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Blocking CCL8-CCR8-Mediated Early Allograft
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ABSTRACT

Background In kidney transplantation, early allograft inflammation impairs long-term allograft function.
However, precise mediators of early kidney allograft inflammation are unclear, making it challenging to
design therapeutic interventions.

Methods We used an allogeneic murine kidney transplant model in which CD45.2 BALB/c kidneys were
transplanted to CD45.1 C57BL/6 recipients.

Results Donor kidney resident macrophages within the allograft expanded rapidly in the first 3 days. Dur-
ing this period, they were also induced to express a high level of Ccl8, which, in turn, promoted recipient
monocyte graft infiltration, their differentiation to resident macrophages, and subsequent expression of
Ccl8. Enhanced graft infiltration of recipient CCR8™ T cells followed, including CD4, CD8, and v5 T cells.
Consequently, blocking CCL8-CCR8 or depleting donor kidney resident macrophages significantly inhibits
early allograft immune cell infiltration and promotes superior short-term allograft function.

Conclusions Targeting the CCL8-CCR8 axis is a promising measure to reduce early kidney allograft

inflammation.

JASN 33: 1876-1890, 2022. doi: https://doi.org/10.1681/ASN.2022020139

Kidney implantation elicits an intense immediate
inflammation. Among these inflammatory fac-
tors, ischemia reperfusion injury (IRI)" is a uni-
versal early factor, and a known risk factor for
delayed graft function (DGF). DGF not only
increases immediate post-transplant complica-
tions,” but also compromises long-term kidney
allograft function.>* Further fueling this inflam-
mation is innate allorecognition between donor
and recipient immune cells.”® At the center of
both processes is donor kidney resident macro-
phages, which have recently emerged as an impor-
tant player in native kidney diseases.”® However,
their role in kidney transplant remains poorly
understood.

Among macrophage-produced factors, the cys-
cys (C-C) motif chemokine ligand 8 (CCLS8; also
known as MCP2) is implicated in various inflam-
matory processes.9"11 In bone marrow transplanta-
tion, circulating CCL8 levels positively correlate
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with severity of graft-versus-host disease.'” In solid
organ transplantation, however, the role of CCL8 is
less clear. In one study of murine heart and islet
transplantation, CCL8’s expression was upregulated
during acute rejection.'” In another study of human
kidney transplantation, several CCL8 receptors were
upregulated in both postperfusion and acutely
rejecting kidney biopsy specimens.'*

In this study, we show that donor kidney resi-
dent macrophages prominently express Ccl8 after
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allogeneic kidney transplantation. This, in turn, promotes
recipient macrophage infiltration and expression of Ccl8,
prompting subsequent allograft infiltration of CCR8-
expressing T cells. Consequently, intercepting the CCLS8-
CCRS8 axis or depleting donor kidney resident macrophages
effectively reduces early allograft inflammation and imp-
roves short-term allograft function.

METHODS

Mice

Male 10- to 12-week-old C57BL/6] (CD45.1" or CD45.2")
mice were purchased from the Jackson Laboratory. BALB/c
mice were bred and housed in the Division of Laboratory
Animal Resources facility at Duke University. All proce-
dures were approved by Duke Institutional Animal Care
and Use Committee.

Kidney Transplantation

Kidneys from CD45.2 BALB/c (allogeneic) or CD45.2 B6
(syngeneic) mice were transplanted into bilaterally nephrec-
tomized CD45.1 B6 recipients as we previously published."

Depletion of Donor Kidney Resident Macrophages

We treated BALB/c or B6 donors daily with clodronate lip-
osomes (200 ul, intravenously; Encapsula NanoSciences)
for 7 days and then rested them for a week before using
their kidneys for transplantation. We treated control mice
similarly using PBS liposomes. FACS and immunofluores-
cence staining confirmed depletion of kidney resident
macrophages.

Anti-CCL8 and Anti-CCR8 Antibody Treatments

Mice were treated with anti-CCL8 mAb (A16070K; 50 ug
per intraperitoneal injection; BioLegend), anti-CCR8 mAb
(SA214G2; 100 g per intraperitoneal injection; BioLe-
gend), or rat IgG2bk (TRK4530; 50 or 100 ug per intrave-
nous injection; BioLegend). For short-term experiments,
recipients were treated daily from day —1 to +2. For
longer-term experiments, recipients were treated daily from
day —1 to +7, and then every other day until the end
point. Day 0 was the day of kidney transplantation.

Kidney Allograft Single-Cell Ccl8 and Ccr8 Expression
We used kidneys allografts from untreated B6 recipients on
day 15 post-transplantation for gene expression analysis of
Ccl8 and Ccr8 at the single-cell level. We obtained single-
cell RNA transcriptomics data as previously described.'®
The Seurat FeaturePlot plotting function generated the
Ccl8 and Ccr8 Uniform Manifold Approximation and
Projections.
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Significance Statement

In a mouse allograft model, the CCL8-CCR8 axis mediated early
kidney inflammation through donor kidney resident macro-
phages. The revealed therapeutic targets could expand the
transplantable donor kidney pool and promote kidney allograft
longevity.

Flow Cytometry
At predetermined time points, animals were euthanized, and
explanted kidney grafts were perfused with cold PBS and
digested with collagenase IV (2 mg/ml for 45 minutes at 37°C;
Worthington). Cells were stained with fluorochrome-
conjugated antibodies for 45 minutes at 4°C. For intracellular
staining, we first stimulated cells with PMA, ionomycin, and
brefeldin A (Invitrogen) for 5-6 hours before surface staining.
After surface staining, cells were fixed, permeabilized (Cytofix/
Cytoperm buffers; BD), and stained for intracellular targets
using specific fluorochrome-conjugated antibodies at room
temperature for 1 hour. Cells were acquired on a BD Fortessa
and analyzed using FlowJo version 10.8.1 (Tree Star LLC). We
used the following antibodies: CD45-BUV395 (30-F11),
CD45.1-BV605 (A20), CD45.2-PECy7 (104), CD11b-BUV805
(M1/70), CD11c-FITC (N418), F4/80-APC-Cy7 (BMS),
CCR2-BV650 (475301), CCRS-PE (SA214G2), CX3CRI-
BV785 (SA011F11), Ly6C-eFluor450 (HK1.6), MHC-II-
APC (M5/114.15.2), CD3-PECy5 (145-2Cl11), CD4-BV650
(K129.19), CD8-Pacific Blue (53-6.7), y6TCR-BV605 (GL3),
CD45.1-APC  (A20), CD90.1-FITC (OX-7), TCRvfB13-
BUV395 (MRI12-3), IL-17-PerCP-Cy5.5 (eBiol7B7), and
Ki67-PE (B56) (from eBioscience, BD Bioscience, Tonbo Bio-
sciences, or BioLegend). For CCLS8 intracellular staining, puri-
fied anti-mouse CCL8 (A16070K; BioLegend) and isotype
antibodies (TRK4530; BioLegend) were first conjugated with
FITC using the Pierce FITC Antibody Labeling Kit (Thermo
Fisher). We first treated cells with purified anti-mouse CD16/
CD32 (2.4G2; Tonbo Biosciences) before staining with anti-
CCL8. We excluded dead cells using Aqua LIVE/DEAD dye
(Molecular Probes).

