Fig. 8h). This suggested that HIF1A
may be a target to attenuate AR.

To investigate the mechanism of high Hifla expression
in monocytes/macrophages under normoxia, we searched
for gene that targeted Hifla expression in monocytes/mac-
rophages using scRNA-seq data. We found that Pkm may
be the critical gene that regulates the expression of Hifla
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Fig.5 Neutrophils. a The UMAP plots of neutrophils, which were
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(right panel). b The percentage change of each cluster of neutrophils
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(Suppl. Figure 7D). Pkm encodes pyruvate kinase, the
key rate-limiting enzyme that catalyzes the conversion of
phosphoenolpyruvate to pyruvate. There are two isomeric,
tissue-specific forms of pyruvate kinase, PKM1 and PKM2,
which are generated by alternative splicing of Pkm gene
[56]. PKM2 rather than PKMI1 is responsible for cellular
metabolism of immune cells [2]. A previous study showed
that PKM2 could regulate Hifl a expression in LPS-induced
activated macrophages [34]. This was in lined with our
hypothesis that PKM?2 may be the mechanism that regulates
the expression of Hifla in monocytes/macrophages dur-
ing AR. To verify this hypothesis, we treated the AR mice
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model with PKM2 nuclear translocation blocker, TEPP46.
Monocytes/macrophages (CD45%, CD11b*, and LY6C™) in
allografts were isolated 7 days after transplantation and the
expression level of Hifla in monocytes/macrophages was
determined. TEPP46 could significantly reduce the expres-
sion of Hifla (Suppl. Figure 7E). These suggested that the
enhancement of Hifla in monocytes/macrophages was a
self-promoting process, and PKM2 played a bridging role
in this process.



Basic Research in Cardiology (2021) 116:64

Page 150f24 64

A @i @ o @ Al D1

D2 D3

Celitype | I

D1

D2

@0 @02 @03

E

o)
D3

50

1

Group [ R e
o ¥ = iV gt

Cd24a
iy s Clec9a
i

Irf8

Group

1 Allo
el
iso

4
2

l 2
4

®
3

1

050

% of total cells

000 100 200 300 400 500
»
N
=
»
®
=

000

Ctrl Iso Allo Ctrl

7
8

Allo Ctrl Iso Allo

O

F

celltype
8 D1
8 o2
B8 o3

[N

Positive regulation
of phagocytosis

D1 D2

.

ok

~

Positive regulation
of phagocytosis

ctl 1so  Alo ctl 150 Alo chl 1o Alo

Fig.6 Dendritic cells. a The UMAP plots of DCs, which were color-
coded according to their group (up panel) and cell clusters (down
panel). b The percentage change of each cluster of DCs among three
groups. ¢ Gene-expression heatmap of DCs. d Phagocytosis scores. e

— Zmiz1(+)
— Egr3(+)
— Nr3c1(+)
— Irf9(+)
_~Junb(+)
_~ Mef2a(+)

Celitype Group
D1 D2 WD3 Wt Miso M Allo

Phagocytosis scores in different groups. f DCs as receptor interacted
with T cells. g DCs as ligand interacted with T cells. h Heatmap of
the area under the curve (AUC) scores for the expression of genes
regulated by TFs, as estimated using SCENIC in DCs

@ Springer



64 Page 16 of 24 Basic Research in Cardiology (2021) 116:64

ctrl @ lso Allo ™ T2 RE]
L

% of total cells

O
m

Cc

T T2 T3 Gbp2 Ifitm3 Irf7
Celitype NI Lok g?
}coz 8 4
= Corota °
Cd28 2 c
— i 2 o
[ Birc5 S o3
Stmn1 2 2
Mki67 c [0}
Top2a § ; 52
Lag3 2 x
g 4
— Ifitm3 Group £
Hcm 04 . 0 A
Iso
ir R E : 12 Allo nonrow T1 T2 T3 T T2 T3 T T2 T3
o e e SR .
SR . F Cd4 Cd8a
: s et o
f ; FAAgLl PR G = -4
i TEEEESE Lei i 2 2 3
e 1 % #‘zﬁr\( Terg-V6 .
# Sp &\ L17a 0 ! 0 !
o = B UL 0 { 0
R 2 2
paan : ' 8 9 10 1 12 8 9 10 1 12
genepércent H
G Activated Cd4 " T cells Activated Cd8a” T cells
Celtype Xelt Ccl4 Ldha

