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CONTEXT AND SIGNIFICANCE Major trauma is a leading cause of severe disability and death, yet molecular
targets unique to such settings have not been systematically identified. By screening a porcine model of
acute trauma with phage display libraries, the authors identified a collection of trauma-specific ligand pep-
tides. They discovered that their corresponding receptors (as part of the trauma-related proteome, hence-
forth, “traumome”) are largely calcium dependent and become readily accessible after trauma. The authors
demonstrated that ligand peptide CRQRPASGC, which homes in vivo and binds to a trauma-specific cal-
cium-enabled protein conformation of calreticulin, can serve as a targeted molecular imaging agent for tissue
injury in live animals. These discoveries conceptually advance the understanding of trauma biology and pave
the way for targeted theragnostic interventions.

SUMMARY

Background: Trauma is a leading cause of mortality, but injury-specific molecular targets remain largely un-
known. We hypothesized that distinctive yet unrecognized tissue targets accessible to circulating ligands
might emerge during trauma, thereby underscoring a trauma-related proteome.

Methods: We screened a peptide library to discover targets in a porcine model of major trauma: compound
femur fracture with hemorrhagic shock. Bioinformatics yielded conserved motifs, and candidate receptors
were affinity purified. In silico and in vitro approaches served to investigate possible associations between
candidate receptors and calcium, a major component of skeletal muscle and bone. /In vivo homing and
molecular imaging (PET/MRI and SPECT/CT) studies of the most promising ligand peptide candidate were

':3, Med 6, 100638, July 11, 2025 © 2025 The Authors. Published by Elsevier Inc. 1
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performed in the porcine model and were also confirmed in a corresponding rat model of major trauma. Op-
tical methodologies and molecular dynamics simulations served to explore the molecular attributes of the
ligand-receptor binding.

Findings: Nearly all molecular targets of the selected ligand peptides were calcium-dependent proteins,
which become accessible upon trauma. We validated specific binding of homing peptides to these receptors
in injured tissues, including CLRGFPALVC:CASQ1, CSEIGVRAC:HSP27, and CRQRPASGC:CALR. Notably,
we determined that ligand peptide CRQRPASGC targets an injury-specific calcium-facilitated conformation
of calreticulin, enabling specific molecular imaging of trauma.

Conclusions: We conceptually propose the term “traumome” for the functional receptor repertoire that be-
comes readily amenable for ligand-directed targeting upon major trauma. These preclinical findings pave the
way toward clinic-ready targeted theragnostic approaches in the setting of trauma.

Funding: Major funding was provided by the Defense Advanced Research Projects Agency (DARPA).

INTRODUCTION since blunt and penetrating trauma are often challenging to

manage.

Major trauma is a leading cause of severe disability and death
worldwide, either in civilian life or on the battlefield." Despite
the high frequency of trauma-related injuries globally, molecu-
lar targets unique to such settings have not yet been systemat-
ically identified. This is a critical and contemporary unmet need

2 Med 6, 100638, July 11, 2025

The mammalian vascular system responds to physiologic
and pathologic stimuli by differential regulation and expression
of unique, circulation-accessible, organ-specific, and angio-
genesis-related endothelial receptors.? Efforts to map ligand-
receptors in blood vessels have led to the discovery of an
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unanticipated, vast vascular endothelial cell-surface diversity
with functional attributes that serve as the basis for the under-
standing of biological function and development of targeted
therapy.®™ In vivo phage display technology holds promise
for discovering molecular targets within the complex biological
microenvironment of major trauma. Our group has long investi-
gated the organ-specific molecular diversity of the vascular
endothelium and lymphatic channels under physiologic and
pathologic conditions—such as cancer and obesity —to iden-
tify and exploit such cell surface-accessible ligand-receptor
systems.>*"~'® While this approach has not previously been
applied to severe musculoskeletal trauma, we reasoned that
its acute disruption of tissue architecture and release of intra-
cellular content would provide an opportunity to uncover pro-
tein interactions specific to tissue injury. If so, one could adapt
ligand-directed targeting of functional protein-protein interac-
tions at injury sites for translational applications, such as
reducing trauma-induced damage, controlling bleeding, and
promoting tissue repair.

Herein, we identified a panel of ligand peptides that selectively
accumulated in injured tissue of a porcine model, specifically
compound femur fracture with hemorrhagic shock.'* Surpris-
ingly, we found that nearly all biochemically isolated receptors
were calcium (Ca®*)-dependent proteins, which may facilitate
immediate ligand-directed targeting. The molar concentration
of extracellular Ca®* can be >10,000-fold higher than intracellular
Ca?* under physiological conditions.'® Therefore, we have hy-
pothesized that the pool of intracellular Ca?*-dependent proteins
released upon major trauma would promptly change their con-
formations upon Ca®* binding when encountering this marked
differential cation gradient. These results provide evidence for
a hitherto unrecognized, rapidly inducible network of Ca®*-
dependent proteins that allow conformational targeting as part
of an overarching trauma-related proteome. Conceptually, we
propose the term “traumome” to designate these empiric find-
ings and biological phenomenon at large.

RESULTS

Phage display peptide library selection in a porcine
model of acute trauma

To identify trauma-associated molecular targets, in vivo screen-
ings of ligand peptides were performed in a porcine model of
acute trauma (n = 4)'* comprising compound femur fracture
with bone and soft tissue injury plus hemorrhagic shock (Fig-
ure 1A). A phage display cyclic peptide library was infused intra-
venously (IV) with a serial collection of blood and tissue biopsies
at fixed time points (up to 4 h post-infusion), followed by eutha-
nasia and necropsy (Figure 1B); non-injured pigs (n = 4) under the
same experimental conditions served as negative controls
(Figures S1A-S1C).

To analyze differential tissue homing of peptide-targeted
phage particles, collected samples were processed for quantita-
tive PCR (gPCR) and next-generation sequencing (NGS). Phage
particle kinetics in the circulation (Figure 1C) and tissue biopsy
(Figure 1D) plus necropsy samples (Figure 1E) from the injured
animals (i.e., experimental fractured hindleg versus contralateral
intact hindleg) demonstrates their clearance from the blood and
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retention of a subset within the collected tissues. This large-an-
imal protocol provides an experimental framework for in vivo re-
covery of ligand peptides from injury sites, peripheral blood, and
control tissues, including mononuclear phagocytic system-rich
organs such as liver and spleen.

High-throughput analysis of ligand peptide-encoding
DNA sequences

DNA-encoded ligand peptides from the samples of experimental
(injured) or contralateral (intact) control hindlegs of the injured
pigs underwent NGS and bioinformatic analysis (Table S1). A
trend toward saturation of distinct peptide sequences relative
to the total recovered peptide sequences was found in the tissue
samples (Figure 1F; Tables S2 and S3), data consistent with se-
lective homing and enrichment of ligand peptides, and with the
non-random distribution observed in previous human screen-
ings.> %% Certain injured hindleg samples, particularly bone,
yielded more distinct sequences relative to the contralateral
intact hindleg, indicating that their preferential distribution might
represent ligand binding to readily available injury-specific re-
ceptors. These results are consistent with the acute molecular
and cellular response upon trauma, wherein putative receptors
may become accessible to circulating ligands through leakage
and/or release via damaged cell membranes.