We used FACS analysis to enumerate the absolute count
of a specific cell population per kidney allograft using the
following formula:

Absolute count of aspecific cell population per kidney allograft
_ total number of a cell type by FACS
total number of events acquired by FACS

total lisby h tomet,
0 ? numbe'rofce sby emoc'y om? er o total kidney weight
weight of kidney used for cell isolation

Immunofluorescence Staining and Histopathology

To confirm kidney resident macrophage depletion by clodro-
nate liposomes, frozen kidney sections from treated mice were
stained using rat anti-mouse F4/80 (1:100 dilution; A3-1,
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BioRad) overnight at 4°C. Goat anti-rat antibody conjugated
with DyLight488 (at 1:500) was used as secondary antibody
for 1 hour (Novus Biologicals). Sections were mounted using
medium containing 4’,6-diamidino-2-phenylindole (Vector
Laboratories) and imaged using a Zeiss Axio fluorescence
microscope. For histopathologic evaluation of kidney allog-
rafts, we deparaffinized and rehydrated 5-um-thick paraffin
sections and then stained with Periodic acid-Schift (Sigma-
Aldrich) and Sirius Red for morphology and fibrosis, respec-
tively. I.H. evaluated sections stained with Periodic acid-Schiff
for characteristics of allograft rejection (glomerulitis, tubulitis,
peritubular capillaritis, and intimal arteritis). L.H. scored the
severity of rejection features from zero (none), one (minimal),
two (mild), three (moderate), to four (severe). Images were
captured using a Nikon Elipse E200 microscope. Kidney fibro-
sis was quantified by Sirius Red-stained areas using National
Institutes of Health (NIH) Image] software.

Kidney Function Assay

We assessed transplanted kidney allograft function by mea-
suring serum creatinine and BUN levels using kits from
Alfa Wassermann, Inc. (West Caldwell, NJ), per the manu-
facturer’s protocols.

RNA Extraction and Semiquantitative PCR

RNA was extracted from whole-kidney tissue using Trizol
Reagent (Invitrogen), followed by ¢cDNA preparation using
High-Capacity RNA-to-cDNA kit (Applied Biosystems).
Semiquantitative real-time PCR (ABI Prism 7500) was per-
formed in triplicate using TagMan master mix. We used the
following TagMan primers/probes: Ccl8 (Mm01297183_m1),
Ccl2 (Mm00441242_m1l), Il17a (Mm00439618_ml), Tnfa
(Mm00443258_m1), Gzmb (Mm00442837_ml), Ifng (Mm
01168134_m1), and Lcn2 (MmO01324470_m1). We used the
AACt method to determine RNA expression, with Gapdh
(Mm99999915_g1) serving as the internal control. Gene
expression was normalized according to expression in naive
kidney samples.

Induction and Measurements of CCL8 in Kidney
Macrophages

Single-cell suspensions from BALB/c kidneys were prepared as
described above. Kidney macrophages were sorted using Easy-
Sep Mouse Biotin Positive Selection Kit II and anti-mouse F4/
80 biotin-labeled antibody (StemCell Technologies). Sorted
cells were seeded in flat-bottomed 96-wells plates and stimu-
lated using mouse recombinant IFN-y (50 U/ml) for 48 hours.
We determined CCL8 protein levels in culture supernatants
using the Mouse MCP2 ELISA Kit (Abcam).

Alloantigen-Specific CD4 T Cell Proliferation by Donor
Kidney Resident Macrophage Stimulation

We used transgenic 4C CD4 T cells were used to determine
alloantigen-specific T cell response. Transgenic 4C CD4 T cells
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from B6 mice recognize I-A? expressed on BALB/c cells, thus
using the direct allorecognition pathway.'” We sorted 4C
transgenic cells using the CD4 T cell isolation kit (StemCell
Technologies), labeled the cells using the cell-proliferation dye
eFluor450 (eBioscience), and cocultured them with sorted
BALB/c kidney macrophages. In some experiments, macro-
phages were first treated with mouse recombinant IFN-vy
(50 U/ml) for 48 hours before coculturing with 4C CD4 T
cells. In additional experiments, at the end of IFN-vy stimula-
tion, culture medium was replaced with control Ig (CT-Ig)-
or anti-CCL8-containing medium (20 ug/ml CT-Ig or
anti-CCL8) for another 24 hours before adding sorted 4C
CD4 T cells for coculturing. On day 7 of cocultures, cells were
harvested; stained for CD3, CD4, CD90.1, and TCRv13; and
analyzed by FACS for eFluor450 dilution.

Donor-Specific Antibody Measurement

Donor-specific antibodies (DSAs) were measured in B6 recipi-
ents as described." Briefly, serum samples were incubated with
BALB/c splenocytes for 1 hour on ice. Cells were then washed
and stained with FITC-conjugated anti-IgGl, anti-IgG2b, and
anti-IgG2c (BD). Sera from naive B6 mice without kidney trans-
plantation were used as the negative control. DSA levels were
represented as mean fluorescence intensity of the FITC channel.

Statistical Analysis

Data were presented as mean=*SD. Statistical analysis was
performed in GraphPad Prism 7.04 (GraphPad Inc.). Data
were analyzed using the ¢ test. P=<0.05 was considered
significant.

