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Solid organ transplantation mobilizes myeloid cells, including monocytes and macrophages,
which are central protagonists of allograft rejection. However, myeloid cells can also be
functionally reprogrammed by perioperative costimulatory blockade to promote a state of
transplantation tolerance. Transplantation tolerance holds promise to reduce complications
from chronic immunosuppression and promote long-term survival in transplant recipients.
We sought to identify different mediators of transplantation tolerance by performing
single-cell RNA sequencing of acute rejecting or tolerized cardiac allografts. This led to the
unbiased identification of the transcription factor, hypoxia inducible factor (HIF)-2a, in
a subset of tolerogenic monocytes. Using flow cytometric analyses and mice with condi-
tional loss or gain of function, we uncovered that myeloid cell expression of HIF-2a was
required for costimulatory blockade—induced transplantation tolerance. While HIF-2x was
dispensable for mobilization of tolerogenic monocytes, which were sourced in part from
the spleen, it promoted the expression of colony stimulating factor 1 receptor (CSF1R).
CSFIR mediates monocyte differentiation into tolerogenic macrophages and was found
to be a direct transcriptional target of HIF-2a in splenic monocytes. Administration of
the HIF stabilizer, roxadustat, within micelles to target myeloid cells, increased HIF-20 in
splenic monocytes, which was associated with increased CSF1R expression and enhanced
cardiac allograft survival. These data support further exploration of HIF-2a activation in
myeloid cells as a therapeutic strategy for transplantation tolerance.
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Heart transplantation has emerged as a routine, therapeutic option for end-stage heart
failure patients unresponsive to other forms of treatment (1). Clinical progress has reduced
acute rejection, yet long-term survival remains poor because complications of chronic
immune suppression often lead to significant comorbidities, including posttransplant
vasculopathy (2). Furthermore, chronic immune suppression during transplant raises risks
for opportunistic infections (3) and adverse hematologic, metabolic, or nephrotoxic events
(4). An alternative to chronic immunosuppressive therapy is transplantation tolerance,
which is characterized by donor-specific immunological unresponsiveness in the absence
of immunosuppressive medications (5). Transplantation tolerance holds promise in pro-
moting long-term survival by eliminating the need for chronic immunosuppression and
its associated complications.

Studies have shown that myeloid cells, including monocytes and macrophages, are
required for immunological tolerance induced by costimulatory blockade in cardiac allo-
grafts (6). For example, treatment of mice with antibodies blocking lymphocyte expression
of the costimulatory molecule, CD40 ligand (CD40L), results in long-term cardiac allo-
graft survival (7), which was abrogated upon antibody or pharmacologic depletion of
myeloid cells (8). Similar requirements for myeloid cells in costimulatory blockade—induced
transplantation tolerance were also observed in kidney (9) or skin allografts (10). Within
cardiac allografts, accumulation of tolerogenic macrophages was found to be dependent
on recruitment of monocytes from peripheral reservoirs such as the bone marrow (11).
Monocyte differentiation into tolerogenic macrophages required colony stimulating factor
1 (CSF1) signaling through its cognate receptor, CSF1R (11). In contrast, mammalian
target of rapamycin (mTOR) and TNF receptor associated factor 6 (TRAF6) signaling
have been implicated in differentiation of monocytes into graft rejecting, immunogenic
macrophages (12).
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To assess mechanisms governing the generation of tolerogenic
macrophages, we performed single-cell RNA sequencing on cardiac
allografts during acute rejection or transplantation tolerance. This
led to the unbiased identification of Endothelial PAS domain-containing
protein 1 (Epasl), in a subset of cardiac monocytes present only dur-
ing transplantation tolerance. EpasI encodes the transcription factor,
hypoxia inducible factor 200 (HIF-2a), which had been shown to
promote tumorigenesis in part through macrophage expression of
CSF1R (13). Genetic deletion of EpasI in myeloid cells abrogated
cardiac transplantation tolerance induced by costimulatory blockade
and this was associated with reduced expression of CSF1R on toler-
ogenic monocytes and macrophages. HIF-2a was found to directly
bind to the CsfI7 promotor in tolerogenic monocytes and therapeutic
activation of HIF-2a enhanced monocytic CSFIR expression and
cardiac allograft survival. As discussed in further detail below, our
findings reveal that HIF-2a is required for the development of toler-
ogenic macrophages and its therapeutic activation holds promise in
cardiac transplantation tolerance.

Results

To identify myeloid-specific factors that are required for cardiac
transplantation tolerance, we performed single-cell RNA sequenc-
ing on magnetically enriched CD45" hematopoietic cells from
acute rejecting or tolerized cardiac allografts (Fig. 14). Unbiased
clustering of cells combined from both groups revealed a diverse
array of cell populations, including innate and adaptive immune
cells, as well as stromal and endothelial cells (Fig. 1B). We next
rescaled and reclustered all monocyte and macrophage subsets
from both groups, which led to the identification of six transcrip-
tionally distinct clusters (Fig. 1 C and D). Macrophages were
identified using canonical markers such as Adgrel and Mertk, while
monocytes were identified by expression of Ly6c! and Ccr2
(Fig. 1E). When we examined the proportion of monocyte and
macrophage clusters between acute rejection and tolerized cardiac
allografts, we found that Pkm macrophages comprised the major-
ity of cells within acute rejecting allografts, whereas tolerized allo-
grafts were characterized by increased abundance of Mrel
macrophages and Ly6c! monocytes (Fig. 1 F and G). Pathway
analyses revealed that Pkm macrophages were enriched in immu-
nogenic processes, such as response to interferon (IFN)-y and
inflammartory response (Fig. 1H). In contrast, tolerogenic Mrcl
macrophages and Ly6c monocytes were enriched for homeostatic,
developmental, and biosynthetic processes (Fig. 1/). Interestingly,
examination of canonical “M1” or “M2” marker gene expression
between Pkm and Mrcl macrophage clusters revealed heteroge-
neity beyond the classical M1/M2 paradigm (87 Appendix, Fig. S1
A and B), supporting distinct transcriptional reprogramming dur-
ing transplantatlon tolerance compared to acute rejection.