A large-scale subtractive clustering analysis of the recovered
motifs revealed ligand peptide candidates (Table 1) deemed
injury-specific (n = 23) in soft tissue (n = 19) or bone (n = 4). To
validate the candidacy of this presumed injury-specific ligand
subset, a restricted phage panel was generated and re-infused
into another injured pig to recover tissues for gPCR-based quan-
tification (Figure 1G). We observed a 27-fold increase in phage
particle recovery from the injured hindleg relative to the contra-
lateral intact hindleg within 1-2 h, corroborating the injury-spe-
cific homing of the selected panel to the site of trauma (Fig-
ure 1H). These candidate ligand peptides were prioritized for
validation. Hence, these data suggest that the selected ligand
peptides preferentially home to trauma-related receptors. Alto-
gether, this differential homing indicates that certain molecular
targets localized in injury sites become readily amenable for
biochemical recognition and binding to circulating ligand pep-
tides upon extracellular release and/or protein activation.

Synthetic peptide-affinity purification and identification
of candidate receptors

To identify the corresponding receptor(s) for each injury-specific
ligand, we integrated multiple methodologies, including syn-
thetic peptide-affinity chromatography, supervised sequence
alignment, and in silico pathway analysis. Each selected ligand
peptide was individually synthesized (n = 23; Table 1) and used
to purify corresponding candidate receptors from protein ex-
tracts of injured or intact control tissues. The purification of
candidate receptors was accomplished through peptide-affinity
chromatography, gel electrophoresis, and mass spectrometry
(Figure S2; Table S4). Candidate receptors (n = 82) from various
protein classes emerged, with most (59%) being known Ca* in-
teractors (Figure S3). Specific binding between the ligand pep-
tides and their corresponding candidate receptors was verified
by assays on microtiter plates (Figure S4). Two such candidate
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Figure 1. Identification and validation of trauma-specific vascular ligands by combinatorial screening

(A and B) Overview of the in vivo phage display peptide library screening and analysis. (A) Utilization of a porcine model of acute trauma involving compound femur
fracture and hemorrhagic shock. Representative images of tissue-section biopsies stained with hematoxylin and eosin demonstrate skeletal muscle damage,
hemorrhage, infiltration by inflammatory cells, and fibrin accumulation (scale bar, 250 um). (B) Systemic administration of an in vivo phage display peptide library
(CX;C and CXgC) with sample collection from injured and contralateral intact hindlegs at various time points (10, 60, 70, and 120 min, followed by necropsy at
240 min), followed by evaluation of phage particles per sample.

(C) Profile of phage clearance after systemic phage library infusion in separate injured pigs (n = 3) via arterial blood sample collection at different time points by
qPCR per 100 ng DNA. Data points corresponding to independent animals (wherein two technical replicates were averaged to obtain a single point) are presented
as mean =+ standard error of the mean (SEM).

(D) Phage quantification in the injured and contralateral intact hindlegs at fixed biopsy time points by gPCR per 100 ng DNA. Data points corresponding to in-
dependent animals (wherein two technical replicates were averaged to obtain a single point) are presented as mean + SEM.

(E) Phage quantification in hindlegs and control organs after necropsy by qPCR per 100 ng DNA. Data points corresponding to independent animals (wherein two
technical replicates were averaged to obtain a single point) are presented as mean + SEM.

(F) Saturation plots of distinct peptide sequences in the biopsy and necropsy samples obtained via random shuffling followed by sampling of the recovered
peptide sequences that were detected more than once. Data are presented as the mean of 100 rounds of random shuffling/sampling.

(G) Cloning of targeted phage constructs, each displaying a lead peptide candidate (n = 23), with their pooling constituting a restricted phage panel.

(H) Administration of the restricted phage panel into a separate injured pig (n = 1). Phage were quantified in the injured and contralateral intact hindlegs at various
biopsy time points by gPCR per 100 ng DNA. Data points corresponding to technical replicates are presented as mean + SEM and analyzed with two-way ANOVA
coupled with post hoc Bonferroni’s multiple comparisons test.
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Table 1. Targeting peptides and their corresponding candidate receptors of the traumome in this study

Shared with
Peptide no. Format Sequence identity ~ Target tissue® Candidate receptor another peptide Ca?* interacting® UniProt
1 CXsC CLRGFPALVC® injured soft tissue  CASQ1 yes; 18 yes P31415
2 CX;C CSEIGVRAC injured soft tissue HSP27 (HSPB1) yes; 10 yes P04792
3 CX;C CRGFVRGSC? injured soft tissue  CRYAB yes; 7 yes P02511
4 CXgC CSRGSPDARC injured soft tissue ~ GC1QBP no yes Q07021
5 CXgC CSRAKGRGAC injured soft tissue  DES yes no P17661
6 CX;C CVLRFFSSC injured soft tissue ~ GRP78 (BIP; HSPA5)  no yes P11021
7 CXgC CRPARVRGAC* injured soft tissue ~ CRYAB yes; 3 yes P02511
8 CX;C CPTFFAVPC injured soft tissue ~ CALU no yes 043852
9 CX;C CASAVPISC injured soft tissue  PPIB no yes P23284
10 CX;C CLVSGRSRC injured soft tissue ~ HSP27 (HSPB1) yes; 2 yes P04792
11 CXgC CTESFQKHLC injured soft tissue ~ PRDX3 no yes P30048
12 CXgC CGILGPWMAC injured soft tissue  LTF no yes P02788
13 CXsC CKWEGLDMAC injured soft tissue ~ ALDOA no yes P04075
14 CX;C CLNVSGRSC injured soft tissue ~ HSC70 (HSPAS) no yes P11142
15 CXgC CHKPPNFGSC injured soft tissue  ANXA1 no yes P04083
16 CXsC CEGKEDMQGC injured soft tissue  BAG3 no yes 095817
17 CXgC CVGQVGGRRC injured soft tissue  HRG no yes P04196
18 CX;C CLRGFQRVC® injured soft tissue  CASQ1 yes; 1 yes P31415
19 CX;C CRQRPASGC injured soft tissue ~ CALR no yes P27797
20 CXgC CARASGERGC fractured bone COL11A2 no no P13942
21 CXsC CEARASGSRC fractured bone CSTA no yes P01040
22 CXgC CVKASGSRAC fractured bone SEC31A no yes 094979
23 CXgC CVANFGRAPC fractured bone CTSG no yes P08311

CLRGFPALVC:CASQ1, CSEIGVRAC:HSP27, and CRQRPASGC:CALR were functionally confirmed. ALDOA, fructose-bisphosphate aldolase A;
ANXA1, annexin A1; BAG3, BAG family molecular chaperone regulator 3; BIP, endoplasmic reticulum chaperone BIP; CALR, calreticulin; CALU, cal-
umenin; CASQ1, calsequestrin-1; COL11A2, collagen «-2(XI) chain; CRYAB, a-crystallin B chain; CSTA, cystatin-A; CTSG, cathepsin G; DES, desmin;
GC1QBP, complement component 1 Q subcomponent-binding protein (mitochondrial); GRP78, 78-kDa glucose-regulated protein; HRG, histidine-
rich glycoprotein; HSC70, heat shock cognate 71-kDa protein; HSP27, heat shock 27-kDa protein; HSPA5, heat shock protein family A (Hsp70) mem-
ber 5; HSPAS, heat shock protein family A (Hsp70) member 8; LTF, lactotransferrin; PPIB, peptidyl-prolyl cis-trans isomerase B; PRDX3, thioredoxin-
dependent peroxide reductase (mitochondrial); SEC31A, protein transport protein Sec31A.

2Soft tissue includes muscle, fat, fibrous tissue, blood vessels, and/or stromal tissue.