RESULTS

Macrophages in Kidney Allografts Show Prominent
Ccl8 Expression

A diverse range of chemokines in transplant allografts have
been shown to underlie allograft rejection'* and are effective
targets to attenuate rejection.'® Using an unbiased approach
of single-cell transcriptomics (Figure 1A) in a mouse model
of allogeneic kidney transplantation, we previously identified
Ccl8 as a top differentially expressed gene by macrophages
in rejecting kidney allografts.'® Ccl8 expression in untrans-
planted donor kidneys was negligible (Figure 1B), but
became conspicuously expressed on day 15 post-transplanta-
tion in the kidney allograft, with the most prominent expres-
sion in macrophage clusters (clusters 4 and 18). Scattered
expression was also observed in other cell clusters, albeit at
much lower levels (Supplemental Figure 1).

Distinct Kinetics of Donor versus Recipient
Macrophages in Kidney Allografts

Transplanted kidneys initially contain donor “passenger-
leukocytes,” including donor kidney resident macrophages,
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Figure 1. Single-cell transcriptomic analysis of untransplanted (naive) and transplanted kidney allografts reveals distinct cell
clusters and expression of Ccl8 at a single-cell level. (A) A composite Uniform Manifold Approximation and Projection (UMAP)
from both untransplanted and transplanted kidneys showing 25 various unique kidney and immune cell clusters (n=2 mice per
groups; four kidneys total in aggregate). A total of 17,986 cells (8552 cells from untransplanted and 9434 cells from transplanted kid-
neys) are represented in the UMAP. (B) Two separate UMAPs representing the expression of Ccl8 by various cell clusters in untrans-
planted kidneys versus transplanted kidney allografts on day 15 post-transplant (post-Tx). B-lymph, B lymphocyte; CD, collecting
duct; cDC, conventional dendritic cells; DCT, distal convoluted tubule; EC, endothelial cell; LOH, Loop of Henle; Macro, macro-
phage; Mast/Baso, mast cell/basophil; Mono, monocyte; Neutro, neutrophil; NK, natural killer; pDC, plasmacytoid dendritic cells;

PT, proximal tubule; T-lymph, T lymphocyte.

which are later replaced by recipient immune cells entering via
circulation. We first determined the kinetics of donor versus
recipient macrophage numbers after kidney transplantation.
Steady state adult kidneys contain resident macrophages
derived either from the yolk sac during organogenesis or from
bone marrow later on."” Consistent with previous studies,”* >
we identified two macrophage populations in naive donor
(BALB/c) kidneys: (I) CD11b"F4/80™'CD11c* cells, repre-
senting yolk sac—derived macrophages (Supplemental Figure
2A, red); and (2) CD11b*F4/80"°CD11c™ cells, representing
bone marrow-derived macrophages (Supplemental Figure 2A,
green). As shown in Supplemental Figure 2, B and C, only
yolk sac-derived macrophages expressed MHC-II. Conversely,
only bone marrow—derived macrophages expressed CCR2

JASN 33: 1876-1890, 2022

and Ly6C. Both macrophages expressed CX;CR1. We also
observed a third myeloid cell population with a typical den-
dritic cell phenotype of CD11b*F4/80 CD11c""MHC-IT"
(Supplemental Figure 24, blue). Of note, B6 kidneys harbored
the same macrophage populations (data not shown).

To differentiate donor from recipient macrophages, we
transplanted CD45.2 BALB/c kidneys into CD45.1 B6 recipi-
ents. As shown in Figure 2A, immediately after transplanta-
tion, the majority of persisting donor CD45.2"CD11b™" cells
in the kidney allograft were yolk sac-derived F4/80™
CD11¢"MHC-IT" cells. Surprisingly, enumeration of these
macrophages revealed they expanded in the first few days after
transplantation, peaking in numbers on days 2-3. This was
followed by their rapid decline and eventual disappearance by
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day 15 (Figure 2A, line graph). Supporting the proliferation of
these macrophages, their Ki67 staining was positive on day 3
(Figure 2B). The possibility of the macrophages migrating to
secondary lymphoid organs was excluded by their absence in
recipient spleen or lymph nodes during the same period (data
not shown). Therefore, it appears that donor macrophages
were eliminated in situ in transplanted kidneys, likely by recip-
ient alloimmunity. This notion is further supported by data
from syngeneic kidney transplantation, where donor kidney
resident macrophages were readily detectable on day 15
(Supplemental Figure 3).

We next investigated the kinetics of recipient (CD45.1)
macrophage infiltration. As shown in Figure 2C, we found
that recipient CD45.1"CD11b" cells began to infiltrate the

kidney allograft as early as 12 hours post-transplantation.
These cells initially did not express F4/80, suggesting they
entered as circulating monocytes. In the ensuing days, they
gradually upregulated F4/80 expression, which peaked on
days 5-8 (Supplemental Figure 4). These F4/80™" cells also
expressed a high level of MHC-II, suggesting their differen-
tiation into a kidney resident macrophage phenotype.”> In
addition to their phenotypic evolution, we observed a steep
increase in their number between day 2 and 3, reaching the
peak around day 5 (Figure 2C, line graph).

Collectively, these data suggest that, in unmanipulated
transplant recipients, (I) kidney allograft harbors unique
donor F4/80"™'CD11c"MHC-IT" macrophages that initially
proliferate, but rapidly decline and are eventually eliminated

A Gated on CD45.2*CD11b* donor myeloid cells

Cells/graft

T T T T T T hd
12h D1 D2 D3 D5 D8 D15
Post-transplant

tSNE plot: total CD45.2* donor cells on day 3 post-transplantation
CD11b* F4/80* Ki67+

