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APPLIED SCIENCES AND ENGINEERING

Biomarkers from subcutaneous engineered tissues
predict acute rejection of organ allografts

Russell R. Urie', Aaron Morris', Diana Farris?, Elizabeth Hughes1, Chengchuan Xiao®, Judy Chen**4,
Elizabeth Lombard’, Jiane Fengs, Jun Z. Li®’, Daniel R. Goldstein?*®+, Lonnie D. Shea'"**

Invasive graft biopsies assess the efficacy of immunosuppression through lagging indicators of transplant rejec-
tion. We report on a microporous scaffold implant as a minimally invasive immunological niche to assay rejection
before graft injury. Adoptive transfer of T cells into Rag2~'~ mice with mismatched allografts induced acute cel-
lular allograft rejection (ACAR), with subsequent validation in wild-type animals. Following murine heart or skin
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transplantation, scaffold implants accumulate predominantly innate immune cells. The scaffold enables frequent
biopsy, and gene expression analyses identified biomarkers of ACAR before clinical signs of graft injury. This gene
signature distinguishes ACAR and immunodeficient respiratory infection before injury onset, indicating the spec-
ificity of the biomarkers to differentiate ACAR from other inflammatory insult. Overall, this implantable scaffold
enables remote evaluation of the early risk of rejection, which could potentially be used to reduce the frequency
of routine graft biopsy, reduce toxicities by personalizing immunosuppression, and prolong transplant life.

INTRODUCTION
Solid organ transplant recipients receive life-long immune suppres-
sion that protects grafts from rejection but substantially increases
the risk of opportunistic infection (I), malignancy (2), and renal
impairment (3). This risk of rejection and immunosuppression drug
toxicity is particularly impactful for pediatric or young adult trans-
plant recipients who must undergo decades of immunosuppression
burden (4-6). Physicians typically apply aggressive prophylactic im-
munosuppression in a blanket approach (7) as there are no methods
to determine which allografts will be rejected, and symptoms may
only present late in the progression of graft rejection or injury (8).
An assay to continuously monitor transplant health could enable
precision immunosuppression while maintaining graft acceptance.
Strategies for monitoring graft rejection, including acute cellular al-
lograft rejection (ACAR), are limited (9). Endomyocardial biopsy
(EMB) remains the gold standard for heart transplant (HTx) sur-
veillance and ACAR diagnosis (7, 10, 11). However, biopsy is a se-
vere stressor on HTx recipients (7, 12) and has consequential
sampling error and interobserver variability (13, 14). In addition,
this histological evidence of rejection inherently lags behind mo-
lecular signs of rejection (15) and does not assess parenchymal in-
jury as well as molecular assessment (16). Last, no consensus has
emerged as to the actionable importance of mild rejection identified
through EMB, although it may cause persistent injury after the re-
jection is treated or subsides (3, 13, 17).

The limitations of graft biopsy have motivated the development
of alternative diagnostic assays to surveil graft health. Imaging
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techniques, including advances in echocardiography, can monitor
cardiac graft function (7), but graft dysfunction is a late indicator of
ACAR (18). The alternative to analyzing the graft itself is to analyze
the activity of systemic immune responses for indications of graft
injury. Cell-free donor-derived DNA assays, such as the Allosure
test, assess graft cell death (8, 19, 20) but lack positive predictive
power for allograft rejection while also only being approved for use
several months posttransplantation (21). Gene expression profiling
of blood (e.g., the Allomap test) is being applied as an assay for T cell
proliferation, yet this strategy also lacks positive predictive power
for allograft rejection (22-24). In general, these HTx surveillance
modalities are limited to late indicators of tissue injury and dysfunc-
tion which cannot predict the onset of rejection. More recently, an
emerging technology to assess immune function involves a micro-
porous scaffold that is implanted as an immunological niche (25),
which captures tissue phenotypic immune responses, unlike liquid
biopsy, to facilitate early disease detection (26). When implanted
subcutaneously, these scaffolds become vascularized and offer a dis-
tinct immunological niche for circulating immune cells that exhibit
tissue specific phenotypes upon extravasation (25). The scaffold im-
plants can be biopsied more easily than the transplanted organ and
have been reported to recapitulate immune aspects of disease pro-
gression in murine metastatic cancer and multiple sclerosis (27-29).

In this work, we investigated the potential of analyzing gene ex-
pression from the implanted scaffolds to predict allograft rejection.
Scaffolds were implanted subcutaneously in murine skin transplant
(STx) and heterotopic HTx recipients (30, 31). We performed initial
studies in mice deficient in mature T cells and induced ACAR by
adoptive T cell transfer, which enabled a focus on alloimmune in-
jury responses and reduced immune modifications from ischemia-
reperfusion injury (IRI) and wound healing dynamics. We biopsied
scaffolds at various stages of ACAR to determine captured immune
cell populations. RNA sequencing (RNA-seq) of the scaffold biop-
sies revealed pathway and gene differentiators between syngeneic
graft recipients, allogeneic recipients with ACAR before graft injury
onset, and recipients with ACAR during graft injury. In addition, we
assessed the capacity of these scaffold-derived gene biomarkers to
predict the onset of graft injury in ACAR and distinguish ACAR
from an alternative inflammatory insult in immunodepleted mice,
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such as respiratory infection. Last, we validated the predictive ca-
pacity of these scaffold-derived biomarkers in wild-type mice with
ACAR following immune suppression. A minimally invasive implant
that forecasts ACAR by capturing immune responses that precede
graft injury could ultimately enable personalized immunosuppres-
sion to minimize rejection episodes and susceptibility to iatrogenic
toxicities.

RESULTS

Scaffold implants capture innate and adaptive immune cells
without accelerating rejection

We performed initial studies with the scaffold implant as an allograft
immunological niche in full major histocompatibility mismatch STx
(Fig. 1, A and B). Rag2™’~ immunodeficient mice, on a C57BL/6
background, received tail skin grafts onto the dorsum as allogenic
grafts (BALB/c onto Rag2™'") or syngeneic grafts (C57BL/6 onto
Rag2™'"). Grafts healed over 28 days, with three to four polycapro-
lactone (PCL) scaffolds implanted subcutaneously after 14 days. At
14 days postscaffold implantation, we adoptively transferred 1 x 10’
T cells from naive C57BL/6 (B6) donors to initiate ACAR (Fig. 1, C

and D, and fig. S1). For allograft recipients, ACAR developed over
approximately 13 days, with graft injury (i.e., wound formation)
visible beginning at day 9 or 10 following T cell transfer and complete
graft wounding observed on day 13 post-T cell transfer (Fig. 1, C and
D). We considered day 7 a pre-injury time point for ACAR. Implanted
subcutaneous scaffolds and their longitudinal explants after adop-
tive T cell transfer did not alter the tempo of ACAR in allograft re-
cipients (Fig. 1D). Syngeneic grafts integrated well with the host and
did not show signs of rejection following T cell transfer. Histological
analysis of retrieved implants indicated cell infiltration and vascu-
larization throughout the scaffold (Fig. 1, E and F).

We subsequently recovered cells from the scaffold, skin grafts,
and blood, which were isolated before T cell transfer and at days 4,
7,10, and 13 after transfer, for assessment of leukocyte populations
(Fig. 1, G to J, and fig. S2). Before visual evidence of graft injury
(before day 10), scaffolds captured an approximately threefold great-
er proportion of leukocytes compared to the blood and in the graft
prior (Fig. 1G). Skin allografts at days 10 and 13 had an influx of
CD45% cells (Fig. 1G) that corresponded with the onset of visible
ACAR graft injury (Fig. 1, C and D). This influx was absent in syn-
geneic graft recipients. These results identify day 7 and earlier as
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Fig. 1. Scaffold implants capture predominantly innate immune cell populations during acute skin allograft rejection. (A) Schematic representation of the im-

munological niche scaffolds as a bridge between the local immune responses in the
etic tissues. (B) Schematic representation of scaffold implants applied to monitor
(C) Representative images of skin grafts on dorsum of C57BL/6 recipients, with N=6

allograft and the systemic immune responses present in the blood and hematopoi-
acute cellular rejection of murine STx after adoptive transfer of syngeneic T cells.
independent graft recipients as biological replicates per group. Top row: BALB/c tail

skin grafts on C57BL/6 Rag2™~ recipients (Allo STx). Arrow indicates early signs of rejection at graft on day 9 following adoptive T cell transfer. Bottom row: C57BL/6 tail
skin grafts on C57BL/6 Rag2™'~ recipients (Syn STx). Each graft is approximately 8 mm in diameter. Scale bars, 4 mm. (D) Skin grafts scored following adoptive T cell trans-
fer by severity of rejection. Mean + SEM; N = 6 independent graft recipients per group. Plot of allograft recipients with scaffold implants colored according to stage of

allograft rejection. (E) Cross-sectional images of scaffold explant from an allogeneic
Images representative of scaffolds from N = 3 independent mice. Scale bar, 1 mm. (F)
cells found in the scaffold implant (left), the skin graft (center), and the blood (right) b

STx recipient before T cell transfer (day 0), stained by hematoxylin and eosin (H&E).
Insert at 20 magnification. Scale bar, 250 pm. (G) CD45™ cells as a fraction of all live
efore and at various time points after adoptive T cell transfer; mean + SEM with N =4

independent graft recipients per group. (H to J) Proportions of immune cell types in allogeneic and syngeneic STx recipients in the (H) scaffold implants, (I) the skin graft,

and (J) the blood. Statistics performed by two-tailed Student’s t test. NK cells, natural
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pre-alloimmune injury time points of ACAR at which it is unlikely
that rejection risk would be identified through standard approaches
such as biopsy assessment for lymphocyte infiltration (18, 32) or
noninvasive assays of T cell proliferation or donor cell death (20).