Since Ly6C" monocytes have been found to differentiate into
tolerogenic macrophages within cardiac allografts (11), we con-
tinued to explore the relationship between tolerogenic Ly6el
monocytes and MrcI macrophages. Tolerogenic Ly6el monocytes
were enriched in genes involved in cell differentiation (Fig. 1H)
and expressed high levels of Fabp4 and Cd36 (Fig. 11), which are
up-regulated in monocytes differentiating into macrophages (14).
Furthermore, tolerogenic MrcI macrophages displayed high levels
of Cer2 and Cx3crl (Fig. 11), indicative of a monocytic origin.
Tolerogenic Mrcl macrophages also expressed Nr4al, Whlch is
required for Ly6C™ monocyte differentiation into Ly6C" mac-
rophages in the heart (15). To determine whether tolerogenic
Ly6cl monocytes developed into Mrcl macrophages, we used the
Monocle algorithm to map pseudotime (16), or the progression
of gene expression changes that a cell undergoes to transition from
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one functional state to another. This revealed that tolerogenic
Ly6el monocytes followed a developmental trajectory that gave
rise to Mrcl macrophages (Fig. 24). Tracking of gene expression
changes over pseudotime also revealed that tolerogenic Ly6el
monocytes increased expression of macrophage marker genes,
Adgrel, Cd68, Mertk, as well as CsfIr and Cer2 on their develop-
mental path to MrcI macrophages (Fig. 2B).

After establishing a hypothetical relationship between tolerogenic
Ly6cl monocytes and Mrcl macrophages, we next asked whether
there was a definitive relationship between these two populations.
Since Ly6el monocytes expressed Cer2 durmg macrophage differ-
entiation and CCR2 is required for Ly6C™ monocyte recruitment
during cardiac inflammation (17, 18), we treated congenic recipient
mice with a CCR2-specific inhibitor during transplantation toler-
ance to determine the contribution of peripheral monocytes to
tolerogenic macrophages within the allograft (Fig. 2C). After trans-
planting cardiac allografts from CD45.2 donors into CD45.1 recip-
ients, we found that nearly all the CD11b" myeloid cells within the
tolerized allograft were recipient-derived a week after transplantation
(Fig. 2D). Treatment of tolerized donors with a CCR2 inhibitor
reduced total abundance of recipient-derived CD11b* myeloid cells
and Ly6C monocytes within the allograft (Fig. 2 £and F). Mrcl
encodes the mannose receptor, also known as CD206, and
recipient-derived CD206" macrophages were also reduced in toler-
ized allografts after CCR2 inhibition (Fig. 2G), suggesting that
Ly6C" monocytes differentiated into CD206" macrophages within
the allograft during transplantation tolerance.

To identify the source of these tolerogenic monocytes, we exam-
ined changes in monocyte numbers within the spleen, as this organ
serves as a reserv01r for Ly6C" monocytes during cardiac inflamma-
tion (19). Ly6C" monocyte abundance increased in the spleen dur-
ing transplantation tolerance, which was further enhanced during
CCR2 inhibition (Fig. 2H), identifying the spleen as a reservoir of
tolerogenic monocytes. To test the requirements of CCR2-dependent
monocyte recruitment for costimulatory blockade—induced trans-
plantation tolerance, we transplanted hearts into Cer2-deficient
recipients or controls (Fig. 2/). While costimulatory blockade—
induced transplantation tolerance provided durable survival in
wild-type controls, loss of Ccr2 abrogated transplantation tolerance
induction (Fig. 2/), which was associated with increased vasculopathy
(Fig. 2K). Prior to rejection, the abundance of total viable cells was
reduced in allografts of tolerized Cer2-/- recipients with an increased
percentage of dead cells compared to controls (S/ Appendix, Fig. S2
Aand B). Despite the reduction in cellularity, allografts from tolerized
Cer2-/- recipients exhibited increased neutrophil infiltration with
similar changes also occurring during CCR2 inhibition (S Appendix,
Fig. S2 C and D). As expected, Ly6C™ monocyte abundance was
reduced in allografts from tolerized Cer2-/- recipients (SI Appendix,
Fig. S2E), which was associated with reduced accumulation of toler-
ogenic CD206" macrophages (SI Appendix, Fig. S2F) and increased
expression of inflammatory markers on macrophages (ST Appendix,
Fig. S2G). Together, this establishes LyGC monocytes as central
mediators of transplantatlon tolerance.