PDirect or indirect (i.e., via a single protein mediator).
°Contains LRGF motif.
dContains VRG motif.

receptors, calsequestrin-1 (CASQ1) and a-crystallin B chain
(CRYAB), were cross-recognized by more than one ligand pep-
tide-targeted phage containing conserved tripeptide motifs
such as Leu-Arg-Gly or Val-Arg-Gly (Table 1), thereby supporting
guided clustered analysis for the identification of binding motifs
with similar biological attributes. Notably, the candidate recep-
tors exhibit sequence conservation across three mammalian
proteomes, underscoring their potential significance in the
evolutionary context (Table S5).

Ligand-directed targeting of corresponding CaZ*-
dependent receptors is specific

Given that Ca®* is critical for cellular functions,'” systemic dysre-
gulation of serum Ca2* levels from tissue injury worsens trauma
patient outcomes.'® 2" To investigate the molecular network of
Ca?*-dependent receptors in major trauma, we applied Ingenu-
ity Pathway Analysis to map the functional receptor interactions,

with Ca?* as the central component. Remarkably, the analysis
revealed that nearly all non-redundant newly validated receptors
(n = 18 out of 20; 90%) interact either directly or indirectly (i.e.,
through a protein mediator) with Ca®* (Figure 2A; Table 1).
Among the five direct interactors, calreticulin (CALR) was found
to be at the center of a large network related to Ca®* regulation.
This interaction map suggests that upon tissue injury, these
candidate receptors become targetable by the uncovered ligand
peptides in a Ca%*-dependent manner.

To gain functional insights and ascertain ligand-directed binding
specificity, three trauma-related peptide-receptor systems
(CLRGFPALVC:CASQ1, CSEIGVRAC:HSP27,and CRQRPASGC:
CALR) were prioritized for biochemical analysis as representatives
of localized targeting of Ca®*-dependent proteins at injury sites.
Ligand-receptor interaction specificity was confirmed with binding
inhibition assays, wherein increasing concentrations of the
cognate synthetic peptides outcompeted peptide-phage binding
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to the individual receptors in a concentration-dependent manner
(Figures 2B-2D). Notably, specific binding of CLRGFPALVC-dis-
playing phage to immunocaptured CASQ1, the most abundant
Ca?*-binding protein in the sarcoplasmic reticulum (SR) of skeletal
muscle,”> was also diminished in the presence of chelating
agent 2EDTA, strongly suggesting that Ca®" stabilizes the
ligand-receptor interaction (Figure 2E). Ligand-binding specificity
of the CSEIGVRAC-displaying phage to HSP27 was also
confirmed when tested against two closely related proteins (i.e.,
HSP22 and CRYAB) of the heat shock protein (HSP) family that
act as regulators of cell death (Figure 2F).?° Like CASQ1, HSP27
organizes muscle fibers at the ultrastructural level®* and indirectly
regulates Ca®* homeostasis.?® Finally, CRQRPASGC-displaying
phage binding to CALR also increased in a Ca?* concentration-
dependent manner (Figure 2G). Because CALR shares sequence
similarity with CASQ1 and is present in the SR of muscle cells
and endoplasmic reticulum (ER) of other cell types,® this finding
supports its multifunctional role as an intracellular protein with
high Ca2*-binding capacity.?” These results establish that the
Ca?*-dependent interaction of three specific ligand-receptor sys-
tems localized to injury sites in trauma is specific.

Given the immediate functional role of Ca®* in the context of
acute trauma, we evaluated its presence in injured tissue bi-
opsies from serial time points after femur fracture. We detected
increased Ca®* levels as early as 1 min post-injury, with a marked
rise by 10 min (Figure 2H). In comparison, Ca* was not detected
in the contralateral intact hindleg, reinforcing the selective tar-
getability of Ca?*-dependent receptors in the injured tissue.
We subsequently used immunohistochemistry (IHC) to examine
two direct Ca®* protein interactors, CASQ1 and CALR, which
may have potential for targeted applications. While CASQ1
levels appeared relatively high in the injured hindleg, CASQ1
was also detected in the contralateral intact hindleg, albeit to a
lesser degree (Figure 21, left). However, CALR was exclusively
detected in the injured hindleg (Figure 21, right), rendering it a
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potentially favorable molecular target. These findings reveal
the presence of Ca®* along with the immediate and exclusive tar-
getability of CALR promptly following tissue injury. Thus, we
concluded that among all the selected ligand peptides,
CRQRPASGC (Table 1, peptide 19) represents an attractive pro-
totype for mechanistic investigation because of its specific bind-
ing to cell surface-accessible and/or released CALR from tissue
injury in the presence of extracellular Ca2*. Ex vivo overlay as-
says with tissue samples from the model confirmed the ability
of CRQRPASGC-displaying phage to bind to the injured tissues
relative to the controls, non-injured tissue samples, and insert-
less phage (Figure S5A).

Validation of the ligand peptide CRQRPASGC targeting
of CALR in major trauma

To confirm the selective peptide targeting of CALR in trauma, we
administered CRQRPASGC-displaying or negative control (in-
sertless) phage particles in the porcine model (n = 2 injured
pigs per construct). Tissue biopsies from the experiment-injured
and contralateral intact hindlegs were collected, and the serial
enrichment of phage particles was monitored over time. A
gradual increase in CRQRPASGC-displaying phage homing to
the injured tissue was observed, peaking at 70 min (Figure 3A),
versus control phage (Figure 3B). Homing to the injury site by
CRQRPASGC-displaying or control phage was monitored and
confirmed with serial IHC (Figure S5B).

Molecular imaging of CRQRPASGC-directed targeting

of CALR in tissue injury

Having demonstrated Ca®*-dependent ligand-directed targeting
of the injury site, we sought to determine the spatiotemporal attri-
butes of the interaction between the ligand CRQRPASGC and its
receptor CALR in injured tissue with molecular imaging. First, we
aimed to find which residue(s) of CRQRPASGC would be most
critical for its interaction with CALR, with the goal of identifying a

Figure 2. Trauma-associated ligand-receptors in the context of Ca?* homeostasis

(A) The traumome, a tentative map of systemically accessible trauma-related proteins. The validated candidate receptors directly (in red) and indirectly (in blue)
associated with Ca®* are represented (n = 18 of 20; DES and COL11A2 not shown). Solid lines indicate a direct physical interaction between a protein and Ca?*,
and dotted lines indicate a direct physical interaction between two proteins.

(B-D) In vitro phage-binding assays with increasing concentrations of cognate peptide for (B) CLRGFPALVC-displaying phage and immobilized recombinant
CASQ1, (C) CSEIGVRAC-displaying phage and immobilized recombinant HSP27, and (D) CRQRPASGC-displaying phage and immobilized recombinant CALR.
Phage binding is represented by relative transducing units (TU) as described in STAR Methods. Insertless phage and bovine serum albumin (BSA) served as
negative controls for ligand and receptor, respectively. Data points corresponding to technical replicates are presented as mean + SEM and analyzed with three-
way ANOVA coupled with post hoc Bonferroni’s multiple comparisons test.

(E) Phage-binding in vitro assays with CLRGFPALVC-displaying phage and immobilized immunocaptured CASQ1 in the absence or presence of EDTA (a Ca*
chelator). Phage binding is represented by relative TU as described in STAR Methods. Insertless phage and BSA served as negative controls for ligand and
receptor, respectively. Data points corresponding to technical replicates are presented as mean + SEM and analyzed with three-way ANOVA coupled with post
hoc Bonferroni’s multiple comparisons test.