Flow cytometric analysis revealed that scaffolds contained pre-
dominantly innate immune cells (Fig. 1H), with a greater propor-
tion of dendritic cells (DCs) than was found at the skin graft or in
the blood (Fig. 1, I and J). Neutrophil proportion, by contrast, was
diminished in the scaffold (Fig. 1H) in comparison to the blood
(Fig. 1]). Leukocyte proportions changed little, however, within
each tissue during ACAR progression or compared to nonrejecting
graft recipients (Fig. 1, H to J), until the graft was infiltrated by
CD4" and CD8™ T cells on day 13 (Fig. 1I), corresponding to late
ACAR and extensive graft injury (Fig. 1, C and D). Beyond the graft
during late-stage rejection, this T cell expansion was also observed
in the scaffold and, in even greater proportion, in the circulation
(Fig. 1, H and J). The similarity in leukocyte proportions and ratios
(fig. S3) before ACAR graft injury indicates that population dynam-
ics cannot predict rejection, which supported subsequent studies to
assess the specific phenotype and gene expression profile of these
immune cells. This result also highlights the limitations of analyzing
T cell responses to predict rejection, as the proliferation and inva-
sion of these cells are not observed until late in the process of rejec-
tion when extensive injury has occurred.

Scaffolds identify a biomarker panel of early ACAR in STx

We then analyzed gene expression of the scaffold-captured cells to
identify biomarkers of ACAR. RNA was extracted from longitudinal
scaffold explants and sequenced (RNA-seq), with expression filtered
to remove unexpressed, lowly expressed, and uniformly expressed
genes (Fig. 2A and fig. S4). From the transcriptomic profiles of the
scaffolds, we identified differential gene expression (Fig. 2, B to E)
and pathway enrichment (Fig. 2, F and G) between mid-injury re-
jecting, pre-injury rejecting, and nonrejecting graft recipients. We
derived 136 highly differentially expressed genes at the scaffold dur-
ing ACAR (fig. S5A and table S1). To create a sparse diagnostic bio-
marker panel of ACAR in STx with the fewest necessary indicators,
we developed a pathway-agnostic elastic net regression which iden-
tified 18 differentially expressed biomarkers (Fig. 2B and table S1).
Eleven of these 18 genes were down-regulated at the scaffold during
pre-injury ACAR and late ACAR compared to nonrejecting grafts,
while 7 genes were down-regulated in pre-injury ACAR but up-
regulated in late ACAR. Unsupervised clustering of these 18 genes
distinguished mice with syngeneic or allogeneic grafts before adop-
tive T cell transfer (i.e., both nonrejecting time points), pre-injury
ACAR (allogeneic day 7), and late ACAR (allogeneic day 13) (Fig. 2C).
Principal component loadings of this 18-gene panel in unsuper-
vised clustering identified Gnb4, Sepwl, Gm16845, Rnf10, and
Gitl as the top differentiators of healthy and rejecting skin al-
lografts (fig. S5, B and C).

The scaffold provides the opportunity for frequent, longitudinal
surveillance of intragraft immune events and a distinct measure of
subclinical ACAR to minimize graft damage. As the scaffold can
be easily biopsied, longitudinal gene expression can be individual-
ized by monitoring the change across ACAR development for each
recipient. With this individualized gene expression change, ACAR—
both pre-injury and late injury—can be distinguished from time-
matched syngeneic graft recipients with an elastic net-derived six-gene
panel (Fig. 2, D and E, and table S1). Tmem234, Sfxn5, Zfp963, and
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Rcesdl increased in expression over time as ACAR progressed com-
pared to healthy recipients; whereas Viwfand Gm19897 decreased in
expression during rejection development. Notably, this six-gene
panel differentiates the progression from pre-injury to late injury
ACAR as strongly as it differentiates these two stages from the time-
matched syngeneic recipients. Collectively, these data indicate that
gene expression analyses at the scaffold can both identify ACAR and
distinguish between stages of ACAR and that longitudinal analyses
enabled by the distally implanted scaffold can increase computa-
tional rigor and individualize graft surveillance.

The biology underlying this shift from the pre-injury to injury
stage of acute rejection was next analyzed using gene set enrichment
analysis (GSEA). We identified 28 differentially enriched pathways
by normalized enrichment score (NES) (NES > |1.5| and NES sum >
[3.5]) at the scaffold with a low false discovery rate (FDR < 0.1)
between pairwise comparisons of the three groups: nonrejecting
grafts, pre-injury ACAR, and mid-injury ACAR (Fig. 2F and ta-
ble S1). Overall, comparing both stages of ACAR to nonrejecting
graft recipients highlights myeloid cell activation (Fig. 2F, first col-
umn; cumulative [NES| = 37.9), including macrophages and mono-
cytes and neutrophil maturity as highly enriched in ACAR. Between
the two stages of ACAR, enrichment of these pathways at the scaf-
fold in late injury ACAR (Allo day 13; Fig. 2F, second column) is
more similar to nonrejecting graft recipients (NES = 36.8) than to
pre-injury ACAR (Allo day 7; Fig. 2F, third column; NES = 43.1).
Numerous differentially regulated T cell pathways associated with
activation and differentiation were readily identified in pre-injury
ACAR (Fig. 2F, third column), despite few T cells present at the scaf-
fold at day 7 (Fig. 1H). Along with the enrichment of these T cell
processes, the scaffold had enriched myeloid cell-related activation
and activity during pre-injury ACAR compared to either nonreject-
ing recipients or late injury ACAR (Fig. 2F, third and fourth col-
umns). These myeloid pathways included monocytes, stimulated
DCs and plasmacytoid DCs, and stimulated macrophages. While
both stages of ACAR displayed enriched T cell pathways at the scaf-
fold, these T cell pathways were more strongly enriched during late
ACAR (Fig. 2B, fourth column) reflective of systemic and graft-
localized T cell dynamics (Fig. 1, H to J).

Myeloid cell proportions were largely unchanged as ACAR pro-
gressed (Fig. 1, H to J, and fig. S3), yet processes enriched and de-
pleted at the scaffold demonstrate the differential expression and
activity of these myeloid cells and their possible participation in T
cell signaling preceding graft injury (33). Mapping these pathways
highlights genes and gene connections likely playing key roles dur-
ing the early stages or rejection (Fig. 2G and fig. S6). Notably, the
Hallmark database pathway of allograft rejection (34) was enriched
at the scaffold during pre-injury ACAR (Fig. 2, F and G), with up-
regulation of Ccl4, Cd74, and Tnf, down-regulation of Mmp9 and
Rps9, and depleted relationships between Cd1d1-1116, Cd28-Stat4,
and Cd80-Cxcr3 (Fig. 2G), among others. Ccl4 and Tnf are media-
tors shared in both CD8 T cell stimulation in ACAR and CD16a
natural killer cell stimulation in antibody-mediated rejection (35).
Cd74 regulates DC migration and T lymphocyte homing, prolifera-
tion, and cytokine secretion (36).