Since Ly6C™ monocytes were required for costimulatory block-
ade—induced cardiac transplantation tolerance, we next examined
the top differentially expressed genes within the tolerogenic mono-
cyte cluster to identify specific factors that were required for their
tolerogenic function. Among the top 20 differentially expressed
genes, Epas] was identified as the only gene to encode a transcrip-
tion factor (Fig. 34), so we continued to explore its role in toler-
ogenic monocytes. Epas] encodes the transcription factor, HIF-2a,
which is best characterized for its role in regulating the physiolog-
ical response to reduced oxygen concentration (20). Compared
to the other myeloid cell clusters, the highest expression of Epas!
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Fig. 1. Single-cell RNA sequencing (scRNAseq) of cardiac allografts during acute rejection or tolerance reveals unique populations of tolerogenic macrophages
and monocytes. (A) Experimental design for scRNAseq of cardiac allografts. Allografts were collected either 8 d after transplant in vehicle-treated mice for acute
rejection or 40 d after transplant in mice treated with costimulatory blockade (CoB) and donor-specific cells (DSC) for tolerance. (B) Identification of 16 unique
clusters by uniform manifold approximation and projection (UMAP) in combined conditions. (C) Identification of six unique clusters of macrophages and monocytes
in combined conditions. (D) Heatmap of the 20 most differentially expressed genes within macrophage and monocyte clusters. (F) Feature plots representing single-
cell expression of macrophage and monocyte marker genes. (F) Macrophage and monocyte clusters present during acute rejection or tolerance. (G) Proportion of
macrophage and monocyte clusters during acute rejection or tolerance. (H) Pathway enrichment of differentially expressed genes in macrophage and monocyte
clusters. Enrichment is expressed as the —log(P) and is adjusted for multiple comparisons. (/) Violin plots of genes expressed in macrophage and monocyte clusters.

was observed in tolerogenic monocytes (Fig. 3B). In contrast, gene
expression of Hifla, which encodes the other major isoform of
hypoxia inducible transcription factors, was reduced in tolerogenic
monocytes compared to the other myeloid clusters (Fig. 3C). To
determine the role of HIF-2a in tolerogenic monocytes during
transplantation tolerance, we selectively deleted Epas! in myeloid
cells (mHIF2-/-) by crossing transgenic mice with a floxed Epas1
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gene with mice expressing Cre recombinase under the control of
the Lyz2 promotor (Fig. 3D). While costimulatory blockade—
induced transplantation tolerance provided durable survival in
Cre negative, floxed controls, long-term allograft survival was
impaired in mHIF2-/- recipients (Fig. 3E). Prior to rejection,
cardiac allografts from tolerized mHIF2-/- recipients exhibited
increased vasculopathy (Fig. 3F), revealing the requirement of
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Fig. 2. CCR2-dependent monocyte recruitment to cardiac allografts is required for transplantation tolerance. (A) Pseudotime trajectory analysis of monocyte to
macrophage differentiation during transplantation tolerance. The open circle is the start of the trajectory with the black line representing the different paths. The
black circle represents a branch point, while the gray circles represent different cell fates. (B) Monocyte and macrophage gene expression plotted as a function
of Pseudotime. (C) Experimental design for tracking recipient-derived CD45.1" monocytes and macrophages in CD45.2" cardiac allografts during transplantation
tolerance. (D) Ratio of CD45.2" donor vs. CD45.1" recipient-derived myeloid cells in cardiac allografts 1 wk after transplantation. Total abundance of CD45.1"
recipient-derived (£) CD11b* myeloid cells, (F) Ly6C" monocytes, and (G) CD206* macrophages in CD45.2" cardiac allografts 1 wk after transplantation in tolerized
recipients treated with vehicle or CCR2 inhibitor. For (E-G), n = 4 mice/group pooled from two independent experiments. *P < 0.05 and **P < 0.01 by the two-
tailed, unpaired t test (H) Ly6C™ monocyte abundance in the spleen 1 wk after transplantation in tolerized recipients treated with vehicle or CCR2 inhibitor.
n =4 mice/group pooled from two independent experiments. *P < 0.05, ***P < 0.001 by one-way ANOVA followed by Tukey's test. (/) Experimental design for
heart transplantation in tolerized Ccr2+/+ or Ccr2-/- recipients. (/) Cardiac allograft survival in tolerized Ccr2+/+ or Ccr2-/- recipients. n = 4 mice/group pooled
from two independent experiments. **P < 0.01 by the log-rank (Mantel-Cox) test. (K) Expression of a-Smooth Muscle Actin (SMA) in cardiac allografts from
tolerized Ccr2,+/+ or Ccr2-/- recipients 60 d after transplantation with quantification of percent vessel occlusion. n = 3 mice/group pooled from two independent
experiments. *P < 0.05 by the two-tailed, unpaired t test. (Scale bar, 40 pm.) All data represent mean + SEM.
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Fig. 3. Myeloid cell expression of HIF-2« is required for cardiac allograft transplantation tolerance. (A) Volcano plot of the top differentially expressed genes in
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myeloid HIF-2a in costimulatory blockade—induced cardiac trans-
plantation tolerance.

Next, we sought to uncover how myeloid HIF-2a regulated the
induction of transplantation tolerance. HIF-2a directly regulates
the expression of CA36 (21), which was also increased in tolero-
genic monocytes (Fig. 1/), and is required for monocyte to mac-
rophage differentiation during cardiac inflammation (22). So, we
next tested whether monocytic CD36 was required for transplan-
tation tolerance. Cd36 was selectively deleted in myeloid cells
(mCD36-/-) by crossing transgenic mice with a floxed C436 gene
with mice expressing Cre recombinase under the control of the
Lyz2 promotor. However, no difference in allograft survival was
observed between mCD36-/- recipients and controls (S Appendix,
Fig. $3), demonstrating that CD36 was not required for trans-
plantation tolerance under these conditions.