[ N I —
Group [T I N R

_~CDga . 4
~-cosb1 s
3
—cols 4
4
NI — ./
—col4
| L
—ca AL 0 A 0
— Hifta
4
2
—Gott
o !!
0 0

Celitype Group Ctrl Iso Allo Ctrl Iso Allo Ctrl Iso Allo
M Activated Cdd+ T cells  Activated Cd8a+ T cells [l Ctrl [ Iso [ Allo  [NENE
42024

~

~

Activated Cd4 " T cells

°

expression

Activated Cd8a” T cells

~ N w
[ T 1
o - ~ w

I J
Celitype I

Activated Cd4” T cells Activated Cd8a* T cells
regulation of leukocyte cell-cell adhesion lymphocyte mediated immunity
leukocyte cell-cell adhesion neutrophil chemotaxis
T cell activation cell killng
regulation of T cell activation immune response to tumor cell
regulation of cell-cell adhesion neutrophil migration
positive regulation of T cell activation response to tumor cell
positive regulation of leukocyte cell-cell adhesion granulocyte chemotaxis |
regulation of leukocyte differentiation natural killer cell mediated immunity
regulation of hemopoiesis regulation of cell kiling
positive regulation of cell-cell adhesion leukocyte mediated cytotoxicity
positive regulation of leukocyte activation granulocyte migration
positive regulation of cell activation regulation of response to biotic stimulus
T cell proliferation positive regulation of cell killing b
positive regulation of hemopoiesis a - 1 positive regulation of cytokine production | ; e MS,&%E‘;&?&«N; e

-logua(p.value) -l0gua(p.value) Celltype

Group
W T2 WT3 Wctl [Wiso [ Allo

@ Springer



Basic Research in Cardiology (2021) 116:64

Page170f24 64

«Fig.7 T cells. a The UMAP plots of T cells, which were color-coded
according to their group (left panel) and cell clusters (right panel).
b The percentage change of each T cell type among three groups. ¢
Gene-expression heatmap of T cells. d Interferon response score for
each T clusters. e Violin plots showing the interferon response genes
in each T clusters. f UMAP plot based on the expression of Cd4 and
Cd8a. g Gene-expression heatmap of subtype of T1 cells. h Violin
plots showing the highly expressed genes in the Cd4* and Cd8a* T
cells of Allo group. i Gene ontology enrichment analysis of Cd4" and
Cd8a™ T cells. j Heatmap of the area under the curve (AUC) scores
for the expression of genes regulated by TFs, as estimated using SCE-
NICin T cells

Inhibition of HIF1A restricted the pro-inflammatory
function of macrophages

To explore the mechanism by which HIF1A alleviated AR
inflammatory infiltration, another scRNA-seq was per-
formed on the total cardiac immune cell population (CD45™)
in allografts from the LW6 treat group and the no treat group
(Fig. 9a). After quality control, we obtained 31,852 cells,
of which 16,197 cells in LW6 treat group, 15,655 cells in
no treat group. 15 cell clusters were identified, including
monocytes/macrophages (M, five clusters), neutrophils (one
cluster), T cells (two clusters), DCs (one cluster), NK cell
(one cluster), natural killer T cells (NKT, one cluster), B
cells (one cluster), fibroblasts (one cluster), contaminated
cells (one cluster) and mitochondrial derived cells (one clus-
ter) (Fig. 9a). Different cell types were characterized with
marker genes and specific gene expression patterns, such as
Cd3e (T cell), CD79a (B cells), Klrdl (NK cell), CsfIr (M),
S§100a9 (neutrophils), H2-DMb2 (DCs), Dcn (fibroblast),
Birc5 (dividing cell) (Fig. 9b, Suppl. Figure 8A). Different
cell types have significant different gene expression patterns
(Fig. 9¢). A special cluster of macrophages responsing to
LW6 treatment (LW6-associated macrophages) was identi-
fied. The proportion of this cluster increased after treatment
(Fig. 9d). On UMAP, a different distribution existed in this
cluster between the LW6 treat group and the no treat group
(Fig. 9a).