(F) Phage-binding in vitro assays with CSEIGVRAC-displaying phage and various immobilized heat shock proteins. Phage binding is represented by relative TU as
described in STAR Methods. Insertless phage and BSA served as negative controls for ligand and receptor, respectively. Data points corresponding to technical
replicates are presented as mean + SEM and analyzed with two-way ANOVA coupled with post hoc Bonferroni’s multiple comparisons test.

(G) Phage-binding in vitro assays with increasing concentrations of Ca>* with CRQRPASGC-displaying phage and immobilized recombinant CALR. Phage
binding is represented by relative TU as described in STAR Methods. Insertless phage and BSA served as negative controls for ligand and receptor, respectively.
Data points corresponding to technical replicates are presented as mean + SEM and analyzed with three-way ANOVA coupled with post hoc Bonferroni’s multiple
comparisons test.

(H) Immunohistochemical (IHC) staining of Ca®* in muscle tissue-section biopsies from injured and non-injured hindlegs of a porcine model of acute trauma 1 and
10 min after injury (scale bar, 250 pm).

(I) IHC staining of two direct Ca®*-interacting candidate receptors, CASQ1 and CALR, in muscle tissue-section biopsies. Non-injured muscle tissue sections and
isotype antibodies were used as negative controls (scale bars, 250 um).
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Figure 3. Targeting of the CRQRPASGC-CALR ligand-receptor in vivo in the porcine model of major trauma (i.e., femur fracture and/or soft
tissue injury) over time

(A and B) Relative homing of (A) CRQRPASGC-displaying or (B) insertless phage to the fractured hindlegs (n = 2 pigs each) following administration, assessed by
qPCR per 100 ng DNA and normalized to the administered sample. Necropsy was performed at 240 min. The contralateral intact hindleg was used as a negative
control. Data points corresponding to independent animals (wherein four technical replicates were averaged to obtain a single point) are presented as mean +
SEM and analyzed with two-way ANOVA coupled with post hoc Bonferroni’s multiple comparisons test.

(C and D) Alanine scanning of CRQRPASGC to assess phage binding of each construct to immobilized recombinant CALR protein in the (C) absence
or (D) presence of Ca®*. Each amino acid residue was mutated to an alanine residue except in the instance of an already-present alanine at amino acid
position 6, which was mutated to serine. Phage binding is represented by relative TU as described in STAR Methods. Insertless phage and BSA were
used as negative controls for ligand and receptor, respectively. Data points corresponding to technical replicates are presented as mean + SEM and
analyzed with two-way ANOVA coupled with post hoc Bonferroni’s multiple comparisons test.

(E) Coronal and axial MRI with regions of interest (ROls) representing fractured and non-fractured hindlegs of injured pigs for continuous quantification in serial
PET/MRI scans.

(legend continued on next page)
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mutant with abrogated binding to CALR. We used site-directed
alanine scanning to generate mutants for phage-binding assays
with immobilized CALR. The mutant PSA peptide (CRQRAASGC)
abrogated receptor-binding activity in the absence or presence of
Ca?* (Figures 3C and 3D), thereby revealing a critical role of the
proline residue in its interaction with CALR. Second, we adminis-
tered IV 8Zr-labeled CRQRPASGC (n = 2 injured pigs and n = 1
non-injured pig) or 3°Zr-labeled CRQRAASGC (n = 2 injured
pigs) and performed positron-emission tomography/magnetic
resonance imaging (PET/MRI) to serially monitor their temporal
dynamics and spatial heterogeneity in injured versus intact control
pigs (Figure 3E). PET/MRI scans revealed that 8Zr-CRQRPASGC
targets the injured tissue relative to intact tissue (i.e., the contralat-
eral hindleg of the respective injured animal and both hindlegs
of the non-injured control animal) as early as 30 min and up
to 5 h post-administration (Figure 3F). Quantification of 8°Zr-
CRQRPASGC-derived radioactivity measured as a percentage
of the injected dose per gram in the experiment-injured hindleg
relative to the intact control hindleg showed progressive accumu-
lation of 8Zr-CRQRPASGC over 5 h post-administration at the
injury site, especially in the femur fracture, and less accumulation
in the soft tissue injury without fracture (Figures 3F and 3G). A less
prominent initial accumulation of 9Zr-CRQRAASGC at the site
of trauma was observed, which may have been due to tissue
damage and blood leakage into the injured bone and soft
tissues. However, its signal at the injury site continued to increase
(comparable to 8Zr-CRQRPASGC) and only reduced by 3 h post-
radiotracer administration. Poor perfusion due to edema and
vascular spasm at early stages with subsequent improvement of
perfusion may explain this latter observation. Alternatively, while
CRQRAASGC demonstrated abrogated binding to recombinant
CALR in vitro under highly stringent experimental conditions
(Figures 3C and 3D), it may recognize CALR or perhaps a distinct
protein in the in vivo microanatomic context at the injury site.
Nonetheless, the whole-body images and quantification of 8°Zr-
CRQRPASGC-derived radioactivity in the contralateral hindleg
along with the negative control animal confirmed the lack of
non-specific accumulation and its clearance from bone and soft
tissue of the extremities in the absence of injury (Figures 3F
and 3G).

Despite genomic and proteomic differences across mammalian
species, complex tissue microenvironments may resemble one
another. To rule out species-specific bias, we selected an inde-
pendent major trauma model in rats, namely a complete fracture
of the femur plus soft tissue damage (n = 3) compared to a non-
injured control (n = 1). We further evaluated the injury-specific
targeting capabilities of CRQRPASGC and the binding availability
of the CALR receptor by using '''In-DOTA (1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetraacetic acid)-CRQRPASGC and sin-
gle-photon emission computerized tomography combined with
conventional computerized tomography (SPECT/CT). Following
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hindleg fracture (Figure 4A), '"'In-DOTA-CRQRPASGC was
administered IV, and scans were serially acquired over 3.5 h. Dur-
ing the initial 18 min, SPECT revealed greater signal from """In-
DOTA-CRQRPASGC in the hindleg with a fractured femur relative
to the contralateral intact hindleg and also to the non-injured con-
trol rat (Figures 4B-4D, S6A, and S6B). SPECT/CT focused on the
hindleg demonstrated high levels of radiolabeled ''In-DOTA-
CRQRPASGC-derived radioactivity at the injury site continuously
from 1 to 3.5 h, while no radiotracer accumulation was detectable
in the contralateral intact hindleg or non-injured control rat (Fig-
ure 4E). Time-activity curves confirmed specific accumulation of
"In-DOTA-CRQRPASGC in the injury site (Figures 4F and 4G).
The ""In-DOTA-CRQRPASGC-derived radioactivity accumu-
lated in the hindlegs of injured rats was markedly higher than in
the non-injured rats at 1 h, with gradual tapering until 3.5 h (Fig-
ure 4F). In comparison, ''In-DOTA-CRQRPASGC-derived radio-
activity in the intact hindleg(s) of the injured or non-injured control
rats was consistently low and exhibited similar kinetics over time
(Figure 4G). Measurements corresponding to control organs re-
vealed no specific accumulation of ''In-DOTA-CRQRPASGC.
IHC of injured rat tissues confirmed the presence of CALR (Fig-
ure S6C). These findings suggest that CRQRPASGC preferentially
binds to CALR at the injury site, but not in intact control tissues.
Collectively, these independent observations in two different
mammalian models of major trauma indicate that CALR promptly
(upon Ca?* binding) becomes amenable for specific ligand-
directed targeting in injury sites.