Since myeloid CD36 was dispensable for transplantation tol-
erance, we next investigated how HIF-2a affected the extent and
quality of myeloid cell infiltrate in the allograft after transplanta-
tion. Differentiation of monocytes into tolerogenic macrophages
requires CSF1-CSF1R signaling (11), so we examined accumu-
lation of CSF1R" myeloid cells within the allograft. At 30 d post-
transplantation where allograft rejection was evident in tolerized
mHIF2-/- recipients, both abundance of CSFIR" myeloid cells
and myeloid expression of CSF1R were reduced in the allografts
of tolerized mHIF2-/- recipients compared to controls (Fig. 44).
To determine whether HIF-2a was required for generation of
tolerogenic macrophages, we used flow cytometry to assess mac-
rophage responses in tolerized allografts 7 d after transplantation.
No difference in total number of CD11b" myeloid cells was
observed between allografts from tolerized mHIF2+/+ and
mHIF2-/- recipients (Fig. 4B), suggesting that HIF-2a was not
required for myeloid cell trafficking to the allograft. However,
monocyte to macrophage differentiation was impaired in tolerized
mHIF2-/- recipients compared to controls as evidenced by
increased expression of the monocytic marker, Ly6C, and reduced
expression of macrophage markers, CD64, CD169, and MerTK

PNAS 2024 Vol.121 No.26 2319623121

(Fig. 4C). Tolerogenic macrophage marker, DC-SIGN, was also
reduced and this was associated with reduced expression of CSFIR
(Fig. 4C). Among CD11b" myeloid cells expressing CSF1R, toler-
ogenic macrophages can be identified by low expression of Ly6C
and Ly6G (11). Compared to controls, allografts from tolerized
mHIF2-/- recipients contained less Ly6C" macrophages with a
concomitant increase in immunogenic Ly6C and Ly6G" myeloid
cells (Fig. 4D). Similar reductions were observed in CD206" mac-
rophages in tolerized mHIF2-/- recipients compared to controls
(Fig. 4E), demonstrating that myeloid HIF-2a was required for
the generation of tolerogenic macrophages during costimulatory
blockade—induced cardiac transplantation tolerance.

Tolerogenic myeloid cells promote cardiac allograft survival in
part through suppressing alloreactive T cells and promoting FoxP3"
T regulatory cells (23, 24). To examine lymphocytes during acute
rejection or transplantation tolerance, we first rescaled and reclus-
tered all lymphocyte subsets from both groups in our single-cell
RNA sequencing dataset (Fig. 1 A and B), which led to the identi-
fication of seven transcriptionally distinct clusters (S7 Appendix,
Fig. S4 A and B). Using canonical marker genes, we identified one
cluster of CD4" T cells (Cd3e and Cd4), four clusters of CD8" T
cells (Cd3e and Cd8a), one cluster of CD8" dendritic cells (CA8a,
H2-Aa, and Clga), and one cluster of natural killer (NK) cells (Klra4
and Gzma) (SI Appendix, Fig. S4C). When we examined the pro-
portion of lymphocyte clusters between acute rejection and tolerized
cardiac allografts, we found that §10024 CD8 T cells, Mki67 CD8
T cells, and Pepre CD8 T cells were increased within acute rejecting
allografts, whereas tolerized allografts were characterized by increased
abundance of Cer7 CD8 T cells, Klra4 NK cells, and Foxp3 CD4
T cells (87 Appendix, Fig. S4D). Pathway analyses of CD8 T cells
during acute rejection revealed enrichment for activation, cytotox-
icity, cytokine production, and glycolytic metabolism (SI Appendix,
Fig. S4E). This was supported by increased expression of inflamma-
tory effector genes, Gzmb and Ifng (SI Appendix, Fig. S4F). In con-
trast, apoptotic and cell death pathways were enriched in effector
CD8 T cells during tolerance and this was associated with reduced
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Fig. 4. Myeloid HIF-2« is required for accumulation of tolerogenic macrophages in the cardiac allograft. (A) Accumulation of myeloid cells expressing Colony
Stimulating Factor 1 Receptor (CSF1R) in cardiac allografts from tolerized mHIF2+/+ or mHIF2-/- recipients 30 d after transplantation with quantification of total
abundance and mean fluorescent intensity (MFI) of CSF1R. n = 5 mice/group pooled from two independent experiments. *P < 0.05 and ***P < 0.001 by the two-
tailed, unpaired t test. (Scale bar, 20 pm.) (B) Total abundance of CD11b" myeloid cells in cardiac allografts from tolerized mHIF2+/+ or mHIF2—/- recipients 7 d after
transplantation. n = 4 mice/group pooled from two independent experiments. ns, not significant by the two-tailed, unpaired ¢ test. (C) Expression of monocyte
and macrophage markers on the CD11b"CSF1R" myeloid cell gate in panel (B). n = 4 mice/group pooled from two independent experiments. **P < 0.01 and ***p
<0.001 by the two-tailed, unpaired t test. (D) Total abundance of Ly6C", Ly6C"°, and Ly6G" cells among the CD11b*CSF1R" myeloid cell gate in panel (B). n = 4
mice/group pooled from two independent experiments. *P < 0.05 and **P < 0.01 by the two-tailed, unpaired ¢ test. (F) Total abundance of CD206" macrophages
among the Ly6C'°Ly6G™ myeloid cell gate in panel (D). n = 4 mice/group pooled from two independent experiments. P = 0.08 by the two-tailed, unpaired ¢ test.
expression of Gzmb and Ifng (SI Appendix, Fig. S4 E and F).