To assess pathway specificity for ACAR, we identified the path-
ways that were most strongly correlated with ACAR using gene set
variation analysis (GSVA) applied to the RNA-seq data and then an
elastic net regression to specify the fewest pathways needed to dis-
tinguish ACAR from nonrejecting grafts at the scaffold (fig. S7 and
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Fig. 2. Gene expression at the scaffold immunological niche distinguishes stages of acute cellular skin allograft rejection. (A) Representation of gene expression
RNA-seq analysis for identifying sparse gene panels and enriched pathways of ACAR at the scaffold immunological niche. (B) Clustered heatmap of 18-gene panel distin-
guishing skin graft rejection stages, with expression normalized by row. Columns indicate individual samples; N = 3 biological replicates for each time point. (C) Principal
components clustering of scaffolds based on 18-gene panel. Points indicate individual scaffold samples. All ellipses = 70% confidence interval (Cl). (D) Clustered heatmap
of six-gene panel distinguishing skin graft rejection stage transitions. Columns indicate individual samples. (E) Principal components clustering of scaffolds based on six-
gene panel. Points indicate individual scaffold samples. All ellipses = 70% Cl. (F) Most highly enriched immune pathways in pairwise comparisons of pre-injury ACAR (Allo
day 7), late ACAR (Allo day 13), and nonrejecting graft recipients (Allo day 0 and time-matched Syn) at the scaffold. NES displayed, where red text indicates NES > 1.5 and
blue text indicates NES < —1.5. Pathways selected by greatest sum of NES values and lowest sum of P value. Shortened pathway names, see table S1 for full names. IRF4,
interferon regulatory factor 4; JAK, Janus kinase; STAT, signal transducers and activators of transcription; LPS, lipopolysaccharide; MDC, macrophage-derived chemokine.
(G) Differential network of the Hallmark allograft rejection pathway between scaffolds during pre-injury ACAR and nonrejecting graft recipients at the scaffold. Gene ex-
pression displayed for pathway constituents where enrichment or depletion is defined as a differential connectivity P value < 0.01. PC, Principal component; FOXP3,
forkhead box P3 protein; Tcony, Resting conventional T cells; PLN, pancreatic draining lymph node; MYD88KO, myeloid differentiation primary response 88 know out.

table S1). These differentiating pathways include processes associ-
ated with epigenetic regulation of cell death, apoptosis, and cyto-
megalovirus infection. Viral infections limit the power of noninvasive
assays at predicting ACAR, as many viral infections similarly acti-

specificity for ACAR over other inflammatory insults at the scaffold
environment.

Scaffolds predict early risk of ACAR in HTx recipients

vate T cell responses (37) and even induce prorejection inflam-
mation (38, 39). As these immunological pathways corresponding
to ACAR may overlap with those of other inflammatory insults,
we probed further to deduce correlative biomarkers with higher

Urieetal,, Sci. Adv. 10, eadk6178 (2024) 15 May 2024

We next investigated biomarkers of ACAR in murine heterotopic
HTx using the immunological niche of the scaffold (Fig. 3A). We
performed syngeneic (B6 to B6) and allogeneic (B/c to B6) HTx,
similarly followed by scaffold implantation and adoptive transfer of
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2 x 107 syngeneic T cells from naive B6 donors. Syngeneic HTx re-
cipients remained free of ACAR (Fig. 3, B and C). For allograft re-
cipients, however, ACAR occurred over 14 days (Fig. 3, Band D, and
fig. S8, A and B), with indications of graft dysfunction (i.e., edema
and weakened pulse) beginning at day 8 or 9 and complete graft
failure on day 13 or 14. Scaffolds were serially explanted from HTx
recipients corresponding to ACAR state, with an earlier pre-injury
time point included at day 5, a mid-rejection point on day 9, and a
late rejection day 14 explant. Cell count per area as an indicator of
immune cell infiltration indicates no difference in allogeneic or syn-
geneic grafts at day 5 or 9 following T cell transfer (Fig. 3E), as simi-
larly seen in the scaffold (Fig. 3E and fig. S8, C and D).

We identified 107 differentially expressed genes in HTx ACAR at
the scaffold (fig. S9A and table S2), and 17 differentially expressed
genes were further identified as a sparse biomarker panel of HTx
ACAR via elastic net regression (Fig. 3E; fig. S9, B to E; and table S2),
with no shared genes with the sparse STx panel. CdsI, Ntrm, and
Ldhb were moderately down-regulated at the scaffold during all
stages of ACAR. Atpaf2 and Arntl, by contrast, were strongly up-
regulated in pre-injury ACAR compared to both nonrejecting
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recipients and mid-injury ACAR, while Rxra, Urod, and Plekhg3
were down-regulated in pre-injury ACAR only. Last, the remaining
eight genes were strongly up-regulated in mid-injury ACAR only.
While this sparse gene panel distinguished pre-injury and mid-
injury ACAR from nonrejecting recipients, they were also readily
distinguished from one another (fig. S9D). Late-stage ACAR, how-
ever, was not well-distinguished (fig. S9D), highlighting both the
distinct stage of ACAR pregraft injury and the resolving nature of
late ACAR response in a heterotopic HTx model where the graft is
not functionally necessary for survival.

We then developed a robust scoring system to distinguish be-
tween nonrejecting grafts or ACAR. Two approaches were used to
identify rejection, singular value decomposition (SVD) for unsu-
pervised scoring and a random forest bagged tree algorithm for su-
pervised scoring of samples with leave-one-out validation (Fig. 3F).
The scaffold-derived panel distinguishes pre-injury and mid-injury
ACAR from nonrejecting graft recipients (Fig. 3F). Mouse orthologs
of the blood-derived Allomap test (40), conversely, were unable to
distinguish scaffolds from mice with nonrejecting HTx and ACAR
(Fig. 3G). Fgl2, Arntl, and Cnp exhibit the greatest variable importance
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Fig. 3. Gene expression at the scaffold immunological niche distinguishes stages of acute cellular heart allograft rejection. (A) Schematic representation of scaf-
fold implants applied to monitor acute cellular rejection of murine heart allografts after adoptive transfer of T cells. (B) Heart grafts scored following adoptive T cell trans-
fer by severity of rejection, N = 10 independent graft recipients per group as biological replicates. Plot of allograft recipients with scaffold implants colored according to
stage of allograft rejection. Mean + SEM. Plot of allograft recipient scores colored according to stage of allograft rejection. (C and D) Cross-sectional images of (C) synge-
neic and (D) allogeneic heart grafts 14 days after adoptive T cell transfer, stained by H&E. Images representative of N = 3 heart grafts from independent graft recipients.
Scale bars, 250 pm. (E) Histological analysis of the scaffold implant and HTx graft across the rejection cascade before graft failure (0 to 9 days post-T cell transfer), with cell
count analyses performed from three averaged representative slides of scaffolds or heart grafts from N = 5 independent mice and normalized to day 0 values. Statistical
analysis performed by unpaired, nonparametric t test (Mann-Whitney) between allogeneic and syngeneic at each time point and tissue type. (F) Clustered heatmap of
elastic net-derived 17-gene panel at the scaffold for distinguishing stages of cardiac ACAR. (G) Unsupervised singular value decomposition (SVD) and supervised random
forest (RF) scoring of samples based on 17-gene panel derived at the scaffold. (H) Unsupervised SVD and supervised RF scoring of the murine orthologs of the blood-
based Allomap test, applied to the scaffold. Points indicate individual scaffold samples. All ellipses = 70% Cl.
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in this two-metric system for identifying ACAR (fig. S9E). Most no-
tably, Fgl2 is down-regulated in pre-injury ACAR but up-regulated
in mid-injury ACAR relative to both late ACAR and nonrejecting
graft recipients. Fgl2 plays a key role in DC maturation (41) and
regulatory T cell-based regulation of T cell proliferation (42) and
can be inhibited to ameliorate graft rejection (43). This early identi-
fication at the scaffold could create a therapeutic window for im-
mune suppression interventions to abrogate ACAR before overt
graft injury.