The gene score analysis showed that the antigen-pre-
senting (B2m, Cd74, Ctsl, Ctss, H2-Aa, H2-Abl, H2-Ebl,
Tnf, Aifl, Cd83) and pro-inflammatory function (CcI8,
HmoxI, Ccl5, Cxcll6, Cxcll, Thbsl) of LW6-associated
macrophages all decreased after LW6 treatment compared
with no treat group(Fig. 9e). In line with scRNAseq data,
LW6 could reduce the gene expression of antigen-presenting
molecule (H2-Aa) and chemokine (Cxc/9) in IFN-y and car-
diac antigen induced activation of BMDM by in vitro test
(Suppl. Figure 9A). This suggested that inhibition of HIF1IA
could attenuate the proinflammatory effect of macrophages.
In support of this conclusion, the reduced infiltration of T
cells in allografts treated by LW6 was confirmed (no treat
vs. LW6 treat, 713.1+140.7 vs. 271.2+81.6, p<0.001,
Fig. 9f). Therefore, inhibition of HIF1A could reduce the

antigen presenting ability and pro-inflammatory ability
of macrophages, which may be the main reason for the
decreased infiltration of T cells. Besides, cardiomyocytes
from BALB/c mice and BMDM from C57BL/6J mice were
co-cultured in vitro to verify the damage of macrophages on
cardiomyocytes. LW6 treatment in this co-cultured model
significantly reduced the death of cardiomyocytes (Suppl.
Figure 9B). This suggested that inhibition of HIF1A can
reduce the inflammatory damage of macrophages on cardio-
myocytes. These results from in vivo scRNA-seq and in vitro
co-culture experiments together indicated that inhibition of
HIF1A could reduce immune cells recruitment and cardio-
myocytes injury induced by macrophages.

Discussion

Local immune diversity in heart grafts with AR is complex,
and previous studies have not revealed the full picture of
the immune microenvironment. In this study, we identified
several major cell types and a series of key TFs that mediate
AR (Table 1). This study could provide a useful resource
for finding therapeutic target of AR. Based on the elevated
level of macrophage glycolysis in human hearts with AR, we
particularly focused on the role of immune metabolism in
AR, Hifla-dependent glycolysis was found to be served as
potential targets to modulate disease progression.

Immune characteristic of AR was markedly different from
the inflammation induced by IRI. Macrophages are the larg-
est group of immune cells in the normal heart, maintain
cardiac immunity and electrophysiological homeostasis [15,
22]. The subtypes of monocytes/macrophages shifted drasti-
cally after HTX, resident macrophages were predominately
replaced by monocytes and monocyte-derived macrophages,
we demonstrated that monocytes/macrophages in allograft
were derived from recipient by fate-mapping. The propor-
tion of M1 in AR reached 35%, which was much higher
than that in isografts. Meanwhile, M2 and M3 were all
increased in AR. This indicated that the infiltration of mono-
cytes/macrophages in AR could not be explained by IRI.
The pro-inflammatory effects of monocytes/macrophages
in AR were mainly mediated by Cxcl9, Cxcli10, and II-1p.
M1 cells upregulated the expression of antigen-presenting
genes in AR, this suggested that monocytes/macrophages
had a stronger ability to trigger acquired immunity in AR
compared with IRI. Our results provided evidence for that
monocytes/macrophages were involved in AR.

Neutrophils are usually the first leukocytes to infiltrate
transplanted organs and are a well-established marker of
transplant injury [38]. In our study, we found N1 in AR had
a more strong connection with T cells by highly expressing
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transplantation model [10]. Therefore, the anti-CCR7 mon-
oclonal antibody may also have therapeutic effects in AR,
which should be further investigated.