Given that HIF-2a was required for the generation of tolerogenic
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Interestingly, the Foxp3 CD4 T cell cluster exhibited context-
dependent transcriptional responses. While Foxp3 CD4 T cells were
enriched for glycolytic metabolism and expressed high levels of
Gzmb and Ifng during acute rejection, these cells shifted toward
oxidative metabolism and expression of anti-inflammatory /10
during transplantation tolerance (S/ Appendix, Fig. S4 E and F),
which was associated with increased Foxp3 expression (SI Appendix,
Fig. S4G). Similar to myeloid cells, these data support distinct tran-
scriptional reprogramming of lymphocytes during transplantation
tolerance compared to acute rejection.

https://doi.org/10.1073/pnas.2319623121

macrophages, we sought to corroborate the functional consequences
by measuring changes in CD4" or CD8" T cells within the allograft
and spleen. While no difference was observed in total number of
allograft-associated CD8" T cells, CD4" T cell abundance was
increased in allografts from tolerized mHIF2-/- recipients compared
to controls (87 Appendix, Fig. S5A). When we assessed CD4" T cell
activation status, we found increased numbers of effector CD4" T
cells (ST Appendix, Fig. S5B), with a concomitant decrease in FoxP3"
T regulatory cells in allografts from tolerized mHIF2-/- recipients
compared to controls (S Appendix, Fig. S5C). Similar reductions in
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FoxP3" T regulatory cells were also observed in the allografts of
tolerized Cer2-/- recipients (SI Appendix, Fig. S2 H and 1). Despite
no difference in total numbers of allograft-associated CD8" T cells
or effector CD8" T cells (ST Appendix, Fig. S5 A and D), we found
that CD8" T cell exhaustion was impaired in allografts from tolerized
mHIF2-/- recipients compared to controls as measured by reduced
CD8" T cell expression of inhibitory receptors, PD-1 and LAG3
(81 Appendix, Fig. S5E). In contrast to the changes we observed in
the allograft, no differences were observed in total number of T cells
(81 Appendix, Fig. S5F), effector CD4" T cells, FoxP3* T regulatory
cells, effector CD8" T cells or exhausted CD8" T cells (S Appendix,
Fig. S5 G—J) in the spleen from tolerized mHIF2-/- recipients com-
pared to controls. However, peripheral alloreactivity was still evident
in tolerized mHIF2-/- recipients compared to controls as measured
by increased serum levels of donor-specific antibodies (S Appendix,
Fig. S5K), which also mediate transplant rejection along with the
alloreactive B cells that produce them (25). Taken together, these
data indicate that HIF-2a directs myeloid cell function that leads
to suppression of alloreactive immune responses and promotion of
allograft-protective FoxP3" T regulatory cells.

Since treatment of heart transplant recipients with a CCR2
antagonist revealed monocyte mobilization from the spleen during
transplantation tolerance, we next examined how HIF-2a affected
splenic myeloid cell responses. At 7 d after transplantation, neu-
trophil abundance was increased in the spleens from tolerized
mHIF2-/- recipients compared to controls (Fig. 5A). In contrast,
no difference in macrophage or Ly6C monocyte abundance was
observed between tolerized mHIF2+/+ and mHIF2-/- recipients
(Fig. 5 B and (). Given that HIF-2a promoted tolerogenic
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macrophage expression of CSFIR in cardiac allografts, we also
explored myeloid cell expression of CSFIR in the spleen. While
no difference in CSF1R levels was observed on splenic neutrophils
or macrophages between tolerized mHIF2+/+ and mH[FZ /-
recipients (Fig. 5 D and E), CSF1R was reduced on Ly6C mono-
cytes in the spleens from tolerized mHIF2-/- recipients compared
to controls (Fig. 5F). Combmed with our earlier pseudotime
observation that Ly6C" monocytes increase CsfIr expression on
their path to becoming tolerogenic macrophages, this suggests
that HIF-2a activation in splenic monocytes plays a key role in
this differentiation process.

To better understand the relationship between HIF-2a and
CSFIR in the absence of any confounding effect of surgically
induced inflammation, we modeled donor antigen exposure during
transplantation tolerance by injecting mice with a single dose of
costimulatory blockade and donor splenocytes (CoB/DSC) and
isolated recipient splenic monocytes 72 h later (Fig. 64). While
CoB/DSC treatment did not affect splenic neutrophil abundance
(Fig. 6B), Ly6C" monocyte abundance was increased in the spleens
of mice treated with CoB/DSC compared to controls (Fig. 6C).
This effect required HIF-2a as the CoB/DSC-dependent increase
in splenic monocytes was abrogated in mHIF2-/- mice (Flg 60).
HIF-2a was also required for the differentiation of Ly6C™ mono-
cytes into Ly6C" macrophages and suppression of T cell prolifera-
tion (87 Appendix, Fig. S6). As a complementary approach, we also
isolated monocytes from mice expressin myelmd specific, prolyl
hydroxylation-resistant HIF-2a (mHIF. Sh, leading to constitu-
tively higher levels of HIF-2a in monocytes and macro })hages (26,
27). Compared to controls, monocytes from mHIF2"" exhibited
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Fig. 5. Myeloid HIF-2a is required for tolerogenic monocyte expression of CSF1R in the spleen. Total abundance of (A) neutrophils, (B) macrophages, and (C)
monocytes in spleens from tolerized mHIF2+/+ or mHIF2-/- recipients 7 d after heart transplantation. n = 4 mice/group pooled from two independent experiments.
**P <0.01 by the two-tailed, unpaired t test. Expression of Colony Stimulating Factor 1 Receptor (CSF1R) on (D) neutrophils, (E) macrophages, and (F) monocytes
in spleens from tolerized mHIF2+/+ or mHIF2-/- recipients 7 d after heart transplantation with quantification of mean fluorescent intensity (MFI) of CSF1R. n =4
mice/group pooled from two independent experiments. *P < 0.05 by the two-tailed, unpaired t test.
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even greater suppression of T cell proliferation (S Appendix,
Fig. S6). Importantly, CoB/DSC treatment led to increased expres-
sion of HIF-2a in splenic monocytes from mHIF2+/+ mice (Fig. 6D),
and this was associated with increased expression of CSF1R in splenic
monocytes from mHIF2+/+ mice but not mHIF2-/- mice (Fig. 6E).
Since infusion of CoB/DSC was sufficient to promote HIF-2a in
splenic monocytes, we further explored whether direct interaction
between myeloid cells and CoB/DSC promoted HIF-2a expression
by coculturing bone marrow—derived macrophages (BMDMs) with
CoB/DSC in vitro. Compared to untreated BMDMs, HIF-2a levels
were increased in BMDMs cocultured with CoB/DSC, which was
associated with increased expression of CSF1R and tolerogenic mac-
rophage marker, CD206 (87 Appendix, Fig. S7). Together, these data
suggest that myeloid cells can be directly reprogrammed by CoB/
DSC, which occurs independent of CD36.