Scaffolds identify conserved ACAR pathways and biomarkers
among graft types

Graft biopsy is the cornerstone for investigating rejection and injury
and their relationships to patient outcomes. We probed the scaffold
for gene expression markers identified as canonical biopsy markers
of clinical graft rejection to determine whether local aspects of graft
rejection are recapitulated at the scaffold. Because some injury re-
sponses are shared across organs (44) and ACAR superimposed on
tissue injury can be defined by conserved alloimmune states (45,
46), we assessed known canonical markers of rejection identified in
human kidney transplantation due to greater patient numbers and
rejection characterization (45, 47, 48). Although kidney transplant
recipients received a combination of a calcineurin or mammalian
target of rapamycin (mTOR) inhibitor, prednisone, and antimetabo-
lite (45) and may have a degree of convoluting nonrejection graft
dysfunction (49), many of these human kidney graft biopsy markers
associated with clinical T cell-mediated rejection were differentially
expressed at the scaffold during murine HTx rejection (Fig. 4A).
Cd80, Argl, Hspala, Gsttl, Plvap, Tcn2, and 1l1r2 were expressed at
consistent levels during all the stages of ACAR. The scaffold pro-
vides, however, a uniquely nuanced assessment of these canonical
markers, as some, such as Adora2b, Ada, Commd9, and Hoxd8 are
most divergent in expression before ACAR injury onset. Others
still, such as Pgf, Cxcl9, Cxcl5, or Dvll1, differ from expression in
nonrejecting recipients most during mid-injury rejection. Expres-
sion of these canonical markers was not significantly altered dur-
ing late ACAR, however, when graft dysfunction is most readily
observable. Sampling of the tissue-like immune responses at the
scaffold identified biomarkers of acute T cell-mediated transplant
rejection that may be conserved across allograft types at a remote
site to the graft.

We then aggregated the data from skin and HTx recipients
(fig. S10) with the goal of identifying a tissue-independent panel for
ACAR injury onset, which may provide greater translation in solid
organ transplantation and improved specificity to distinguish rejec-
tion from other inflammatory insults such as viral infection. Genes
with a low FDR (<0.1) were identified by fold change in expression
between nonrejecting recipients and ACAR (Fig. 4B). A total of
43 genes with high differential expression in each transplant type
were identified between ACAR recipients and nonrejecting recipi-
ents (table S3). This group of potential biomarkers does not include
the genes identified in the tissue-specific derived STx or HTx signa-
tures. Elastic net regression reduced this group of strong differentia-
tors to 13 genes (Fig. 4C and table S3) as a minimal panel for
distinguishing ACAR in both STx and HTx recipients (Fig. 4D and
fig. S11, A to C), in which late-stage ACAR was excluded from the
derivation of the gene panel to emphasize predicting and identifying
graft injury onset. Four of these genes, Padi2, Upf3a, Zfp182, and
Sle30a7, were down-regulated in all stages of ACAR, while the other
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nine genes were up-regulated compared to nonrejecting graft recipient
scaffolds. From this 13-gene panel, Arhgap9, Zfp182, Prcc, and KIf9
had the greatest variable importance in the two-metric system for
identifying ACAR (fig. S11, D and E), where the 13-gene panel dis-
tinguished both pre-injury and mid-injury ACAR from nonreject-
ing recipients.

These aggregated expression data were analyzed at the pathway
level (fig. S12) by conversion to gene set variation scores (50) using
the Molecular Signatures Database (MSigDB) collections (51). Elas-
tic net regression derived 25 pathways as a sparse, indicative ACAR
panel (Fig. 4E and table S3). These 25 pathways distinguish both
pre-injury and mid-injury ACAR from nonrejecting HTx recipi-
ents, with divergent clustering (Fig. 4F). We focused our analyses on
pathways in HTx rather than STx due to available clinical data for
comparison (45) and as the clinical consequences of a developing
HTx rejection episode are severe compared with other solid organ
transplants (SOT). This dissimilar pathway representation suggests
a transition in ACAR state corresponding with the onset of graft
injury. Among this sparse 25-pathway set, pathways associated with
calcineurin and Vegf signaling are most differently represented by
the two stages of ACAR (fig. S12), consistent with intragraft clinical
and experimental findings (52-54). Vegf signaling, along with RunX1
regulation, ErbB4 signaling, and TP53 activity, is enriched in pre-
injury ACAR compared to nonrejecting graft recipients and mid-
injury ACAR. Conversely, the calcineurin pathway is depleted in
mid-injury ACAR compared to pre-injury ACAR and nonrejecting
graft recipients. Focusing on the differences in these two stages, we
identified an additional 31 pathways with highly differential enrich-
ment between pre-injury and mid-injury ACAR (fig. S13, A and B,
and table S3). The most enriched pathways in mid-injury ACAR
were degradation of B-catenin by the destruction complex and the
interleukin-6 (IL-6) pathway, while leukocyte transendothelial mi-
gration was most enriched in pre-injury ACAR (fig. S13, C and D).
Overall, the pathway differences between pre-injury and mid-injury
ACAR indicate that the scaffold can discriminate between distinct
biological processes taking place as ACAR transitions to a graft in-
jury stage with T cell infiltration.

Scaffolds distinguish pre-injury ACAR from respiratory
infection in immunodeficient mice

We next investigated whether the gene signature could distinguish
the immune activation resulting from ACAR from that associated
with a nonrejection inflammatory insult, such as viral infection. Vi-
ral infections limit the power of noninvasive assays at predicting
ACAR (38, 39). Suppressing the adaptive immune system can result
in infections such as influenza A virus (IAV) (I), and we thus per-
formed STx (Fig. 5A) or infected Rag2_/ ~ mice with IAV (Fig. 5B).
Adoptive transfer of 1 x 10 T cells again led to complete rejection
of the STx graft within 13 days (Fig. 5C), with graft wounding first
observed on day 10 or 11, as previously (Fig. 1, C and D). At a lower
adoptive transfer of T cells (5 X 10°), STx recipients had a more var-
ied onset of wounding ranging from day 13 to day 24 after adoptive
transfer (Fig. 5A). We also explanted scaffolds from Rag2™~ mice
with an IAV infection (55, 56) in which syngeneic T cell transfer
(1 x 10”) occurred 7 days before viral inoculation. Weight loss was
tracked following influenza inoculation as a relative measure of
infection severity, with scaffolds explanted from the inoculated
mice 3 days before inoculation and 5 and 10 days post-inoculation. A
moderate infection was apparent at 5 days post-inoculation, while
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Fig. 4. Scaffolds identify conserved biomarkers and pathways of ACAR across skin and heart allografts. (A) Gene expression of mouse orthologs of human kidney
biopsy canonical markers of graft rejection expressed at the scaffold during stages of HTx ACAR, as represented by log; fold change from the scaffold in healthy graft re-
cipients. *P < 0.05, **P < 0.01, #Pooled ACAR samples P < 0.05, ##Pooled ACAR samples P < 0.01. Mean + SEM with scaffold explants from N = 4 independent graft re-
cipients per group and time point. ns, not significant. (B) Log, fold change of gene expression at the scaffold comparing ACAR to healthy recipients in STx and HTx where
genes with an FDR above 0.1 were excluded, where 43 differentially expressed (DE) genes with the greatest summed fold change are labeled. (C) Clustered heatmap of
elastic net-derived 13-gene panel for distinguishing stages of ACAR conserved across both allograft types; with expression normalized by row. Columns indicate indi-
vidual samples; N = 3 (STx) or 4 (HTx) biological replicates for each time point. (D) Principal components clustering of scaffolds based on 13-gene panel; points indicate
individual scaffold samples, and all ellipses = 70% Cl. (E) Twenty-five pathways identified by elastic net regression of GSVA-converted gene expression which sparsely
distinguish between stages of ACAR; with expression normalized by row. Columns indicate individual samples; N = 3 (STx) or 4 (HTx) biological replicates for each time
point. Shortened pathway names, for full names see table S3. (F) Principal components clustering of scaffolds based on 25-pathway set; points indicate individual scaffold

samples, and all ellipses = 70% CI.

significant weight loss 10 days post-inoculation indicated severe in-
fection (Fig. 5D) leading to euthanasia of all infected mice by day 15.
Analysis of the 13-gene tissue-independent signature at these scaf-
fold explants (Fig. 5, E and F) identified STx recipients, 3 to 4 days
before onset of graft injury, as a distinct group relative to both scaffolds
from STx recipients before T cell transfer and STx recipient >5 days
before graft injury onset. Scaffolds explanted both before and
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during moderate influenza infection were indistinguishable from
the nonrejecting STx scaffold explants. Conversely, scaffolds ex-
planted during severe infection exhibited highly differential panel ex-
pression compared to all other groups, although still distinct from
pre-injury ACAR. These gene expression results demonstrate the po-
tential of a scaffold-derived biomarker panel in identifying ACAR be-
fore graft injury onset, beginning to approximate timing of oncoming
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graft injury, and distinguishing ACAR from a viral respiratory infec-
tion as an example of nonrejection inflammatory insult.