1.5x107
1x107
5x10°
4x10*
2><10‘:[ e/e/‘a/
0

T T T T T T T
12h D1 D2 D3 D5 D8 D15
Post-transplant

Cells/graft

MHC Il

Figure 2. Donor and recipient kidney macrophage numbers show kinetic changes post-transplantation. (A) Representative
FACS plots demonstrating the kinetics of donor kidney resident macrophages (F4/80™"'MHC-II"") at indicated time points post-
transplantation. Cells were gated on total live CD45.2"CD11b" donor myeloid cells. The line graph on the right depicts the average
absolute number of donor kidney resident macrophages present in the allograft at indicated time points (n=2-5 per time point).
Data are presented as mean=*SD. *P<<0.05, calculated using unpaired t test by comparing with the absolute numbers of kidney resi-
dent macrophages in three age-matched untransplanted BALB/c kidneys at each time point. (B) T-distributed stochastic neighbor
embedding (tSNE) plots of CD11b", F4/80", and Ki76" of all donor (CD45.2%) cells in kidney allografts on day 3 post-
transplantation. Cells were gated on total live CD45.2" donor cells. Donor CD11b™ myeloid cells are outlined by the dashed line in
the left tSNE plot. Their expression of F4/80 and Ki67 are outlined by the same dashed line in the next two tSNE plots. (C) Represen-
tative FACS plots demonstrating the kinetics of recipient graft-infiltrating myeloid cells at indicated time points post-transplantation.
Cells were gated on total live CD45.1*CD11b™ recipient myeloid cells. The kinetics of recipient F4/80*MHC-II" macrophage differ-
entiation in the kidney allografts is shown by the progressive increase of the percentage of F4/80"MHC-II* cells within this gate
over time. The line graph on the right depicts the average absolute number of recipient F4/80"MHC-II* kidney macrophages pre-
sent in the allograft at indicated time points (n=2-5 per time point). Data are presented as mean=*SD. D, day.
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Figure 3. Donor and recipient kidney macrophages show a kinetic expression of CCL8 post-transplantation. (A) CCL8 expres-
sion on donor kidney resident macrophages (F4/80"'MHC-II"" cells) from naive untransplanted kidneys. (B) CCL8 expression on
donor or recipient kidney macrophages 7 days post-transplantation. The left FACS plot shows intragraft donor (CD45.2") versus
recipient (CD45.1%) CD11b™ cells on day 7 post-transplantation. The middle FACS plots show the expression of F4/80 and MHC-II
on CD45.2"* donor (upper plot) and CD45.17 recipient (lower plot) myeloid cells. The right histograms show the expression of CCL8
by donor (upper histogram) and recipient (lower histogram) F4/80"MHC-II" macrophages. (C) Quantification of CCL8 expression by
donor or recipient kidney macrophages on the indicated days post-transplantation. Mean fluorescence intensity (MFI) of CCL8 by
FACS normalized over isotype control was used for CCL8 quantification. n=2-3 per time point. Data are presented as mean=SD.
*P=0.05, calculated using unpaired t test.

by day 15; and (2) recipient macrophages promptly infiltrate
and differentiate in the kidney allograft, and by day 15 are
the only macrophages in the allograft.

CCL8 Expression in Both Donor and Recipient Kidney
Macrophages Is Induced by Allogeneic Transplantation
Next, we examined CCL8 expression in both donor and
recipient kidney macrophages. At baseline, kidney resident

JASN 33: 1876-1890, 2022

F4/80"'MHC-II" macrophages in untransplanted donor
kidneys did not express CCL8 (Figure 3A). In contrast, by
day 7 post-transplantation, CCL8 was readily detectable in
both donor and recipient F4/80"'MHC-II" macrophages
(Figure 3B). Ccl8 expression was also evident at earlier time
points (day 1 and 3), following a pattern of gradual incre-
ase post-transplantation. Interestingly, at each time point,
CCL8 expression was consistently higher in donor than in
recipient macrophages (Figure 3C).
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Figure 4. Blocking of CCL8-CCR8 axis alters graft-infiltrating immune cell number and functionality. (A) Representative histo-
grams showing CCR8 expression by graft-infiltrating recipient (CD45.1") CD11b* myeloid cells, CD4 and CD8 cells, and 8 T cells
on day 3 post-transplantation. (B) Treatment schemes of anti-CCL8 or anti-CCR8 mAb relative to allogeneic kidney transplantation.
(C) Scatterplots showing the absolute number of graft-infiltrating recipient CD4 and CD8 T cells in the indicated groups on day 3
post-transplantation. n=3-4 per group. (D) Representative FACS plots demonstrating IL-17 expression by graft-infiltrating y8 T cells
in the indicated groups on day 3 post-transplantation. Scatterplot showing the absolute number of intragraft IL-177 y8 T cells in the
indicated groups on day 3 post-transplantation. n=3-4 per group. (E) Scatterplot showing the absolute number of graft-infiltrating
recipient CD11b™ cells in the indicated groups on day 3 post-transplantation. n=3-4 per group. Data are presented as mean=SD.

*P=0.05, calculated using unpaired t test.

Blocking the CCL8-CCR8 Axis Significantly Inhibits
Early Allograft Inflammation and Improves Short-Term
Kidney Function

In mice, CCR8 is a receptor for CCL8. This is distinct from
human CCL8, which binds to CCR2.2* We first investigated
CCR8 expression on various graft-infiltrating cells. As shown
in Figure 4A, on day 3, CCR8 expression was readily detect-
able on intragraft CD4, CD8, and yd T cells. It was also
expressed on intragraft CD11b" cells. Single-cell transcrip-
tomics of mouse kidney allografts on day 15 confirmed Ccr8
expression by T cell clusters (Supplemental Figure 5), although
expression by CD11b™ cells at that point was negative. These
data suggest Ccr8 expression by CD11b™ cells is an early (e.g.,
day 3) event, which subsided later (e.g., day 15).
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Chemotaxis of CCR8" cells may respond to intragraft
CCL8. Therefore, we predicted that blocking CCL8-CCR8
would inhibit such chemotaxis. We tested this hypothesis
by treating transplant recipients with either anti-CCL8 or
anti-CCR8 mAb and comparing them with CT-Ig-treated
recipients. Figure 4B shows the treatment regimens. Inter-
estingly, both anti-CCL8 and anti-CCR8 treatment signifi-
cantly reduced graft-infiltrating CD4 and CD8 T cells
(Figure 4C). Moreover, anti-CCR8 also drastically reduced
graft-infiltrating y8 T cells, particularly those expressing
IL-17 (Figure 4D). A similar effect on y8 T cells was also
observed with anti-CCL8 (data not shown). Our data sug-
gest anti-CCR8 may be more efficacious than anti-CCL8
in blocking T cell infiltration. This could be explained by
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Figure 5. CCL8 blockade improves short-term kidney transplant outcome. (A) Anti-CCL8 mAb treatment scheme. Recipients
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from day +9 to +27. Recipients were examined on day 28. (B) Scatterplots showing serum creatinine levels on day 28 post-
transplantation. (C) Representative photomicrographs showing Sirius Red staining of kidney allografts from indicated groups. Scatterplot
demonstrating quantification of allograft fibrosis determined by ImageJ as percent of Sirius Red—positive areas. (D) Total graft-infiltrating
CD8 T cells on day 28 (D28) post-transplantation. n=4-9 per group. Data are presented as mean=SD. *P=0.05, calculated using

unpaired t test. Ab, antibody.