Given the positive association between HIF-2a and CSF1R in
myeloid cells after CoB/DSC treatment, we hypothesized that Csf7r
was a direct transcriptional target of HIF-2a. Monocyte expression
of CsfIr is regulated in part by the myeloid-specific fms-intronic
regulatory element (FIRE) enhancer (28), and we first established a
hypothetical relationship between HIF-2a and Csf7r by identifying
conserved HIF binding sites, known as hypoxia response elements
(HRE) (29), within the CsfIr promotor (Fig. 6F). Next, we per-
formed chromatin immunoprecipitation on magnetically selected
splenic monocytes after CoB/DSC treatment to determine whether
HIF-2a directly bound to the Csf7r promotor. We found that
increased HIF-2a binding to the CsfI7 promotor was evident in
monocytes from the spleens of HIF2+/+ mice but not mHIF2-/-
mice after CoB/DSC treatment (Fig. 6G), demonstrating a direct
relationship between HIF-2at and CSF1R in myeloid cells.

Finally, to test the therapeutic potential of our findings, we
treated mice with roxadustat (30), a prolyl hydroxylase (PHD)
inhibitor that stabilizes HIF-20 and increases expression of HIF-2a
target genes (Fig. 7A4). To enhance targeting of roxadustat to the
myeloid compartment and limit adverse effects associated with the
drug (31), we encapsulated roxadustat within poly(ethylene
glycol)-b-poly(propylene sulfide) (PEG-PPS) micelles (Fig. 7B).
PEG-PPS nanocarriers have been previously employed in tolero-
genic strategies (32), primarily due to their selective uptake by
monocytes, macrophages, and dendritic cells within the spleen and
other organs (33). Treatment of mice with roxadustat-loaded
micelles (RoxMC)increased splenic monocyte HIF-2a protein to
levels seen with mice treated with roxadustat alone (Fig. 7C), and
this was associated with increased expression of CSF1R on mono-
cytes compared to vehicle controls (Fig. 7D). Similar increases in
HIF-2a protein was also observed in vitro after treatment of
BMDMs with RoxMC or roxadustat alone (8 Appendix, Fig. S8).
Consistent with previous reports (34, 35), treatment of mice with
roxadustat alone increased plasma levels of erythropoietin (Fig. 7E).
However, this effect was blunted in mice treated with RoxMC
(Fig. 7E), reflecting enhanced targeting of roxadustat to the myeloid
compartment. To test whether RoxMC could enhance transplan-
tation tolerance, we treated mice with unloaded control micelles or
RoxMC in combination with a dosing strategy of costimulatory
blockade antibody that was previously shown to lead to cardiac
allograft rejection between 20 and 40 d after transplantation (36)
(Fig. 7F). In line with previous findings, cardiac allograft rejection
was evident in mice treated with control micelles and costimulatory
blockade beginning 23 d after transplantation (Fig. 7G). In contrast,
cardiac allograft survival was significantly enhanced in mice treated
with RoxMC and costimulatory blockade (Fig. 7G). Furthermore,
recipient mice treated with RoxMC exhibited reduced allograft
vasculopathy (Fig. 7H) and serum levels of donor-specific antibodies
(Fig. 71) compared to controls. Enhanced allograft survival was also

https://doi.org/10.1073/pnas.2319623121

observed in mHIF2"" mice only treated with costimulatory block-
ade (Fig. 7G). In contrast, RoxMC treatment had no effect on
allograft survival in mHIF2-/- recipients (SI Appendix, Fig. S9)
demonstrating that increased HIF-2a levels in myeloid cells alone
were sufficient to induce long-term transplantation tolerance. Taken
together, these data identify RoxMC as a therapeutic strategy to
increase HIF-2a activation in myeloid cells and promote transplan-
tation tolerance.

Discussion

Our data reveal a role for HIF-2a in transplantation tolerance.
According to our working model (S/ Appendix, Fig. S10), heart
transplantation with costimulatory blockade activates HIF-2a and
transcription of its target gene, CsfIr, in splenic monocytes.
Following CCR2-dependent recruitment of these monocytes to the
allograft, CSF1-CSF1R signaling promotes monocyte differentia-
tion into tolerogenic macrophages. Within the allograft, these mac-
rophages maintain a tolerogenic state by suppressing alloreactive T
cell responses and inducing allograft protective FoxP3" T regulatory
cells. Administration of the HIF activator, roxadustat, within
micelles for selective targeting to myeloid cells, increased monocyte
expression of CSF1R and enhanced cardiac allograft survival. These
findings establish the foundation to investigate myeloid HIF-2a
activation as a target for transplantation tolerance in humans.