Scaffolds predict onset of ACAR graft injury in immune
suppressed wild-type mice

Last, we investigated the ability to detect ACAR at the scaffold be-
fore injury onset in wild-type C57BL/6 mice undergoing transient T
cell depletion (57-59) by monoclonal anti-CD4 and anti-CD8 anti-
bodies as a more clinically relevant model. The artificial Rag2™'~
model used to identify a tissue-independent signature of ACAR
(Figs. 1 to 5) enabled graft integration and allowed a focus on rejec-
tion without potential interference from wound healing dynamics
yet also has altered endogenous T cell processes (e.g., central toler-
ance, proliferation, migration, and, possibly, activation) (60, 61) and
avoided the IRI period immediately following transplantation, a
period of great clinical need for surveilling early rejection (8, 54)
and distinguishing nonrejection graft dysfunction (49, 62) (e.g., car-
diomyopathies). In these wild-type STx with varied doses of tran-
sient T cell depletion (Fig. 6A) by aCD4 and aCD8 monoclonal
antibodies, the delayed onset of ACAR progressed over different
kinetics. Wild-type STx recipients given low T cell depletion («CD4
and aCD8) first exhibited graft injury on days 19 to 22 following
transplant (Fig. 6A), approximately 10 days following untreated
wild-type recipients. High T cell depletion («¢CD4 and aCD8) fur-
ther delayed the onset of ACAR graft injury by 2 to 10 days. Princi-
pal components clustering of the 13-gene panel expression (Fig. 6B)
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indicates that, independent of the T cell depletion dose, the scaffold-
derived signature separates recipients based on the number of days
before graft injury onset at which the scaffolds were explanted. Per-
formance characteristics of the 13-gene panel to identify pre-injury
ACAR were computed (Fig. 6, C and D). The receiver operator char-
acteristic area under the curve (AUC) was 0.991 for identifying 2 to
10 days pre-injury ACAR (Fig. 6C), and the AUC was 0.958 when
identifying <5 days pre-injury ACAR (Fig. 6D). These results high-
light that the 13-gene panel captures aspects of the immune re-
sponses preceding graft injury and their relative severity.

DISCUSSION

Organ transplants are monitored for rejection through biopsy, cou-
pled with blood-based assays, but these surveillance modalities
identify graft injury as a lagging indicator of rejection and cannot
predict onset of rejection (9). EMB—the gold standard—identifies
graft injury as a retrospective indicator of allograft immunity
through histological assessment of lymphocyte infiltration, myocar-
dial necrosis, and edema (18, 32). However, patient discomfort and
potential complications limit EMB frequency to “snapshot” clinical
assessments (63), challenging early detection of rejection (44).
Blood gene expression profiling and plasma donor-derived cell-free
DNA have reduced pressure to perform procedural biopsies. While
these blood-based assays may rule out the need for graft biopsy by
identifying patients at low risk for rejection, EMB has remained a
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vital window to the states of both rejection and parenchymal injury
(44). The engineered immunological implant reported herein func-
tions as a remote, lymphatic niche that captures immune cell pheno-
types that can predict acute allograft injury for more frequent
longitudinal monitoring than is possible with graft biopsy, creating
the opportunity for precision immune suppression.

Analysis of gene expression from scaffolds identified biomarkers
indicative of immune activation leading to graft rejection, yet at a
stage that is pre-injury. While injury-induced changes are strong
molecular correlates of dysfunction and graft loss (64), mapping
molecular injury changes for transplant surveillance is precarious as
injury due to rejection has been shown to persist after rejection is
treated or subsides (64). For these reasons, scaffold-derived pre-
injury biomarkers of ACAR could be greatly beneficial in transplant
surveillance. In heart and skin transplantation, rejection responses
assessed at the scaffold through a gene expression signature could be
identified before lymphocyte infiltration or graft injury. Signature
genes identified with the scaffold differ significantly from transcripts
that are associated with EMB, which likely results from our signa-
ture being early in the rejection response and involving more innate
cells whereas EMB is later in rejection and tends to be T cell centric.
Previous reports have indicated that gene expression by immune
cells in circulation does not correlate with gene expression of cells
within the scaffold (26, 29), likely due to a combination of selective
recruitment and phenotype changes at the scaffold. Collectively, bi-
opsy of this scaffold implant may provide an opportunity to identify
rejection responses that involves less risk relative to invasive graft
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biopsy while providing more specificity about immune activation
than is now available with liquid biopsy. A minimally invasive assay
that can predict acute allograft rejection, particularly before evi-
dence of graft injury, could create a therapeutic window to preserve
graft function.

The remotely implanted scaffold captures markers of early rejec-
tion predominantly through innate immune cells (Fig. 1, G and H)
and can thus identify immune responses that precede graft insult
(33). Innate immune cell participation has been underemphasized
in contributing to allograft rejection as immune suppressive drugs
largely target T cell maturation or responses, yet these responses are
highly localized (65) and, as shown in Fig. 1 (H to J), expand in cir-
culation, the scaffold, and the graft only late in the rejection cascade.
Alloimmune graft injury involving non-antigen-specific inflamma-
tory pathways can be mediated by innate immune cell populations,
specifically myeloid-derived monocytes, macrophages, and DCs
(66). The high proportion of DCs, monocytes, and macrophages
which home to the scaffold due to the foreign body response (67)
may be favorable for identifying early allorecognition (68). DCs
have been implicated in allorecognition and greatly contribute to
rejection (69, 70). Additional work is necessary to fully character-
ize the recruitment and subsequent phenotypic changes of these
cells at the scaffold implant. Here, we observed Igtp, an endoplas-
mic reticulum-related guanosine triphosphatase identified in the
HTx ACAR signature (Fig. 3E) which has been shown to control
cross-presentation in DCs (71). In addition, early down-regulation
of Fgi2, as identified preceding graft injury at the scaffold (Fig. 3E),
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may allow antigen presenting cell maturation. Similarly, macro-
phages play an important role in promoting allograft rejection (72)
and tolerance (73). Git has been shown to regulate macrophage in-
flammatory responses (74). H2-Eb1 has been associated with antigen-
presenting macrophages in murine cardiac allografts (75). Also,
Zbp1 regulates innate immune-mediated inflammatory cell death,
particularly through macrophages (76). Myd88 expression in mac-
rophage pathways is differentially enriched in scaffold implants dur-
ing ACAR and has been shown to be critical to both toll-like receptor
functions in allograft rejection (77) and calcineurin inhibitor-
induced acute kidney injury (78). As calcineurin inhibition is the
primary clinical strategy for maintaining immune quiescence post-
transplant, the scaffold implant should be investigated further as a
tool to monitor suppression effectiveness. In addition, awareness is
growing that the pathogenesis of donor-specific antibodies in organ
transplantation also depends on the activation of innate pathways
(79). Capturing innate immune cell responses may be a potential
advantage of the scaffold, as the innate responses are systemic and
precede substantial T cell accumulation at the graft.

T cells, the primary mediators of rejection, are not observed to
increase in numbers until late stages of rejection, yet the innate cells
captured at the scaffold before alloimmune graft injury participate
in early T cell signaling processes for activation, migration, and ac-
tivation (Fig. 2F). The active pathways identified from sequencing
indicate that the scaffold recapitulates pathways associated with
allograft injury and T cell signaling, including IL-6 Janus kinase-
signal transducers and activators of transcription signaling, mitogen-
activated protein (MAP) kinase, nuclear factor kB (NF-kB) activity,
vascular endothelial growth factor (VEGF) signaling, calcineurin
regulation, Erb-B2 Receptor Tyrosine Kinase 4 signaling, Tp53 ac-
tivity, runt-related transcription factor expression, inflammation
from antigen stimuli, f-catenin degradation (80), and numerous T
cell and myeloid cell activation pathways (Figs. 2F and 4E). MAP
kinase and NF-xB activity are involved in corticosteroid signaling
pathways in transplant immunosuppression (81) and immune sup-
pression—induced nephrotoxicity (82, 83), giving further credence
to investigation of the scaffold implant as a means to monitor com-
mon immunosuppression regimes consisting of calcineurin inhibi-
tors and corticosteroids. Secreted fibrinogen-like protein 2 (FGL2)
by CD4 T cells potentially mediates acute graft rejection and is in-
duced by tumor necrosis factor—a or interferon-y stimulation through
MAP kinase signaling (84). VEGF signaling has been linked to acute
and chronic rejection (54, 85), and the high differential regulation of
both VEGF signaling and Vf expression during pre-injury rejec-
tion highlights that while this work has remain largely focused on
the scaffold-recruited leukocytes, endothelial cell and endothelial-
immune interactions enriched at the scaffold may also have prog-
nostic and mechanistic relevance for ACAR. Tp53 is pivotal to cell
cycling and DNA damage repair pathways in renal grafts during
acute rejection (86, 87). RUNXI1 has been identified as an important
transcription factor of differentially expressed genes in lung trans-
plant biopsies (88). IL-6 production in DCs, which is an enriched
pathway at the scaffold in pre-injury ACAR, has been shown to pro-
mote allograft rejection by interaction with CD4 T cells (89, 90).
Calcineurin inhibitors have revolutionized immunosuppression,
which regulates pathways that are also depleted from pre-injury to
mid-injury ACAR in the scaffold. In addition, several of the sparse
gene indicators of ACAR derived at the scaffold, including Ppp1r3fos,
Metrn, Rxra, and Flywchl, have been implicated in calcineurin
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inhibitor nephrotoxicity (91). These pathway enrichments further
corroborate that T cells do not need to be abundant at the scaffold to
monitor T cell signaling and immunosuppression targets preceding
graft injury onset. The remotely implanted scaffold also captures
genes regulating T cells. Arntl, identified in HTx acute rejection at
the scaffold, regulates mitochondrial metabolism in the heart (92, 93).
Differential Vivf expression was identified at the scaffold during graft
rejection, with increased Vwf expression identified in early adverse
events (94, 95), yet plasma levels have not been found to correlate
with primary graft dysfunction (96).