anti-CCR8 directly blocking the cell-surface receptor,
whereas anti-CCL8 only indirectly blocks the axis by neutral-
izing the circulating ligand. In addition, anti-CCL8 treatment
resulted in a trend of reduced intragraft infiltration of recipi-
ent CD11b" cells on day 3 (Figure 4E). CCR8 blockade, on
the other hand, did not reduce recipient CD11b" cell infil-
tration, implicating an additional CCR8-independent chemo-
taxis pathway(s) used by these cells. Collectively, these data
suggest the CCL8-CCR8 axis plays an important role in
recipient T and myeloid cell graft infiltration early post-
transplantation.

We next hypothesized that attenuation of recipient T cell
infiltration by anti-CCL8 would promote superior early kidney
allograft function. To test this hypothesis, B6 recipients were
transplanted with BALB/c kidneys and treated with anti-CCL8
until day 27 (Figure 5A) before euthanasia on day 28. Serum
creatinine was serially measured. Consistently lower serum
creatinine levels were seen in anti-CCL8-treated recipients
on days 3, 14, and 28 post-transplantation (Figure 5B,
Supplemental Figure 6). We also observed a significant reduc-
tion in allograft fibrosis by Sirius Red staining (Figure 5C),
along with a significant reduction of total intragraft CD8 T
cells (Figure 5D) on day 28. Comparing data from Figure 4C
(day 3) and Figure 5D (day 28), the more significant effect of
CCL8-CCRS8 blockade on T cell infiltration at an earlier time
point suggests this axis likely plays a more prominent role
early post-transplantation.

To determine whether the elimination of donor kidney
resident macrophages observed in Figure 2A was also due to
recipient alloimmunity, we next examined if anti-CCL8
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treatment, by reducing graft T cell infiltration, also permit-
ted longer persistence of these cells. B6 recipients were
treated with daily anti-CCL8 or CT-Ig until euthanasia. As
shown in Supplemental Figure 7, recipients treated with
anti-CCL8 indeed harbored approximately 11-fold more
donor kidney resident macrophages in the allograft on day 5
post-transplantation.

Donor Kidney Resident Macrophages Are a Key
Determinant of Intragraft CCL8 Production

Because CCL8 production by donor macrophages preceded
that by recipient macrophages, we hypothesized that donor
kidney resident macrophages were the key instigator in
orchestrating intragraft CCL8 production. If so, depleting
donor kidney resident macrophages before kidney trans-
plantation would greatly reduce intragraft CCL8 production
and ensuing inflammation.

To test this hypothesis, we depleted donor kidney resi-
dent macrophages using a well-established protocol using
clodronate liposome.*”> As shown in Supplemental Figure 8,
A and B, daily intravenous injections of clodronate
liposomes in BALB/c mice (“Clodro” group) for a week
effectively depleted F4/80"'MHC-II" kidney resident mac-
rophages (“day 8” plot), which remained depleted for at least
a week (“day 14”7 plot). Immunofluorescence staining for
F4/80 further confirmed a thorough depletion of this popu-
lation in the kidneys (Supplemental Figure 8C). Control,
nondepleted (“CT” group) BALB/c kidneys were from PBS-
liposome treated mice (Figure 6A). As shown in Figure 6B,
Ccl8 expression on day 7 was profoundly reduced in Clodro
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Figure 6. Donor kidney resident macrophages regulate post-transplant intragraft Ccl8 expression. (A) Donor (BALB/c) treatment
groups. In the CT group, BALB/c mice were treated with PBS liposomes before being used as kidney donors for B6 recipients. In the
Clodro group, BALB/c mice were treated with clodronate liposomes before being used as kidney donors for Bé recipients. (B) Recip-
ients in both groups were euthanized on day 7 post-transplantation (Post-Tx) for examination. Comparisons were also made with syn-
geneic kidney transplantation (Syn-Tx) groups in which Bé recipients were transplanted with kidneys from B6 donors treated either
with PBS liposomes (CT) or with clodronate liposomes (Clodro). Scatterplot showing the expression of Ccl8 measured by quantitative
PCR in kidney grafts on day 7 post-transplantation. n=2-5 per group. (C) Expression of Ifng measured by quantitative PCR in kidney
grafts retrieved on days 3 and 7 post-transplantation from allogeneic and syngeneic transplant recipients. n=2-5 per group.
(D) Secretion of CCL8 by kidney macrophages upon in vitro IFN-vy stimulation. CCL8 levels were measured by ELISA in culture super-
natants on indicated days. Data were collected from four independent experiments. For (B-D), data are presented as mean=*SD.

*P=0.05, calculated using unpaired t test. Allo-Tx, allogeneic kidney transplantation.

kidney allografts. Interestingly, such a differential expression
was not seen with Ccl2 (data not shown), another major
monocyte chemoattractant implicated in kidney transplant
rejection.”® Of note, Ccl8 expression remained minimal in
syngeneic transplantation, regardless of pretransplant deple-
tion of kidney resident macrophages (Figure 6B), suggesting
the induced Ccl8 expression is a consequence of allogeneic-
ity, consistent with a previous study reporting detection of
CCLS8 only in allogeneic but not autologous bone marrow
transplantation.'?

We next investigated the potential upstream regulator of
Ccl8 expression relevant to allogeneic transplantation. It
was recently demonstrated that early recognition of allo-
graft as nonself by innate immune cells results in intragraft
IFN-v expression,”” and IFN-vy is a known inducer of Ccl8
in macrophages.’® Therefore, we first determined Ifng
expression in our model. As shown in Figure 6C, a signifi-
cant expression of Ifng in kidney allografts was observed on
day 3, and expression further increased by 1 log on day 7.
In contrast, Ifng expression in isografts was minimal to
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absent (Figure 6C). We next tested if IFN-vy stimulation of
sorted BALB/c kidney macrophages in vitro would induce
their CCL8 production. As shown in Figure 6D, BALB/c
kidney macrophages stimulated with IFN-vy indeed pro-
duced elevated levels of CCL8 in comparison with unstimu-
lated cells. Collectively, these data support that intragraft
production of CCL8 is a consequence of allogeneicity-
induced IFN-vy production.