While HIF signaling has been previously reported to confer
allograft protection, this was in the perioperative setting of allograft
ischemia or reperfusion injury and limited to HIF-1la activation
(37, 38). Comparatively less is known about HIF-2a in transplan-
tation, so our findings establish a timely connection between
HIF-2a and transplantation tolerance. The tolerogenic role for
HIF-2a in myeloid cells was unexpected since HIF-2a has been
implicated in the inflammatory activation of macrophages after
acute cardiac injury (27) and endotoxemia (13). However, emerg-
ing evidence in the absence of tolerogenic stimuli also supports our
findings for an allograft protective role for HIF-2a. In human heart
failure, increased expression of PHD3, which selectively antago-
nizes HIF-2a over HIF-1a (39), was associated with reduced
HIF-2a expression (40). Similarly, increased levels of PHD3 were
associated with the onset of fibrosis in rejecting human cardiac
allografts (41), providing indirect evidence for HIF-2a in allograft
protection. In mice, selective overexpression of HIF-2a in endothe-
lial cells promoted allograft survival in a nonvascularized tracheal
transplantation model (42), and selective overexpression of both
HIF-1a and HIF-2a in myeloid cells prolonged cardiac allograft
survival in the absence of immunosuppression (43). We observed
variable Hif] and Hif2 gene expression among different tolerogenic
myeloid cells, supporting further exploration of both HIF-1at and
HIF-2a in transplantation tolerance.

Despite a clear role for HIF-2a in transplantation tolerance,
the molecular mechanisms leading to its activation within this
setting remain incomplete. Tissue hypoxia during cold organ stor-
age and transport increases HIF-1at levels that are sustained for
hours to weeks following transplantation and reperfusion in
humans (37, 41). After reperfusion of kidney allografts in rats,
pimonidazole staining revealed that this sustained activation of
HIF-1a occurs in the absence of allograft hypoxia (44). Compared
to HIF-1a, HIF-2a is less susceptible to normoxic degradation
(45), suggesting that allograft ischemia-reperfusion may also trig-
ger HIF-2a activation in allograft infiltrating recipient monocytes
that remains elevated during their differentiation into tolergenic
macrophages. We also found evidence for hypoxia-independent
activation of HIF-2a during transplantation tolerance, which
occurred through direct interaction of myeloid cells with
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alloantigen during costimulatory blockade. Following treatment
of mice or macrophages with donor-derived cells and costimula-
tory blockade, HIF-2a levels were increased leading to enhanced
expression of CSF1R and CD206. Transplantation tolerance and
HIF-2a activation were unaffected by genetic deletion of CA436,
necessitating additional studies to elucidate the signals for HIF-2a
activation during transplantation tolerance.

Although a tolerogenic role for CCR2" monocytes was some-
what surprising, given their well-characterized role during
ischemia—reperfusion injury (46-48) or antibody-mediated rejec-
tion (49), monocytes have emerged as protagonists of costimulatory
blockade—induced transplantation tolerance. Previous work has
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shown that monocytes expressing both Ly6C and Ly6G were mobi-
lized from the bone marrow and recruited to the allograft to estab-
lish tolerance (8). During costimulatory blockade, we observed
increased splenic CCR2" monocytes within the spleen. Treatment
of mice with a CCR2 antagonist during costimulatory blockade
further increased abundance of CCR2" monocytes within the
spleen revealing that the spleen also serves as a reservoir for mono-
cytes during transplantation tolerance. Additional studies are
needed to determine whether monocytes derived from bone mar-
row or spleen have distinct or overlapping functions during trans-
plantation tolerance. The presence of activated T cells within the
allograft but not the spleen highlights the importance of
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RoxMC or CtrIMC. Alternatively, cardiac allograft survival was assessed in mice with myeloid-specific, prolyl hydroxylation-resistant HIF-2a (mHIF2"") treated
with CoB alone. n = 6 to 8 mice/group pooled from three independent experiments. *P < 0.05 by the log-rank (Mantel-Cox) test compared to the CtrIMC group.
(H) Expression of a-Smooth Muscle Actin (SMA) in cardiac allografts from CtrIMC- or RoxMC-treated recipients 60 d after transplantation with quantification
of percent vessel occlusion. n = 4 mice/group pooled from two independent experiments. ***P < 0.001 by the two-tailed, unpaired t test. (Scale bar, 50 pm.)
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CCR2-dependent splenic monocyte mobilization to the allograft
followed by differentiation into tolerogenic macrophages. These
events are also important in dampening allograft infiltration of
neutrophils, which are associated with accelerated rejection of car-
diac allografts in mice and humans (50-52). Further evidence for
the necessity of monocyte-derived macrophages in transplantation
tolerance comes from the observation that donor-derived myeloid
cells are completely lost from the allograft within 1 to 2 wk post-
transplant (53). This challenges the binary resident vs. recruited
macrophage paradigm during sterile inflammation that resident
macrophages are protective, while recruited monocyte-derived
macrophages are detrimental to normal tissue function (54, 55).
Compared to acute rejection, recruited monocyte-derived

https://doi.org/10.1073/pnas.2319623121

macrophages adapted a homeostatic transcriptional fate demon-
strating that recruited monocyte-derived macrophages can be
reprogramed toward tissue protection.