A substantial challenge in monitoring grafts is distinguishing re-
jection from other immune activity, and we demonstrated that the
scaffold could distinguish rejection from viral respiratory infection
in mice with a partially reconstituted lymphocyte compartment.
Many innate and adaptive immunity responses share features with
viral infection and other inflammation, creating diagnostic chal-
lenges (38). Several of the tissue-specific, sparse biomarkers we
identified in the scaffold for skin or heart graft ACAR are modulated
during viral infection. Thus, we used a signature that was based on
conserved markers of acute rejection across both HTx and ST,
which enabled a distinction from IAV infection in these mice. The
biomarkers associated with viral infection included Zbp1, which is
activated by viral infection such as human cytomegalovirus (HCMV)
binding (97). FGL2 transcription has been found to be initiated in
two separate pathways by alloimmunity and viral proteins (98).
During HCMYV infection of fibroblasts, NF-kB activation appears to
follow a specific sequence in which the pathway is active early in
infection (97). The scaffold-derived 13-gene signature of tissue-
independent ACAR differentiated this IAV infection from rejection,
with severe influenza infection distinctly activating these 13 genes
relative to their activation induced by rejection.

The scaffold-derived gene signature of acute rejection identifies
early rejection responses even in the presence of IRI. Innate im-
mune responses have been largely considered in the context of IRI
response following transplantation. The Rag2 ™'~ model used iden-
tified a tissue-independent signature of ACAR without potential
interference from wound healing dynamics and IRI following trans-
plantation. In wild-type STx with transient T cell depletion, inde-
pendent of depletion dose, the scaffold-derived signature separates
recipients based on the number of days before graft injury onset at
which the scaffolds were explanted. The 13-gene panel derived at the
scaffold and monitored through the scaffold captures aspects of the
immune responses preceding clinical graft injury and their relative
severity. Current immunosuppressive drugs suppress T cell respons-
es, leaving innate immune cells programmed during IRI to inflict
graft damage in acute graft rejection or stimulate mild T cell re-
sponses over time (79). The scaffold environment reflects these crit-
ical early allograft responses even in the presence of background IRI.

As SOT recipients undergo chronic immune suppression, the
clinical safety and sustained efficacy of the scaffold device are criti-
cal to translation as a minimally invasive assay of the state of the
graft. Implant site infection and foreign body response including fi-
brous encapsulation are important considerations for any implant.
In the clinic, various implants have been found safe and effective in
chronically suppressed SOT recipients, including cochlear implants
(99, 100), various joint replacement surgeries (101-104), mesh her-
nia repair (105), breast reconstruction (106), permanent pacemak-
ers (107), dental implants (108), and both subcutaneous contraceptive
implants (109) and intrauterine devices (110-112). Translation of
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the scaffold implant to the clinic will likewise involve preclinical as-
sessment of the implant parameters, including surface topography
(113), to coordinate prevention of fibrous encapsulation with timing
of scaffold residence and biopsy for immunosurveillance in extended
tempos of rejection relative to the murine models used in this study.

In conclusion, we report a subcutaneous implant that recruits
immune cells from circulation and whose gene expression can be
used to predict the onset of acute T cell-mediated graft rejection.
The gene expression patterns reflect that the cell phenotypes, not
simply the cell numbers or types, are significantly altered before al-
loimmune injury. Scaffold-derived gene expression captures both
tissue-specific and tissue-independent molecular responses of allo-
immunity and can distinguish T cell-mediated transplant rejection
from viral respiratory infection in immunodeficiency. Clinical
translation of the scaffold will involve identifying pre-injury rejec-
tion events during chronic immunosuppression (e.g., tacrolimus).
Within the context of transplant rejection, identifying immune acti-
vation before tissue injury could enable personalized immune sup-
pression to prolong graft life while minimizing risks associated with
sustained immune suppression. Clinical transplant endpoints incor-
porate multilevel, complementary surveillance, including systemic
immune quiescence and drug toxicity through liquid biopsy, graft
injury via histology, and graft function via imaging. The immuno-
logical niche developed at the scaffold may provide a bridge between
the two ends of the rejection continuum, namely, transplanted or-
gan and peripheral blood cells (114). The scaffold device could fur-
ther refine the paradigm of rejection to include immune responses
before graft insult for identifying more than simply immune quies-
cence through the circulation.

MATERIALS AND METHODS

Study design

The aim of this study was to develop an implant for remotely sur-
veilling allograft health. We performed murine skin and heterotopic
HTx in mature T cell-deficient mice in which we implanted micro-
porous polymeric scaffolds and then initiated acute cellular rejec-
tion through adoptive T cell transfer. Using the Rag2™'~ mouse
model, we evaluated the scaffold by flow cytometry, bulk RNA-seq
gene expression, and gene set variation for differential expression in
stages of acute allograft rejection. Using an elastic net and random
forest bagged tree algorithm, we identified gene signatures of STx
rejection, HTx rejection, and a tissue-independent signature of re-
jection. We then validated the rejection specificity of this signature
via quantitative polymerase chain reaction (QPCR) against influenza
infection and in wild-type transplant recipients with transient T cell
depletion. All animal care and procedures were performed in ac-
cordance with standards from the Guide for the Care and Use of
Laboratory Animals and were carried out in compliance with pro-
tocols approved by the Institutional Animal Care and Use Commit-
tee (protocol nos. 00009777 and 00010704) at the University of
Michigan (UM). Sample sizes were calculated on the basis of previ-
ous experience by the investigators. The investigators were not
blinded to allocation during experiments or analyses. No outlier
values were excluded.

Materials
Ester terminated poly(e-caprolactone) (Evonik Corp., Birmingham,
AL) was purchased for generating microporous scaffolds. Suture
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(Ethicon, Raritan, NJ), carprofen, and punch biopsies (Henry Schein
Inc., Melville, NY) were purchased to perform scaffold implants,
skin or HT%, and scaffold biopsies in mice. A hematoxylin and eosin
(H&E) staining kit (Abcam, Cambridge, UK) was purchased to stain
histological samples, and a direct-zol RNA Miniprep Plus (Zymo
Research, Irvine, CA) was purchased to isolate RNA from tissue and
scaffold samples. A naive pan mouse T cell isolation kit and LS col-
umns were purchased from Miltenyi Biotec (Bergisch Gladbach,
North Rhine-Westphalia, Germany). Stocks of the VR-95 influenza
A/PR8/34 HIN1 were purchased from American Type Culture Col-
lection (Manassas, VA). The original stock was aliquoted and stored
at —80°C until use. Anti-mouse CD4 (clone GK1.5) and anti-mouse
CD8a (clone 2.43) monoclonal antibodies were purchased from
Bio X Cell (Lebanon, NH). TagMan gene probes, gene expression
mastermix, and all other reagents were purchased from Thermo
Fisher Scientific (Waltham, MA) unless otherwise stated. To main-
tain integrity, materials were maintained at room temperature, 4°C,
or —20°C according to the manufacturer’s instructions. Water from
a Millipore filtration system (Darmstadt, Germany) with 18.2 M
ohm cm resistivity was used unless otherwise stated.