Next, we investigated if depletion of donor kidney resi-
dent macrophages would prevent early graft immune cell
infiltration. As shown in Figure 7A, the Clodro group had a
significant reduction of graft-infiltrating CD45.1"CD11b™
cells on day 3 in comparison with the CT group. This reduc-
tion persisted to at least day 7, as evidenced by a significant
reduction of graft-infiltrating CD45.1"CD11b"F4/80™
MHC-II" macrophages in the Clodro group (Figure 7B).
Furthermore, there was also a significant reduction in graft-
infiltrating CD4 and CD8 T cells (Figure 7C), along with vy
T cells, including IL-17-expressing yé T cells (Figure 7D).
Il17a transcripts were also reduced in the Clodro group on
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Figure 7. Early host immune cell allograft infiltration differs significantly in CT versus Clodro group recipients. (A) Scatterplot
showing the absolute number of graft-infiltrating recipient CD11b* cells in the indicated groups on day 3 post-transplantation.
n=4-5 per group. (B) Representative FACS plots showing graft-infiltrating recipient CD11b™ cells differentiating to F4/80"MHC™"
macrophages in the indicated groups on day 7 post-transplantation. Scatterplot showing the absolute number of recipient intragraft
F4/80"MHC™ macrophages in the indicated groups. n=7 per group. (C) Scatterplots showing the absolute number of recipient total
CD4 and CD8 T cells in the indicated groups on day 3 post-transplantation. n=4-5 per group. (D) Representative FACS plots show-
ing IL-17% 8 T cells in the indicated groups on day 3 post-transplantation. Cells were gated on CD45.17CD3* T cells. Scatterplots
showing the absolute number of total ¥8 T cells or IL-17" 48 T cells in the indicated groups. n=3 per group. (E) Scatterplot showing
1117a expression measured by quantitative PCR in whole-kidney grafts in the indicated groups on day 7 post-transplantation. n=2-5
per group. Data are presented as mean=SD. *P=0.05, calculated using unpaired t test. Allo-Tx, allogeneic kidney transplantation;
Syn-Tx, syngeneic kidney transplantation.

day 7 (Figure 7E). Collectively, these data show that donor
kidney resident macrophage depletion resulted in a drastic
inhibition of Ccl8 expression in the kidney allograft and a
significant reduction in recipient immune cell graft infiltra-
tion early post-transplantation.

Lastly, we investigated if donor kidney resident macro-
phages could promote allospecific T cell proliferation. Here,
we took advantage of the transgenic 4C CD4 T cells that
directly recognize I-A? expressed on BALB/c cells."” Prolif-
eration dye-labeled 4C T cells were cocultured with sorted
BALB/c kidney macrophages (described in Methods). As
shown in Supplemental Figure 9, unstimulated kidney
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macrophages were unable to stimulate 4C T cell prolifera-
tion. In contrast, prestimulation of kidney macrophages
with IFN-vy rendered these cells capable of stimulating 4C
T cell proliferation. Of note, CCL8 blockade by anti-CCL8
in this system did not block 4C T cell proliferation, sug-
gesting the CCL8-CCRS8 axis is not implicated in donor-
stimulated proliferation.

Depletion of Donor Kidney Resident Macrophages
Improves Short-Term Kidney Allograft Function
Aggressive early kidney allograft infiltration of immune cells
has been associated with poor short- and long-term allograft
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showing the absolute number of graft-infiltrating CD8 T cells in the indicated groups. CD8 T cell numbers were calculated from
FACS analysis of individual kidney allografts. For (A), (B), (D), and (E), n=4 per group. Data are presented as mean+SD. *P=0.05, cal-

culated using unpaired t test.

function.”>* Therefore, we investigated if reduced early graft
infiltration of immune cells by pre-emptive donor kidney resi-
dent macrophage depletion would result in improved kidney
allograft function. As shown in Figure 8A, serum creatinine
and BUN levels were significantly lower in the Clodro group
on day 28 post-transplantation. Expression of the kidney
injury marker Lcn2 (NGAL) was also reduced in this group
(Figure 8B). Histopathologic evaluation revealed significantly
lower scores for intimal arteritis and peritubular capillaritis in
the Clodro group (Figure 8C), together with reduced inflam-
matory markers granzyme B (Gzmb) and TNFa (Tnfa)
(Figure 8D), and reduced CD8 T cell infiltration (Figure 8E).
Notably, we did not observe any difference in anti-donor anti-
bodies between the two groups on day 28 (Supplemental
Figure 10).

Collectively, these data suggest depletion of donor kid-
ney resident macrophages before transplantation signifi-
cantly improves short-term kidney allograft function
associated with a reduction of early inflammation.
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DISCUSSION

Our previous single-cell transcriptomics of mouse kidney
allografts revealed that Ccl8 is prominently expressed by
allograft macrophages.'® This study made a series of novel
observations examining the cellular origin and kinetics of
Ccl8 expression after kidney transplantation, and its role in
mediating early allograft inflammation. We show that
donor kidney resident macrophages initially expand after
transplantation and are the primary source of early CCL8
production. This, in turn, promotes recipient monocyte
infiltration, their differentiation, and production of CCLS.
Through its cognate receptor CCR8, CCL8 promotes recipi-
ent T cell infiltration and allograft inflammation. Conse-
quently, peritransplant blockade of CCL8 or CCRS, or
pretransplant depletion of donor kidney resident macro-
phages, attenuates early graft inflammation and improves
short-term kidney allograft function. These data thus reveal
a previously unrecognized role of CCL8-CCR8 in mediating
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the effects of donor kidney resident macrophages on early
allograft inflammation.