CaZ?* stabilizes a CALR conformation compatible with
ligand peptide binding

We sought to understand the molecular basis for the interaction
between CRQRPASGC and CALR in major trauma. Upon soft
tissue injury, Ca®* release into the cytoplasmic and/or extracel-
lular microenvironment is rapidly contained by homeostatic au-
toregulation,”® such as buffering by Ca®*-binding proteins.
Consistent with this pathophysiologic phenomenon, we have
demonstrated that CRQRPASGC preferentially homes to
injured tissue and binds to CALR in a conditional state of
elevated Ca®* concentration. Given that the C terminus of
CALR is a highly flexible region predominantly composed
of acidic residues with high conformation-stabilizing Ca®*-bind-
ing activity and becomes more solvent exposed in the pres-
ence of high Ca®* concentrations,”>>" we surmised that it
may encompass the CRQRPASGC-binding region. Hence,
we performed peptide-targeted phage-binding assays in the
presence of an anti-CALR antibody specifically against its C
terminus (residues A353-E416). CRQRPASGC-displaying
phage binding was abrogated (Figure 5A), indicating that
Ca?* facilitates binding to the C terminus of CALR. Because
we have experimentally shown that (1) specific binding of
CRQRPASGC to CALR occurs at this region and (2) it increases

(F) Representative serial axial PET/MRI scans of injured pigs administered with 8Zr-labeled CRQRPASGC (n = 1 with fracture and n = 1 with soft tissue injury only)
or #Zr-labeled mutant peptide (CRQRAASGC,; red designates the mutation) (n = 2 with fracture) at fixed time points. Each individual image is scaled to the same
intensity. 8Zr-labeled CRQRPASGC in a non-injured pig (n = 1) was used as a control.

(G) Relative quantification of the 8°Zr-labeled peptides at the injured ROI represented as percentage of injected dose per gram normalized to the non-injured ROI
(contralateral intact hindleg) over nine time points (0, 30, 60, 120, 150, 180, 240, 270, and 300 min). Data points corresponding to independent animals are
presented as either individual values (orange and black lines) or mean + SEM (gray line).
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Figure 4. Targeting of the CRQRPASGC-CALR ligand-receptor in vivo in a rat model of acute trauma (i.e., femur fracture and soft tissue

injury) over time

(A) Coronal CT with ROIs representing fractured (right) and non-fractured (left) hindlegs of injured rats for continuous quantification in serial SPECT/CT scans.
(B) Planar SPECT scan of both hindlegs in a representative injured rat (n = 1) and a non-injured rat (n = 1) from 0 to 18 min following injection with ''In-DOTA-

labeled CRQRPASGC.

(C and D) Quantification of planar SPECT scan from the representative injured rat and non-injured rat. Counts are normalized to the first time point (see

Figures S6A and S6B for remaining injured rats).

(E) SPECT/CT scans of the injured rat and non-injured rat at fixed time points (60, 90, 180, and 210 min).
(F and G) Uptake measured at the (F) injured or (G) non-injured hindleg for all rats (n = 3 injured rats and n = 1 non-injured rat). Data points corresponding to
independent animals are presented as either individual values (black line) or mean + SEM (orange line).

directly with Ca®* concentration, we examined the potential
allosteric effects of the peptide-protein interaction on CALR
conformation in an injury context-dependent setting; we hy-
pothesized that CRQRPASGC targets a Ca®*-stabilized confor-
mational state of CALR. To model this working hypothesis with
steady-state optical methodologies in minimized cell-free as-
says, we used fluorescence emission spectroscopy to detect
changes in CALR conformation upon CRQRPASGC binding,
with or without Ca®*; the mutant CRQRAASGC peptide with
abrogated in vitro binding yet successful in vivo homing was
also assessed. Steady-state emission spectra of CALR show
that CRQRPASGC quenches fluorescence emission of CALR
at 280 and 295 nm excitation to a greater degree than the
mutant (Figure 5B); moreover, the addition of Ca®* did not
affect the emission. Because the observed fluorescence emis-
sion quench could be due to nonspecific electrostatic interac-
tions between the positively charged CRQRPASGC or mutant
(theoretical isoelectric point [pl] = 9.0 for both peptides) and
negatively charged CALR (theoretical pl = 4.3), we further
tested this molecular interaction with circular dichroism (CD)
spectroscopy. Secondary structural CALR changes were
observed upon CRQRPASGC binding (Figure 5C), and to a
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lesser degree with the mutant (Figure 5D). An 8-fold increase
in peptide concentration demonstrated that CRQRPASGC
induced more pronounced secondary structural changes rela-
tive to the mutant (Figure 5E). Notably, CALR with Ca* did
not undergo the corresponding structural change when
CRQRPASGC was added (Figure 5F). These findings suggest
that (1) CRQRPASGC and Ca®* stabilize a specific CALR
conformation in a highly similar if not identical manner, and
therefore (2) Ca®* binding enables a CALR conformation that
is compatible with CRQRPASGC ligand-directed targeting. As
shown (Figure 2G), increases in Ca®* concentration facilitate
greater binding of CRQRPASGC to CALR, likely precluding
binding competition between the two entities. Finally, the
mutant peptide weakly binds to and exhibits a similar but
less prominent conformational impact on CALR, providing a
plausible explanation for its presence in the injured hindlegs
of pigs in its previous in vivo assessment (Figure 3G).

Peptide-protein structural modeling and molecular
dynamics simulation

Having shown a functional interplay among CRQRPASGC,
CALR, and Ca?*, we next used in silico analysis and peptide
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structure prediction studies to identify the precise peptide-pro-
tein interaction between CRQRPASGC and CALR at the atomic
level. We used pathway analysis and sequence alignment to
identify CALR interactors with sequence similarities to
CRQRPASGC. Among the known direct protein interactors of
CALR (n = 67), only four showed partial similarity to
CRQRPASGC: tapasin (TAPBP), homeobox protein Nkx-2.1,
von Willebrand factor, and myeloperoxidase (Figure S7A).
Recent structural characterization of the major histocompatibili-
ty complex class | peptide-loading complex revealed that the
Pro-Ala-Ser-Gly (PASG) motif (residues D390-E393) of TAPBP
(also present in CRQRPASGC) is part of its binding pocket for
CALR (at residues E378-E386 of the CALR C terminus; PDB:
BENY)*? (Figure 6A). These findings are consistent with the afore-
mentioned inhibition of CRQRPASGC binding to CALR by an
anti-CALR antibody (Figure 5A). Finally, we showed that the pro-
line within CRQRPASGC is the most critical residue for binding to
CALR (Figures 3C and 3D) and observe that it is highly conserved
in TAPBP among mammalian and non-mammalian vertebrate
species (Figure S7B), providing additional support for this obser-
vation. Additional peptides identified in the injury site from the
initial screenings also demonstrate an overlap with this TAPBP
region (Figure 6B).