Microporous scaffold generation

Microporous PCL scaffolds with 250- to 425-pm pores were gener-
ated as described previously (27, 29, 115). Briefly, microporous PCL
scaffolds were generated by first mixing 99 g of sieved NaCl (250 to
425 pm) with 3 g of PCL pellets at 85°C for 1 hour. A total of 77.5 mg of
the PCL-NaCl melt dispersion was pressed into 5- or 6-mm-diameter
scaffolds. Scaffolds were heated at 65°C for 5 min on each side to
anneal the PCL. Upon cooling, the scaffolds were immersed in water
for 1 hour three times to dissolve the NaCl porogen. The scaffolds
were then sanitized by ethanol immersion and washed with sterile
water in preparation for murine implantation.

STx and heterotopic HTx models

Male and female C57BL/6 (B6), BALB/c (B/c), and B6.Cg-
Rag2"™"1¢" (Rag2™'") mice were purchased from the Jackson Labo-
ratory (Bar Harbor, ME) at 8 to 12 weeks old. Mice were housed in
a pathogen-free environment under a 12-hour light-dark cycle.
Rag2™'~ mice were bred, and offspring were used as transplant re-
cipients at 8 to 12 weeks of age. Transplants were performed male-
to-male and female-to-female in approximately equal numbers.
Four transplant cohorts were performed: STx training cohort, het-
erotopic HTx training cohort, STx validation cohort, and STx wild-
type immunosuppression cohort. Murine heterotopic HTx or STx
were performed as described previously (116). In murine STx, do-
nor adult mice were euthanized as approved, and the tails were
cleansed with 70% ethanol. The tails were transected at the base, and
a longitudinal incision to deglove the tail skin was made. Tail skin
was then trimmed into circles of 8-mm diameter with a punch bi-
opsy tool. Recipient adult mice were anesthetized as approved and
received subcutaneous carprofen (5 mg/kg) before surgery. The
dorsal skin of the recipient was depilated with ointment, rinsed
with water, and then scrubbed with ethanol and betadine. A
6-mm-diameter skin portion was excised via punch biopsy. The do-
nor graft was placed on the recipient site and attached to the graft
bed by 8-0 suture. The graft area was then impregnated with triple
antibiotic ointment and wrapped with gauze. After 24 hours, an-
other dose of carprofen was given. Dressings were removed on post-
operative days 5 to 7, and sutures were removed on day 10. On the
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basis of a previous experience, the STx recipient mice were then
rested for an additional 18 days to allow for skin graft healing
(28 total days posttransplant before adoptive T cell transfer). For STx
recipients in which the graft failed within 5 days of transplant, these
failures were considered surgical error. No graft failures took place
after 5 days but before adoptive T cell transfer. Following adoptive
T cell transfer, STx recipients were monitored for graft loss and eu-
thanized at the time of graft rejection for analysis of pathological
changes within the grafts. STx was performed as follows: B6 graft to
Rag2™'™ recipient (syngeneic), B/c graft to Rag2™'~ recipient (alloge-
neic), B6 graft to B6 recipient (syngeneic), or B/c graft to B6 recipi-
ent (allogeneic).

In murine HTx, grafts were collected from adult donor mice. The
heterotopic transplant was maintained in the recipient neck for
monitoring the viability of the transplanted heart b}f inspection and
palpation. HTx was performed as B6 graft to Rag2™ ™ recipient (syn-
geneic) or B/c graft to Rag2™"™ recipient (allogeneic). The donor
heart ascending aorta and pulmonary artery were anastomosed to
the recipient common carotid artery and external jugular vein, re-
spectively. A prophylactic dose of antibiotics was administered to
reduce the risk of infection. Analgesic carprofen was administered
preemptively and every day for 48 hours and then as needed. During
the initial 72 hours post-operation, animals were monitored to con-
firm activity and health. On the basis of a previous experience, the
HTx recipient mice were then rested for an additional 21 days to
allow for heart graft healing (24 total days posttransplant before
adoptive T cell transfer). For HTx recipients in which the graft failed
within 72 hours of transplant, these failures were considered surgi-
cal error. No graft failures took place after 72 hours but before adop-
tive T cell transfer. Following adoptive T cell transfer, all failures
were considered immunological rejection. Graft failure was deter-
mined by the lack of a palpable heartbeat.

Scaffold implants in transplant recipients

Mice were anesthetized with 2% (v/v) isoflurane for subcutaneous
implantation of scaffolds and serial scaffold explants. Mice received
carprofen immediately before surgery and 24 hours after surgery.
Four to six scaffolds were implanted subcutaneously 14 days before
inducing graft rejection in Rag2™'~ mice or before transplant in im-
munocompetent B6 mice. The subcutaneous space was selected for
minimal invasiveness (27, 29, 115), and below the dorsal skin was
selected for convenience when implanting in mice. After vascular-
ization and cell in-growth, scaffolds were then explanted before and
during graft rejection. With the implant of numerous 5- to 6-mm
scaffolds in the dorsal subcutaneous space, scaffolds were explanted
no more frequently than 4 days apart with a minimal surgical inci-
sion of 2 to 4 mm to allow for incision healing and limit local in-
flammation at the scaffold explant site. Time-matched syngeneic
recipient scaffold explants were used in part to control for the local
inflammation encountered due to scaffold explant. Scaffold explants
were carefully trimmed of any surrounding fibrous tissue, and resul-
tant explants were approximately the same height and diameter as
when implanted. Cardiac drawn blood and primary grafts (terminal
points) were also collected.

Inducing graft rejection

Transplant recipient Rag2™'~ or B6 mice were allowed 10 or 14 days
for heart or skin grafts to heal, respectively, with another 14 days for
implanted scaffolds to become vascularized and additional graft
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healing. For adoptive transfer induction of ACAR, B6 mice were
euthanized, and splenic pan naive B6 T cells were collected via
magnetic-activated cell sorting. These syngeneic B6 T cells were
counted with an automated cell counter (Countess 3 FL, Invitrogen,
Waltham, MA) and injected intraperitoneally into transplant recipi-
ent Rag2™'~ mice. For STx, 5 X 10° or 1 x 107 cells were transferred
per mouse; while for HTx, 2 x 107 cells were transferred per mouse
to induce ACAR. For these adoptive transfer studies, the day of T cell
transfer was considered day 0, and graft recipients were monitored
for graft rejection and euthanized at differing stages of rejection for
various analyses. Heart graft rejection was scored on a 0 to 3 scale:
0 = strong pulse, no swelling; 1 = weak pulse or swelling, 2 = weak
pulse and swelling, 3 = no pulse. Skin graft rejection was scored as
percentage of the graft area that was visibly inflamed. STx grafts
were considered fully rejected at the time of sloughing or upon com-
plete conversion to a hard avascular eschar. Grafts were imaged and
scored daily following T cell transfer (117).

Tissue and nucleic acid isolation

To collect serial scaffold explants, mice were anesthetized with iso-
flurane and shaved closely near the implant site. A small dorsal inci-
sion made aside the surface of the implanted scaffold was opened
with sterile forceps, with the implanted scaffold and encapsulating
tissue gently pulled through and excised. The incision was then su-
tured closed. Implants for RNA isolation or histology were flash fro-
zen in isopentane, kept on dry ice, and stored at —80°C until further
processing and analysis. Implants used for flow cytometry were im-
mediately placed into phosphate-buffered saline (PBS) kept on ice.
To collect blood and primary grafts, mice were anesthetized, and
blood was terminally drawn via intracardiac puncture with EDTA
to prevent clotting. The mice were then euthanized as approved,
and skin or heart grafts were carefully excised from surrounding
tissue. All blood samples were resuspended in Ammonium-Chloride-
Potassium lysing buffer to lyse red blood cells, washed in PBS, and
then resuspended in TRIzol reagent and stored at —80°C until fur-
ther processing and analysis. Frozen tissues were homogenized in
TRIzol reagent, and RNA was isolated with a direct-zol RNA Mini-
prep Plus kit following the manufacturer’s instructions.

Histology

For histological analyses, skin, heart, and scaffold samples were each
embedded into Optimal cutting temperature compound (OCT)-
30% sucrose and sectioned onto slides using a Cryostat (Microm
HM 525, Thermo Fisher Scientific, Waltham, MA) at 14-um thick-
ness. The slides were stained with H&E following the standard pro-
cedures. Images were taken at 20X within the thickness of the scaffold
or heart graft. The H&E-stained histological slides were imaged and
processed using QuPath software (version 0.4.4), as indicated by ex-
ample shown in fig. S8 (C and D). Cases in which the slides were not
suitable for analysis (image obscured by slide markings or out of fo-
cus or image scanned below X20 magnification) were excluded. The
parameter adjusted for cell detection was minimum area of immune
cell nuclei, which with a default at 5 pum?. If cell detection was subop-
timal (due to cell clusters misidentified), then the minimum nuclei
area was adjusted (range: 4 to 7 um?), to adequately separate cells.