An interesting observation here is that intragraft Ccl8
expression is induced only by allogeneic, but not syngeneic,
kidney transplantation. Mechanistic investigation revealed
that CCL8 production in kidney macrophages can be
induced upon IFN-vy stimulation. Indeed, we observed that
Ifng is expressed in allogeneic, but not syngeneic, kidney
transplantation. These results support the idea that the
observed intragraft CCL8 induction is a consequence of
intragraft IFN-vy production in response to allogeneic kid-
ney transplantation. It was previously shown that expres-
sion of intragraft IFN-y is promoted by recipient innate
immune cells as a result of recognition of allograft non-
self”” via PIR-a-MHC-I and CD47-SIRP-a interactions.™®
Such innate alloimmune recognition may be directly
upstream of IFN-vy induction, or it may be further potenti-
ated by a nonspecific inflammatory milieu precipitated by
IRI and production of the damage-associated molecular
patterns commonly associated with kidney implantation.>
Indeed, kidney resident macrophages respond to IRI by
secreting inflammatory cytokines and chemokines.>® Ongo-
ing studies aim to elucidate specific signaling requirements
for these events to identify potential therapeutic targets.

CCL8, or MCP-2, is a member of the conserved CC che-
mokine family that promotes leukocyte recruitment. In
contrast to CCL2/MCP-1, which has been extensively inves-
tigated in kidney transplantation,”” the role of CCL8 in
transplantation is entirely unknown. CCL8 binds to multi-
ple receptors on leukocytes, including CCR1, CCR2, CCR5,
and CCR8,**** suggesting CCL8 may have the capacity to
recruit a broad range of leukocytes. Interestingly, blockade
of CCR1 and/or CCR5 inhibits graft infiltration of CD4
and CD8 cells and monocyte/macrophages, and prolongs
allograft survival.*>** These studies, however, did not
investigate the role of CCL8 in mediating the effect of
CCR1 and/or CCR5. CCL8 also induces expression of
adhesion molecules*' and enhances endothelial permeabil-
ity,*> both of which can further facilitate T cell migra-
tion.**"* Indeed, we show that blocking CCL8-CCR8
dramatically inhibits graft infiltration of immune cells early
post-transplantation. Notably, T cells under homeostasis do
not express cell surface CCRS8. Instead, the intracellularly
stored CCR8 can be rapidly transported to the cell surface
upon stimulation.** Here, we show that graft-infiltrating
aff and y8 T cells both express surface CCR8, and that
blocking the CCL8-CCR8 axis severely impairs recruitment
of these cells to the kidney allograft. The finding of the
effect of CCL8 on y8 T cell infiltration is unexpected and
not previously reported. It is known that y8 TCR confers
these cells with the ability to respond to antigens in an
MHC-independent manner.*” Coupled with the finding
that the majority of y8 T cells in the allograft also
expressed IL-17, our data suggest the chemotaxis and
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function of these cells are likely also MHC independent.
Collectively, our data provide strong evidence that the
CCL8-CCRS8 axis is an important linchpin between donor
kidney resident macrophages and early immune cell infil-
tration and therefore represents a promising therapeutic
target.

Although the CCL8-CCRS axis is the focus of this study,
it is likely that donor kidney resident macrophages use
additional mechanisms to promote graft inflammation.
Published literature in native kidney diseases demonstrate
these cells efficiently clear small immune complexes, sense
TLR agonists, and recruit monocytes and neutrophils.** On
the other hand, these cells can also stimulate proangiogenic
and reparative pathways.”' Indeed, in allogeneic kidney
transplantation, donor kidney resident macrophages may
persist long after transplantation, and their longevity may
correlate with rejection-free graft survival.** Whether this
indicates an active immune regulatory role of these cells
remains to be determined. Future studies are also needed
to identify the switch between proinflammatory and prore-
parative programs in these cells that can be precisely tar-
geted to benefit allograft outcome.

A clear understanding of the pathways implicated in
donor kidney resident macrophage-mediated early allograft
inflammation will have two immediate clinical implications.
The first is the potential to expand the usage of “marginal
donor” kidneys, particularly those with a prolonged cold
ischemia time (CIT), which are commonly discarded.*
Notably, prolonged CIT promotes aggressive early recipient
macrophage infiltration,” an event that, in our model, could
be effectively attenuated by blocking the CCL8-CCRS8 axis or
by depleting donor kidney resident macrophages. Therefore,
targeting these steps may mitigate the negative effect of CIT
and, consequently, expand our transplantable deceased
donor kidney pool. The second is the potential to reduce
peritransplant inflammation to facilitate transplant toler-
ance.”" All current approaches of transplant tolerance induc-
tion require pre-emptive recipient conditioning for days to
weeks before transplantation to circumvent challenges
brought by peritransplant inflammation.”> Consequently,
these approaches are only feasible for living donor kidney
transplantation. Blocking the CCL8-CCRS8 axis or depleting
donor kidney resident macrophages may sufficiently reduce
peritransplant inflammation so that pre-emptive recipient
conditioning is no longer necessary, and tolerance induction
can be safely delayed to the post-transplant period. If proven
true, this would significantly extend current tolerance
approaches to deceased donor kidney transplantation.

In summary, our study elucidates the role of CCL8-
CCRS8 originating from donor kidney resident macrophages
in early kidney allograft inflammation. Therapeutic targets
revealed by these mechanistic studies will have the potential
to expand the transplantable donor kidney pool and to pro-
mote kidney allograft longevity.
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Supplemental Figure 1. Violin plot depicting Ccl8 expression by various immune and non-
immune cell clusters from rejection kidney allografts. Two macrophage clusters (Macro-1 and
Macro-2) express the most prominent level of Ccl8. Samples were collected on day 15 post

kidney transplantation for single cell RNA sequencing analysis. N=2.



Supplemental Figure 2
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Supplemental Figure 2. ldentification and phenotypic characterization of kidney resident
macrophages. (A) Representative FACS plots demonstrating the gating strategy for various
resident myeloid cells in naive BALB/c kidneys. Kidney resident macrophages of the yolk-sac
origin are identified as F4/80"'CD11c* cells (red). Kidney macrophages of the bone marrow origin
are identified as F4/80-°CD11c" cells (green). Kidney dendritic cells are identified as F4/80
CD11c"" cells (blue). (B) Contour plots showing the three kidney resident myeloid cells
phenotypically compared for expressions of CX3CR1, CCR2, Ly6C, and MHC-II. (C) Dot plots
gated on all CD45*CD11b* cells as in (A), showing various sub-populations phenotypically
compared for expressions of CX3CR1, CCR2, Ly6C, and MHC-Il. Data shown were

representative of at least six naive BALB/c kidneys.