To assess whether the shared PASG motif of CRQRPASGC
adopts a similar binding conformation as the corresponding
TAPBP region, we performed all-atom explicit-solvent simula-
tions of CRQRPASGC. Low all-atom root-mean-square devia-
tion (RMSD) values (mostly <2 A) show that the PASG motif
within the predicted ligand peptide structure adopts configura-
tions that are highly similar to the native structure of TAPBP
(Figures 6C-6E), suggesting a mimicked mode of binding to
the CALR C terminus. From a physical perspective, this struc-
tural similarity may be attributed to the constraints introduced
by cyclization in addition to the specific intramolecular energetic
interactions. To structurally assess the role of Ca®* in the confor-
mation-dependent interaction of CALR with CRQRPASGC, we
performed all-atom explicit-solvent simulations of CALR with
varying Ca®* concentrations. Because we observed that
CRQRPASGC binds to the C terminus of CALR, we focused on
the last 21 residues of CALR (R366-E386). High RMSD values
(>4 A) were obtained for all Ca®* concentrations relative to the
experimental structure (PDB: 6ENY) (Figure 6F). Moreover, the
presence of Ca* reduces the scale of the structural fluctuations
of the nine terminal residues of CALR (E378-E386; proposed
CRQRPASGC-binding site), where the effect appears more
pronounced for negatively charged residues (Figure 6G). This
structural analysis indicates that Ca®>* binding stabilizes the C
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terminus of CALR, which may in turn facilitate CRQRPASGC-
directed targeting of injured tissue.

DISCUSSION

Trauma in civilian life and military combat is a substantial and
often underrecognized global health issue, accounting for con-
servative estimates above 4 million deaths annually.1 Herein,
we applied an approach of in vivo screenings with a peptide li-
brary in a model of femur fracture and hemorrhagic shock'* in-
tegrated with NGS, bioinformatics, and pathway analysis to-
ward the identification of specific functional injury-associated
targets. Non-random sequences empirically accumulated in
injury samples; among these, we found a panel of ligand pep-
tides and candidate receptors that are evolutionarily conserved
and serendipitously interconnected and likely conformationally
mediated by Ca®*. We inferred that trauma triggers the sudden
dysregulation of Ca®* gradients and exposure to intracellular
content.**** To offer a functional working-definition, we have
denominated the network of injury-specific receptors that
become accessible to the systemic circulation as the trau-
mome; the fast time frame for availability of Ca2*-dependent re-
ceptors for ligand-directed targeting (as early as 1 min) en-
dorses immediate molecular target accessibility and/or
activation, rather than delayed protein expression.>> We vali-
dated three such ligand-receptor systems for binding speci-
ficity and injury-specific accessibility (CLRGFPALVC:CASQ1,
CSEIGVRAC:HSP27, and CRQRPASGC:CALR). Furthermore,
we described a ligand-directed targeting mechanism of an ac-
quired CALR conformation by CRQRPASGC in the presence of
high-levels of Ca?* temporally and spatially released upon tis-
sue injury. Therefore, we show that conformational changes
in Ca®*-dependent receptors under major trauma are specif-
ically available to circulating ligands.

Subcellular Ca®* concentrations are tightly regulated with a
marked cation gradient between the cytosol (hanomolar range)
and specialized organelles such as the SR and ER or extracel-
lular matrix (ECM) compartment (micromolar-to-millimolar
range), which is essential for cell physiology.*® CALR is an intrin-
sically disordered protein in the cytosol, but it adopts a rigid and
compact conformation when Ca?* bound within the ER, SR, or
ECM microenvironment.?®*” As a classical Ca®*-dependent re-
ceptor, CALR regulates Ca?* concentration in many processes,
including muscular contraction/relaxation.?®27-*® However, un-
der the unique conditions of unregulated Ca®* overload triggered
locally by trauma,® the acquired conformational stabilization
of CALR provides a plausible rationale for the observed

Figure 5. Functional and conformational aspects of the interaction between CRQRPASGC and CALR
(A) In vitro phage-binding assays with CRQRPASGC-displaying phage and immobilized recombinant CALR in the absence or presence of an anti-CALR antibody
against its C terminus (residues A353-E416). Data points corresponding to technical replicates are presented as mean + SEM and analyzed with three-way

ANOVA coupled with post hoc Bonferroni’s multiple comparisons test.

(B) Steady-state fluorescence emission spectra of CALR in the presence of synthetic CRQRPASGC or mutant peptide (CRQRAASGC) in solution with or without

CaCl, under excitation at 280 nm (left) and 295 nm (right).

(C and D) Circular dichroism (CD) spectrum of CALR in the presence of (C) CRQRPASGC (50 uM) or (D) mutant peptide (50 pM).
(E) CD spectra of CALR with a high concentration (400 uM) of CRQRPASGC or mutant peptide subtracted by signal attained with low-concentration peptide

(50 pM).

(F) CD spectra of CALR in CaCl, with or without CRQRPASGC (50 pM) (millidegree is abbreviated to mdeg).
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tissue-specific binding of CRQRPASGC. The established role of
CALR in wound repair and tissue regeneration further supports
its potential as a suitable molecular target in the trauma microen-
vironment.>>*° CALR also serves as an “eat me” signal for
apoptotic cell clearance during efferocytosis,*’ in which it acts
as a cell surface receptor for phagocytes.*? Hence, it is tempting
to conjecture that targeting conformational states of CALR might
occur in chronic stress conditions along with acute trauma; we
have previously targeted, as experimental precedents, intracel-
lular adapters and stress-response chaperones released into
the ECM in cancer*®~*® and an organellar protein in the vascular
endothelium serving white adipose tissue in obesity.*°

A few structural and functional aspects deserve comment. We
propose the term traumome to designate the set of molecular
targets in major trauma, including protein conformations
induced by Ca?* binding immediately after injury; conceptually,
this network might include allosterically targetable receptors
that change conformation upon binding to other divalent cations
(e.g., Mg?*, Mn?*, Zn?*), which have distinct concentration gra-
dients among the various intracellular and extracellular compart-
ments. Moreover, additional studies are required to elucidate
any downstream signaling processes associated with the trau-
mome. For example, its potential interplay with immune-acti-
vating molecules involved in tissue damage, commonly referred
to as alarmins and damage-associated molecular patterns,*’~*°
currently remains unclear. Next, the initial screenings that serve
as the basis for this study were performed in an index non-hu-
man large-animal species under controlled conditions. Although
specific ligand-receptor interactions were assessed with human
proteins, validation of these conceptual and translational
findings in humans will be required. Moreover, at least three
technical possibilities for the constructs introduced by this orig-
inal report are noteworthy. For the ligand peptide moiety,
peptide-drug conjugates may be developed to counter the
time-sensitive sequelae of acute trauma, including (1) coagula-
tion or hemostatic agents for hemorrhage, (2) immunomodula-
tors for inflammation and fat embolism, (3) antibiotics for infec-
tion, and (4) angiogenic or bone-regenerating compounds for
vascular compromise. For the virus moiety, the peptide-display-
ing lysogenic phage particles may be adapted as experimental
injury-specific antibiotics against multidrug-resistant pathogens
if lytic phage particles were used instead.’’~>? For an alternative
ligand moiety, the administration of phage display antibody li-
braries in trauma may enable the identification of injury-targeting
antibodies in vivo,”® which might bestow greater specificity than
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peptides. Finally, in addition to compound fractures with shock,
whether other types of severe tissue injury (e.g., traumatic brain
or spinal cord injury, internal organ damage, extensive burns)
have their own conformational receptor subsets remains an
open question to be systematically addressed in the appropriate
animal models.>*~>®

In summary, we provide initial insight into the collective reper-
toire of injury-related Ca®*-dependent receptors that become
readily available in a spatiotemporal manner for systemic
ligand-directed targeting following major trauma. These findings
mechanistically underscore the injury-specific conformation-
dependent targeting of CALR within the setting of experimental
trauma, in which the sudden and immediate exposure of CALR
to Ca?* increases its stability for targeting. We also report the
discovery and initial functional analysis of CRQRPASGC as a
prototype for targeted drug lead optimization and development.
The ability of this cyclic nonapeptide to home specifically to
injury sites promptly after the traumatic event is central to the
concept of the “golden hour” in intensive care for timely therapy
delivery to acute trauma patients.**"°° Given the critical timing for
prompt on-site medical attention, future therapeutic applications
for emergency use under pre-hospital conditions, such as the
systemic administration of a targeted agent to control the
sequelae of acute trauma, may be envisioned.