Flow cytometry
Biopsied scaffolds or grafts were prepared for flow cytometry by me-
chanical dissection and enzymatic incubation (28, 115). Briefly,
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samples were minced, incubated for 20 min in Liberase TL (Roche,
Basel, Switzerland) at 37°C, then mashed through a 70-pm filter,
which was washed extensively with fluorescence-activated cell sort-
ing buffer: PBS with 0.5% bovine serum albumin (Sigma-Aldrich,
St. Louis, MO) and 2 mM EDTA. Single-cell suspensions from
blood samples were similarly prepared. Cells were equally divided to
enable staining and analysis of innate and adaptive immune cells
from the same sample (table S4) and then blocked with anti-
CD16/32 (1:50; clone 93, eBioscience). Each tube was stained with
Live/Dead Fixable Red (Life Technologies) and Alexa Fluor 700 anti-
CD45 (1:125; clone 30-F11, BioLegend). The adaptive immune pan-
el was also stained with fluorescein isothiocyanate (FITC) anti-CD8
(1:25; clone 53-6.7, BioLegend), phycoerythrin (PE)-Cy7 anti-CD49b
(1:30; clone DXS5, BioLegend), and V500 anti-CD4 (1:100; clone
RM4-5, BD Biosciences). The innate immune panel was also stained
with APC anti-CD11c (1:80; clone N418, BioLegend), FITC anti-
Ly6C (1:100; clone HK.14, BioLegend), Pacific Blue anti-Ly-6G/Ly-
6C (Gr-1) (1:70; clone RB6-8C5, BioLegend), PE-Cy7 anti-F4/80
(1:80; clone BM8, BioLegend), and V500 anti-CD11b (1:100; clone
M1/70, BD Biosciences). Samples were analyzed on a Cytoflex Cell
Analyzer, and single-color controls and fluorescence-minus-one
(FMO) controls were used to aid with gating and compensation
(fig. S2), with data analysis on FlowJo v.10 software.

RNA sequencing

For high-throughput gene expression analysis, bulk RNA-seq analy-
sis and quality control were performed on a fee-for-service basis by
the UM Advanced Genomics Core, with a NextSeq HO 150 cycle
and the QuantStudio 12k Flex system (Thermo Fisher Scientific). A
total of n = 3 or N = 4 samples per transplant type (allogeneic or
syngeneic) were analyzed from each time point. Each sample was
from an independent mouse, and samples were alternated between
healthy and rejecting on the plate to minimize spatial bias. Samples
were analyzed to filter genes based on low expression and expression
variance to reduce noise. Raw counts were then batch-corrected and
normalized as needed via the DESeq2 package (118).

Differential expression and selecting genes of interest

Genes of interest were selected by log, fold change > 1.5 and
P,gj < 0.1, attempting to include both genes that increased and de-
creased in expression during rejection to make the model more ro-
bust. Gene expression was then analyzed by elastic net regularization
(27, 30) for high-dimensional differential expression across mice,
allogeneic or syngeneic graft donor, and time points in the HTx and
STx training cohorts to generate a biomarker panel of approximate-
ly 10 to 24 genes which categorize mice by graft health or stage of
ACAR. Through SVD and supervised machine learning (random
forest) (119), to derive single-metric scores, we constructed a two-
metric scoring system based on biomarker panel expression for the
likelihood that a mouse will reject the transplanted graft.

Comparing genes with public datasets and

pathway analyses

Genes identified as significant via nonparametric ¢ test between
healthy and rejecting transplant recipients were converted to their
human orthologs using biomaRt (120). Preranked gene lists were
assembled for significant genes (adjusted P value <0.05) using the
logarithmic fold change between healthy and rejecting transplant re-
cipients as the ranking variable. The corresponding human ortholog
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genes underwent GSEA (51, 121) using a preranked gene list to
identify significantly enriched pathways. Gene sets were sampled
from the HALLMARK, BIOCARTA, Kyoto Encyclopedia of Genes
and Genomes (KEGG), and REACTOME sets obtained from the
MSigDB collections (34, 51). GSEA was performed using the GSEA
v4.3.2 software (Broad Institute), computing gene set overlaps be-
tween canonical pathways and Gene Ontology biological process.
Differentially enriched pathways were defined by |[NES| > 1.5 and
|NES sum| > 3.5. GSVA was also performed to identify sparse path-
way lists classifying ACAR distinctly from healthy graft recipients
(50). Last, the DNApath package was used to visual gene-gene con-
nectivity in pathways of interest by generating differential network
analyses (122), with differential connectivity score P values < 0.01.

Influenza inoculation

Rag2™'~ mice received scaffold implants as previously, and 1 x 10’ T
cells were adoptively transferred 14 days later. After another 7 days
to allow for syngeneic T cell proliferation, mice were lightly anesthe-
tized with isoflurane and given 400 plaque-forming units of IAV in
40 pl of PBS intranasally (123), which was considered day 0 for sub-
sequent analyses. Mice were monitored daily following infection for
weight loss and morbidity and were euthanized after loss of 30% of
their preinfection body weight. As described for transplant recipi-
ents, implanted scaffolds were explanted from infected mice on day
—1, day 5, and day 10 relative to initiating infection. The scaffolds
from N = 4 randomly selected mice were selected for gene panel
validation via qPCR.

Wild-type T cell depletion study

Wild-type B6 mice received scaffold implants 14 days before STx.
Anti-CD4 and anti-CD8 were given in combination on days —3
and —1 before skin graft at 100 or 200 pg per monoclonal antibody
per injection (124, 125). Following allogeneic (B/c to T cell depleted
B6) or syngeneic (B6 to T cell depleted B6) STx, wild-type graft re-
cipients were then monitored for acute cellular rejection as previ-
ously. Implanted scaffolds were explanted from wild-type mice on
days -3, 7, 12, 17, 22, and 28 relative to transplant. The scaffolds
from N = 3 randomly selected mice were selected for gene panel
validation via qPCR.

Panel validation via RT-qPCR

Once the 13 genes of interest were identified as described above,
validation and prediction studies were conducted via reverse
transcription qPCR (RT-qPCR) analysis in 384-well plates. Three
housekeeping genes were also selected by analyzing each of the
16 OpenArray reference genes for the lowest variance overall and
across transplant type (fig. S14) to select the three most stable refer-
ence genes (Gapdh, Ppia, and Trib3) to be used as reference in RT-
qPCR. Single-strand ¢cDNA was synthesized from isolated RNA
with the SuperScript VILO ¢cDNA Synthesis Kit according to the
manufacturer’s instructions using a thermocycler (Mastercycler
gradient, Eppendorf, Hamburg, Germany). RT was performed with
RNA concentrations of 200 ng/pl. TagMan probes of the genes of
interest were ordered, and cDNA samples were placed in randomly
assigned order on the 384-well plate. TagMan Gene Expression
Mastermix was used, and a final volume of 9 pl was reached for each
well of the 384-well plate. RT-qPCR was performed on the Quant-
Studio ViiA 7 system (Applied Biosystems, Waltham, MA), and Cq
values were determined by the accompanying software. ACq values
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were calculated for each gene from the average of the reference
genes for that sample.

Statistical analyses and reproducibility

Statistical analyses for validation assays were performed using R and
GraphPad Prism 9 software (GraphPad) when N > 2 with unpaired
Student’s ¢ test or one- or two-way with Tukey’s multiple compari-
sons test. P values lower than 0.05 were considered statistically sig-
nificant. For two-group comparisons, Student’s ¢ tests were used to
analyze flow cytometry data as comparisons were made between
healthy and rejecting within each time point. All data are presented
as means = SEM with the number of samples provided [distinct
samples or mice (N) or images within a tissue (N); not repeated
measures], unless otherwise indicated. The details of specific statis-
tical tests used for each experiment and probability values are de-
tailed in the figure legends, and raw data and details of statistical
analyses are provided in data S1 to S7. For histological images, at
least three samples were acquired, and representative images were
displayed for each transplant group and time point. For multiple
group analysis and when comparing pooled control recipients ver-
sus rejecting recipient mice, two-way analysis of variance (ANO-
VA) was used with a post hoc Bonferroni correction to determine
significance. Log-rank test (Mantel-Cox) test was used for sur-
vival comparison. P values below 0.05 were considered statistically
significant.
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