T cells are the primary acquired immune cells that medi-
ate the occurrence of AR [43]. Our scRNA-seq data showed
that CD8" T cells were the predominant cell type performing
cell killing. The initiation of acquired immunity requires
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Table 1 (continued)

Transcription factors in AR

Peak group Potential roles on AR

Function

Marker genes

Cell cluster (naming)

E2f5, Hdac, Bptf, Tcf3, Arnt

Target and kill donor cells

Allo

Cd69, Cd28, Lag3, Birc5, Mki67, T cell activation, ribonucleopro-

T1: activated T cells

tein complex assembly

Hifla

Ctrl

T cells activation, regulation of

Ifitm3, Irf7, Gbp2
cell adhesion

T2: ISG-high T cells

Allo

T cell activation, lymphocyte dif-

ferentiation

Trdv4, 1117a, Tcrg-v6

T3: y8 T cells

Irf7, Nfatc3, Stat5b, Rbbp5, Thx21

Release granzymes, cytotoxic

effects

Allo

Natural killer cell mediated cyto-
toxicity, cytokine production

Gzma, Nkg7, Ncrl

NKI1: NK cells

Ctrl

B cell activation, cytoplasmic

Cd79a, Cd19
translation

B1: B cells

Ctrl

Leukocyte differentiation, regula-

Gata3, 115, 1113

I1: innate lymphoid cells

tion of inflammatory response

the support of innate immunity [30]. This prompted the
idea of whether it is possible to suppress the occurrence
of AR by modulating innate immunity. Our data showed
that monocytes/macrophages were the most abundant type
of innate immune cells in allografts when occurred AR.
These monocytes/macrophages were distinguished from
other innate immune cells by higher levels of glycolysis.
We found the glycolysis in monocytes/macrophages rely on
the assist of Hifla. Several studies also declared the Hifl a-
dependent energy metabolism pathway is an adaptive behav-
ior of immune cells under an inflammatory environment,
which could promote immune cell activation, but its role in
AR has not been clarified [7, 8, 40]. Isografts and allografts
had the same ischemic condition, but Hifla expression in
isografts was not significantly elevated as that in allografts.
This suggested that the elevated expression of Hifla is not
caused by hypoxia.

Though Hifla mediates adaptive responses to hypoxia/
ischemia to protect against IRI [5], a previous study showed
that cardiomyocytes had no increased expression of HIF1A
in AR, this indicated that the oxygen supply was not defi-
cient in AR [16]. Pharmacological HIF1A stabilizing pre-
conditioning of donor hearts could activate innate immu-
nity and increase cardiomyocyte apoptosis after 6 h after
HTX [17]. All these previous studies suggested that HIF1 A
may be related to inflammatory cell function in AR, but
the mechanism remained unknown. Similarly, mice with a
myeloid cell-specific defect in Hifla were unable to mount
trained immunity against bacterial sepsis [7]. In our study,
HIF1A inhibitors, LW6, reduced the infiltration of immune
cells in allografts without using other immunosuppressive
agents. LW6 treatment can reduce the antigen presenting
ability and pro-inflammatory ability of macrophages, and
reduce the infiltration of CD4* and CD8* T cells unbiasedly.
This indicated that HIF1A may affect acquired immunity
by regulating the innate immune response in AR. Through
scRNA-seq data, we found that the expression of Hif] @ may
be regulated by Pkm. The expression of Hifl a was decreased
by drug blocking PKM?2 entry into the nucleus. Our study
established a relationship between glycolysis and Hifla in
AR. HIF1A promoted the increase of glycolysis, while the
key rate-limiting enzyme of glycolysis, PKM2, promoted
the increase of Hifla expression in macrophages under
normoxic state, forming a positive feedback loop. In vitro
experiments showed that inhibition of HIF1A can inhibit
the pro-inflammatory effect of monocytes/macrophages, and
reduced the damage of monocytes/macrophages on cardio-
myocytes. Additionally, elevated glycolysis and HIF1A in
macrophages was also confirmed in human heart specimens
with AR, despite receiving immunosuppressive drugs. This
provided a theoretical basis for attenuating AR by targeting
HIF1A.
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To investigate the natural reaction in AR, immunosup-
pressive therapy was avoided in the mouse HTX model. AR
could not be developed after the use of immunosuppressive
agents, despite a complete MHC mismatch [29]. HIF1A
inhibitor LW6 was just used to explore the mechanism of
HIF1A affecting AR, we cannot conclude that LW6 can be
used in the immunosuppressive therapy of AR.

In conclusion, we described the immune microenviron-
ment in cardiac tissues from the AR model using scRNA-
seq. HIF1A could promote the occurrence of AR by regulat-
ing the activation of macrophages. We proposed HIF1 A may
be a promising target in the therapy of AR but need precise
control. Our study also provided a set of cell atlas for further
functional research in AR.
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