Transplantation tolerance after costimulatory blockade requires
CSF1 signaling through its cognate receptor CSFIR to promote
monocyte differentiation into tolerogenic DC-SIGN" macrophages
(11). Here, we identified a molecular link to CSF1R through the
transcription factor HIF-2a. Loss of HIF-2a was associated with
reduced expression of CSF1R on splenic monocytes during costim-
ulatory blockade, which led to impaired accumulation of CD206"
tolerogenic macrophages within the allograft. While a previous
study reported reduced CSF1R levels in BMDMs from mHIF2-/-
mice (13), we established a definitive link between HIF-2a and
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CSFIR through HIF-2a binding directly to HREs on the Csf7r
promotor. HIF-dependent regulation of Ciflr expression has also
been observed in tumor cells, where acriflavine, an inhibitor of both
HIF-1a and HIF-2a, blocked hypoxia-induced CsfIr expression
(56). The link between HIF-20t and CSF1R signaling shared in the
setting of organ transplantation and cancer raises the possibility
that mechanistic insight into transplantation tolerance may be
gained from the immune reprogramming that occurs within the
tumor microenvironment. For example, CD206" tumor-associated
macrophages support proliferation of oral squamous cell carcinoma
(57), and loss of HIF-2a in tumor-associated macrophages blunts
colitis-associated cancer (13). Similar parallels are likely to exist for
immune tolerance between organ transplantation and pregnancy,
where tolerogenic CD206" macrophages expressing DC-SIGN
accumulate at the maternal—fetal interface (58). Additional studies
are needed to resolve the role of myeloid cell expression of HIF-2a
and the mechanisms governing immune tolerance among organ
transplantation, cancer, and pregnancy (59, 60).

While we uncovered a role for HIF-2a in the development of
tolerogenic macrophages, it also likely plays an important role in the
function of these cells. For example, HIF-1o and HIF-2at transcrip-
tionally regulate adenosine receptors (Adora) (61, 62), which are
activated by extracellular adenosine to attenuate inflammatory
responses and confer tissue protection. Adora2a levels are increased
in peripheral blood mononuclear cells after heart transplantation in
humans (63), and pharmacologic enhancement of adenosine levels
in rat cardiac allografts blunts infiltration of inflammarory cells into
the allograft (64, 65). Adenosine signaling also promotes the devel-
opment of FoxP3" T regulatory cells (66), suggesting that boosting
HIF-adenosine signaling may promote transplantation tolerance.
Ampbhiregulin (Areg) is another HIF-2a target gene that confers car-
dioprotection after ischemia-reperfusion injury (67). Our single-cell
transcriptomic analyses of cardiac allografts revealed that FoxP3" T
regulatory cells were enriched for Areg expression. Production of Areg
by FoxP3" T regulatory cells is necessary to suppress inflammation
(68, 69), and Hif2-deficient FoxP3" T regulatory cells are functionally
defective (70). HIF-2a also promotes transcription-independent
induction of the Areg receptor, epidermal growth factor receptor 1
in cardiomyocytes (71), supporting further exploration of the role of
HIF-2a in tolerogenic macrophages and FoxP3" T regulatory cells
as well as cellular cross talk during transplantation tolerance.

In a therapeutic context, our findings suggest that combined
HIF-2a activation and costimulatory blockade may promote
long-term tolerance and limit the need for chronic immunosup-
pression. Several small molecule inhibitors that target PHDs and
stabilize HIF-2x are already in clinical use, including roxadustat
(30, 72). Previous studies administering a single dose of roxadustat
to donor animals prior to transplantation of kidney (73) or abdom-
inal aorta (74) ameliorated vasculopathy and improved allograft
survival in recipient animals. Off-target systemic effects remain an
obstacle for roxadustat clinical approval, so we packaged roxadustat
into micelles to selectively target roxadustat to phagocytes, includ-
ing splenic monocytes. Delivery of RoxMC inhibited alloreactive
responses and increased allograft survival, supporting the notion
that HIF activation by PHD inhibitors may represent a strategy
to promote long-term allograft survival. Mice with selective
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overexpression of HIF-2a in myeloid cells phenocopied the
enhanced allograft survival of roxadustat-treated animals, demon-
strating that HIF-2a activation alone was sufficient to achieve
therapeutic benefit. HIF-2a is positively regulated by mTOR (75),
which is a target of current immunosuppressive drug, rapamycin.
Transient treatment with rapamycin does not hinder induction of
experimental transplantation tolerance in rodents or nonhuman
primates (12, 76, 77). However, rapamycin treatment or genetic
deletion of mTOR has also been shown to impair myeloid-derived
suppressor cell differentiation and function in allografts and tumors
(78-80), necessitating additional studies on the interaction between
roxadustat and current immunosuppressive drugs.

In conclusion, our findings reveal that transplantation tolerance
requires HIF-2a signaling in monocytes to promote their differ-
entiation into tolerogenic macrophages, which was mediated in
part by direct transcriptional regulation of CsfIr. The identified
role for HIF-2a in transplantation tolerance has implications in
other settings of immune tolerance, including pregnancy and can-
cer, and supports its therapeutic activation in the setting of heart
transplantation to promote long-term survival in humans.

Methods (Extended Methods in SI Appendix)

Mice. Mice with myeloid-specific overexpression of HIF-2a were
generously provided by Yatrik Shah [University of Michigan, Ann
Arbor, MI; (81)].

Heterotopic Heart Transplantation. Mice of B6 background were
subjected to full MHC-mismatch abdominal heart transplantation
as previously described (82, 83) in collaboration with Northwestern’s
Microsurgery and Preclinical Research Core.

Transplantation Tolerance Induction. For tolerance induction,
mice received intravenous infusions of anti-CD40L antibody (500
pg per mouse) and donor BALB/c splenocytes (2 x 107 cells)
on day O prior to transplantation, followed by intraperitoneal
injections of anti-CD40L (500 pg per mouse) on days 7 and
14 posttransplantation as previously described (84, 85). For
experiments assessing the effect of roxadustat on allograft survival,
mice received intraperitoneal injections of anti-CD40L antibody
(250 pg per mouse) on days -7 and 0 for allograft rejection
between days 20 and 40 posttransplantation (36).

Data, Materials, and Software Availability. Mouse transcriptomics data are
accessible at NCBI GEO (GSE262851) (86). All other data are included in the
manuscript or S/ Appendix.
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