Supplemental Figure 3

B
Syngeneic murine kidney day 15
transplantation Gated on CD11b* cells
Donor Recipients
C57BL/8J C57BLI6J
(CD45.2) (CD45.1)

———>cDas.t

—-> 4

Supplemental Figure 3. Donor kidney-resident and recipient graft-infiltrating macrophages co-
exist in syngeneic kidney transplant grafts on day 15 post-transplantation.
syngeneic kidney transplantation. Kidneys from CD45.2 B6 mice were transplanted into bilaterally
nephrectomized CD45.1 B6 recipients. (B) FACS plot on left shows CD45.2" donor and CD45.1*
recipient myeloid cells on day 15 post-transplantation. FACS plots on the right show F4/80H'MHC-

[I"" macrophages of both donor and recipient origin in the syngeneic kidney grafts. Data were

collected from N=2 mice.
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Supplemental Figure 4. Up-regulation of F4/80 mean fluorescent intensity (MFI) on graft-
infiltrating recipient CD11b* cells post allogeneic kidney transplantation. Kidney allografts were
harvested at the indicated time points and single cell preparations were stained for F4/80 for
FACS analysis. F4/80 expression on total graft-infiltrating recipient CD45.1*CD11b* myeloid cells
was analyzed. The MFI of F4/80 was normalized to that of the isotype control. N=2-5 per time

point.



Supplemental Figure 5
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Supplemental Figure 5. UMAPs of un-transplanted kidneys or transplanted kidneys on day 15
post-transplantation (in allogeneic recipients) showing Ccr8 expression in distinct cell clusters.
Ccr8 was primarily expressed by T cells in transplanted kidneys (circled). The UMAP of un-
transplanted kidneys contained 8,552 cells and the UMAP of transplanted kidneys contained

9,434 cells. N=2 per group.
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Supplemental Figure 6. Recipient serum creatinine levels at various time points post-
transplantation in CT-Ig and anti-CCL8 Ab treated recipients. Bilateral nephrectomized B6 mice
were transplanted with BALB/c kidneys. Recipients were either treated with CT-Ig or anti-CCL8
as shown in Figure 5A. Blood samples were collected on indicated days for serum creatinine
measurements. N=3 for the day 3 time point; N=2-3 for the day 14 time point; N=5-9 for the day

28 time point. *p=<0.05, calculated using unpaired t-test.
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Supplemental Figure 7. Anti-CCL8 treatment permits longer survival of donor kidney resident
macrophages post-transplantation. CD45.1 B6 mice were transplanted with CD45.2 BALB/c
kidneys. Recipients were treated with either control Ig (CT-lg) or anti-CCL8 from day -1 to +4,
and sacrificed on day 5 post-transplantation. Kidney allografts were harvested and cells were
analyzed by FACS. Representative FACS plots on the left show the relative proportion of CD45.1*
recipient and CD45.2* donor myeloid cells in CT-Ig or anti-CCL8 treated recipients. Cells were
gated on total CD11b* myeloid cells. Representative FACS plots on the right confirm the
F4/80"MHCII macrophage phenotype of the gated CD45.2* donor myeloid cells. Scatter plot
shows the absolute number of surviving donor macrophages per kidney allograft in either CT-Ig
or anti-CCL8 treated recipients on day 5 post-transplantation. N=2-3 per group. *p<0.05,

calculated using unpaired t-test.
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Supplemental Figure 8. Depletion of kidney resident macrophages in kidney donors. (A)
Scheme of clodronate-liposome injections in BALB/c donor mice and FACS analysis of kidney
resident myeloid cells on the indicated days. CD45*CD11b* myeloid cells were analyzed to
identify the F4/80"'MHC-II"" kidney resident macrophage sub-population. (B) Scatter plot showing
the absolute number of F4/80"'MHC-II"' macrophages in control PBS (CT) and clodronate
(Clodro) liposome treated mice at the indicated time points. N=3 mice per group per time-point.
(C) Immunofluorescence staining of F4/80 of kidneys from clodronate-liposome treated donor
mice. Frozen sections of kidneys collected on day14 as shown in (A) were used. F4/80-specific
primary and AlexaFluor-488 conjugated secondary antibodies were used to identify kidney

macrophages (green). DAPI was used to stain nuclei (blue).
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Supplemental Figure 9
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Supplemental Figure 9. Alloantigen-specific CD4 T cell proliferation stimulated by donor kidney
resident macrophages. 4C T cells are transgenic CD4 T cells (congenically marked by CD90.1)
on the B6 background that recognize the I-A? alloantigen expressed by BALB/c cells. 4C cells
were labeled with the proliferation dye eF450 and cultured alone or with sorted BALB/c kidney
macrophages. Co-culture conditions were: (1) 4C T cells alone; (2) 4C T cells + un-stimulated
BALB/c kidney macrophages; (3) 4C T cells + IFN-y stimulated (48 hrs) BALB/c kidney
macrophages followed by CT-Ig for 24 hrs; (4) 4C T cells + IFN-y stimulated (48 hrs) BALB/c
kidney macrophages followed by anti-CCL8 for 24 hrs (see Methods for details). On day 7 of co-
cultures, cells were harvested, stained for CD3, CD4, CD90.1, TCR v313* and analyzed by FACS
for eF450 dilution. Representative FACS plots were gated on CD3*CD4*CD90.1" cells showing

proliferation of TCR v313* 4C cells by eF450 dilution in the indicated groups. Bar graph shows
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percentages of proliferating 4C T cells in the indicated groups. Data were presented as

mead+SD. N=2. *p<0.05, calculated using unpaired t-test. NS=Not Significant.
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Supplemental Figure 10
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Supplemental Figure 10. Donor-specific alloantibodies on day 28 post-transplantation. Specific
anti-donor antibodies of three 1gG sub-classes (IgG1, IgG2a and IgG2c) were measured in sera
from “CT” or “Clodro” recipients by flow cytometry. The mean fluorescence intensity (MFI) of each
specific anti-donor antibody subclass in transplant recipients was normalized to those in naive un-

transplanted mice (N=4 per group). Data are presented as meanzSD.
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