Limitations of the study

Notwithstanding the functional and mechanistic aspects of this
study, some inherent limitations must be acknowledged. First,
technical aspects associated with the screenings may be
adjusted. We performed multiple single-round screenings for
the determination of ligand peptides in injured and non-injured
tissues as opposed to multi-round, sequential screenings. The
advent of NGS has facilitated downstream processing and anal-
ysis of DNA sequences encoding ligand peptides displayed on
phage in a high-throughput, large-scale manner'®°":%?; hence,
single-round screenings in combination with NGS enable the
identification of a large, diverse repertoire of tissue-specific
ligand peptides. The classic approach of multi-round screenings
wherein phage particles from a tissue of interest are recovered,
propagated, and readministered IV into serial organisms, howev-
er, has the potential advantage of identifying additional highly
selective ligands that may otherwise not be evident with sin-
gle-round screenings. Second, we validated binding of ligand
peptides in vitro to their candidate receptors in their plll-dis-
played form, consistent with the screened library format.

Figure 6. In silico structural analysis of CRQRPASGC binding to CALR and the effects of varying concentrations of Ca®* on the proposed
binding site

(A) Previously determined structural interaction between TAPBP (purple) and CALR (Coulombic surface coloring where red is negative, blue is positive, and white
is neutral) as part of the human peptide-loading complex (PDB: 6ENY). A close-up view of the CALR-binding region (in the C terminus) of TAPBP overlayed with
the predicted CRQRPASGC structure (cyan) at the shared PASG moitif (green) (interaction details at binding interface cannot be visualized due to the absence of
amino acid side-chain resolution).

(B) Sequence alignment of TAPBP with CRQRPASGC and other similar peptides identified in the injury site from the screenings. Identical (green), conserved
(orange), and semi-conserved (yellow) amino acid residues are highlighted.

(C and D) (C) All-atom (non-H) RMSD values and (D) their frequencies for the PASG motif of CRQRPASGC across a 1-ps all-atom explicit-solvent simulation
relative to the experimental structure of TAPBP.

(E) Overlap of configurations sampled by the PASG motif of CRQRPASGC along the simulation.

(F and G) (F) RMSD value frequencies and (G) per-residue root-mean-square-fluctuation (RMSF) values of simulated C-terminal amino acid residues (R366-E386)
of CALR at different Ca®* concentrations (0, 5, 10, and 20 mM) relative to its experimental structure.
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Because each phage particle displays 3-5 copies of the DNA-
encoded peptide, concerns related to affinity versus avidity are
fewer in comparison to other library systems (e.g., pVlll display,
wherein each phage particle displays a few hundred peptide
copies). Phage-binding assays in which the synthetic peptides
outcompeted their corresponding phage-displayed peptides
for binding to their candidate receptors support this conclusion.
Ongoing and future studies should nonetheless confirm in vitro
binding of individual synthetic peptides with appropriate
readouts (e.g., radiolabeling). Third, the molecular imaging ex-
periments have features that may be improved. Despite its
experimental elegance, the P5A mutant of the lead peptide
candidate comparatively evaluated was found to have
completely abrogated binding to CALR in the in vitro phage-
binding assays, yet it paradoxically achieved similar levels of
homing to the injured pig hindleg and elicited analogous (albeit
to a lesser extent) conformational changes in CALR. These find-
ings indicate that P5A might be too stringent to serve as a suit-
able negative control in vivo. Both ligand peptides nonetheless
did not localize to the non-injured hindleg, demonstrating
trauma-specific homing capabilities attributed to their targeting
peptide motif (partially or fully). Alternative peptides, such as
scrambled sequences and/or multi-residue mutant versions of
CRQRPASGC, may be more appropriate negative controls.
Regarding sample composition, the molecular imaging studies
were conducted on a relatively small number of animals, all of
which were female, as an exploratory quantitative assessment.
Additional studies with larger and more heterogeneous cohorts
are required for improved characterization of the ligand peptide
targeting attributes beyond preclinical settings toward transla-
tion into clinical applications.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-fd bacteriophage antibody Sigma-Aldrich Cat#B7786
anti-CASQ antibody Invitrogen Cat#MA3-913
Anti-CASQ1/2 antibody Abcam Cat#ab3516
anti-CALR antibody Abcam Cat#ab14234

Anti-rabbit horseradish peroxidase
(HRP)-conjugated secondary antibody

Anti-chicken horseradish peroxidase
(HRP)-conjugated secondary antibody

Jackson ImmunoResearch

Jackson ImmunoResearch

Cat#111-035-003

Cat#703-035-155

Bacterial and viral strains

fUSE5 bacteriophage vector Laboratory of Dr. George P. Smith N/A
Phage display peptide libraries (CX;C and CXgC) Laboratory of Dr. Renata Pasqualini N/A

and Dr. Wadih Arap
K91 E. coli Laboratory of Dr. George P. Smith N/A
MC1061 competent E.coli Laboratory of Dr. Renata Pasqualini N/A

and Dr. Wadih Arap
ElectroMAX DH5a-E competent cells Invitrogen Cat#11319019
Biological samples
Sus scrofa domesticus tissues Sinclair Bio Resources N/A
Rattus norvegicus tissues MPI Research N/A
Chemicals, peptides, and recombinant proteins
Bovine serum albumin Sigma-Aldrich Cat#A4737
Luria Broth with agar Sigma-Aldrich Cat#L.3147
BcMag long-arm amine-terminated magnetic beads Bioclone Cat#FA-115
SYPRO Ruby Protein Gel Stain Invitrogen Cat#S12000
Ethylenediaminetetraacetic acid (EDTA) Invitrogen Cat#AM9260G
CaCl, Sigma-Aldrich Cat#10043-52-4
CLRGFPALVC peptide (C1-C1, disulfide bridge) CPC Scientific N/A
CSEIGVRAC peptide (C1-Cg disulfide bridge) CPC Scientific N/A
CRGFVRGSC peptide (C1-Cg disulfide bridge) CPC Scientific N/A
CSRGSPDARC peptide (C1-C4o disulfide bridge) CPC Scientific N/A
CSRAKGRGAC peptide (C1-C+o disulfide bridge) CPC Scientific N/A
CVLRFFSSC peptide (C1-Cg disulfide bridge) CPC Scientific N/A
CRPARVRGAC peptide (C4-C disulfide bridge) CPC Scientific N/A
CPTFFAVPC peptide (C4-Cg disulfide bridge) CPC Scientific N/A
CASAVPISC peptide (C1-Cg disulfide bridge) CPC Scientific N/A
CLVSGRSRC peptide (C1-Cg disulfide bridge) CPC Scientific N/A
CTESFQKHLC peptide (C1-C+o disulfide bridge) CPC Scientific N/A
CGILGPWMAC peptide (C1-C4q disulfide bridge) CPC Scientific N/A
CKWEGLDMAC peptide (C1-C+, disulfide bridge) CPC Scientific N/A
CLNVSGRSC peptide (C1-Cq disulfide bridge) CPC Scientific N/A
CHKPPNFGSC peptide (C4-C disulfide bridge) CPC Scientific N/A
CEGKEDMQGC peptide (C1-C+ disulfide bridge) CPC Scientific N/A
CVGQVGGRRC peptide (C1-C1, disulfide bridge) CPC Scientific N/A
CLRGFQRVC peptide (C1-Cg disulfide bridge) CPC Scientific N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CRQRPASGC peptide (C4-Cq disulfide bridge) CPC Scientific N/A

CARASGERGC peptide (C4-C4¢ disulfide bridge) CPC Scientific N/A

CEARASGSRC peptide (C4-C4q disulfide bridge) CPC Scientific N/A

CVKASGSRAC peptide (C1-C+, disulfide bridge) CPC Scientific N/A

CVANFGRAPC peptide (C1-C1, disulfide bridge) CPC Scientific N/A

DFO-KK-PEG2-CRQRPASGC-PEG2-KK CPC Scientific N/A

(C4-Cg disulfide bridge)

DFO-KK-PEG2-CRQRAASGC-PEG2-KK CPC Scientific N/A

(C+-Cg disulfide bridge)

NH,-Cys-KK-PEG2-CRQRPASGC-PEG2- CPC Scientific N/A

KK-COOH (C+-Cg disulfide bridge)

897r 3D Imaging LLC N/A

n MPI Research N/A

CALR, human recombinant protein OriGene Cat#TP303222
Abnova Cat#H00000811-P01

CASQ1, human recombinant protein Abnova Cat#H00000844-P01

HSP27, human recombinant protein ATGen Cat#ATGP0444

HSP22, human recombinant protein bioWORLD Cat#22060349-1

CRYAB, human recombinant protein Abcam Cat#ab48779

Dual Endogenous Enzyme-Blocking Agilent Dako Cat#5200389-2

Reagent

Protein Block Agilent Dako Cat#X090930-2

Alizarin Red S Sigma-Aldrich Cat#A5533

Polyethylene glycol (PEG) 8000 Thermo Scientific Chemicals Cat#043443-A3

Triton X-114 Sigma-Aldrich Cat#9036-19-5

Critical commercial assays

DNeasy Blood and Tissue Kit
Plasmid Plus Giga Kit

QIAquick PCR Purification Kit
QIAquick Nucleotide Removal Kit
QlAprep Spin Miniprep Kit
Sequenase DNA polymerase

Kinetic-QCL Kinetic Chromogenic LAL
Assay

QIAGEN

QIAGEN

QIAGEN

QIAGEN

QIAGEN
Amersham

Lonza Bioscience

Cat#69504
Cat#12991
Cat#28106
Cat#28306
Cat#27104
Cat#70770
Cat#50-650U

Pierce BCA Protein Assay Kit Thermo Scientific Cat#23227
Experimental models: Organisms/strains

Sinclair miniature pigs (Sus scrofa domesticus) Sinclair Bio Resources N/A
Sprague-Dawley rats (Rattus norvegicus) MPI Research N/A
Oligonucleotides

fUSES5 forward primer: Sigma-Aldrich N/A
5-TGAGGTGGTATCGGCAATGA-3'

fUSES reverse primer: Sigma-Aldrich N/A
5-GGATGCTGTATTTAGGCCGTTT-3'

NGS forward primer: Sigma-Aldrich N/A
5'-CGCAATTCCTTTAGTTGTTCC-3

NGS reverse primer: Sigma-Aldrich N/A

5 -TGAATTTTCTGTATGAGGTTTTGC-3

Deposited data

NGS dataset from phage display peptide library Zenodo https://doi.org/10.5281/

screenings

zenodo.14871106
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and algorithms

R (3.6.3 and 4.1.1)
Ingenuity Pathway Analysis

RCSB Protein DataBank

PEP-FOLD2

UCSF Chimera

GROMAGS (2019.6 and 2020.3)
OpenMM (8.0.0)

R Foundation
QIAGEN

Research Collaboratory for Structural
Bioinformatics

Resource Parisienne in Biolnformatique
Structurale

Resource for Biocomputing,
Visualization, and Informatics
(University of California, San Francisco)
GROMACS

Stanford University

https://www.r-project.org/

https://digitalinsights.qiagen.com/
products-overview/discovery-
insights-portfolio/analysis-and-
visualization/qgiagen-ipa/

https://www.rcsb.org/

https://mobyle2.rpbs.univ-paris-
diderot.fr/cgi-bin/portal.py#
forms::PEP-FOLD

https://www.cgl.ucsf.edu/chimera/

https://www.gromacs.org/
https://openmm.org/

Prism 9 GraphPad https://www.graphpad.com/
Other
Captive bolt gun apparatus Ramset Model RS22
Karl Schermer Company Model KC
Sfil restriction enzyme New England Biolabs Cat#R0123L
Bg1l restriction enzyme Boehringer Mannheim Cat#404101
T4 DNA ligase Invitrogen Cat#15224041

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Female Sinclair miniature pigs (Sus scrofa domesticus) (Sinclair Bio Resources, Auxvasse, MO) and female Sprague-Dawley rats
(Rattus norvegicus) (MPI Research, Mattawan, MI) were commercially obtained. All protocols used in this study were reviewed and
approved by their corresponding Institutional Animal Care and Use Committee (IACUC). The targeting study protocols were re-
viewed and approved by the IACUCs of the University of Texas M.D. Anderson Cancer Center and of the U.S. Army Institute of
Surgical Research (Fort Sam Houston, TX) in compliance with the Animal Welfare Act and Animal Welfare Regulations. Moreover,
the principles of the Three Rs (Replacement, Reduction and Refinement) and the ARRIVE guidelines were followed. Finally, all an-
imals received care in compliance with the 1996 Guide for the Care and Use of Laboratory Animals by the National Research Coun-
cil and were maintained in an Association for Assessment and Accreditation of Laboratory Animal Care International-accredited
facility. The imaging protocols in pigs were reviewed and approved by the IACUC of the Western University and the University of
Guelph, according to the Ontario Animals for Research Act and the guidelines of the Canadian Council on Animal Care. Imaging
studies were reviewed and approved by Invicro and performed at the Lawson Health Research Institute (London, Ontario, Can-
ada). The imaging protocols in rats were reviewed and approved by Invicro and performed at an MPI Research testing facility (Mat-
tawan, MI).

METHOD DETAILS

Porcine model of compound femur fracture and hemorrhagic shock

The reproducible porcine model of compound femur fracture and hemorrhagic shock has been described. ' In brief, the animals were
initially sedated with 8 mg/kg of Telazol (50 mg/mL of tiletamine hydrochloride and 50 mg/mL of zolazepam hydrochloride) plus
1.2 mg of atropine, both administered intramuscularly (IM). The animals were then positioned supine, intubated with a cuffed endo-
tracheal tube, fully anesthetized with 4% inhaled isoflurane in 100% O,, and mechanically ventilated (initial tidal volume, 10 mL/kg
body weight; peak pressure, 20 cm H,0; rate,10-12 breaths/min to preserve a baseline end-tidal Pco, of 40 + 2 mmHg, along with
intermittent sigh breathing), and inhaled isoflurane for anesthesia maintenance was titrated between 1% and 3%, with general anes-
thesia depth clinically monitored according to response to pinch; epidural anesthesia was also performed with bupivacaine to ensure
that adequate analgesia. A 5-French arterial catheter was inserted into the corresponding femoral artery by using a cutdown tech-
nique for regular monitoring of arterial blood pressure. By using a 14-gauge needle, the mid-femur was localized, and a small cruciate
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incision was made. Then, a standard injury was created with a captive bolt gun apparatus (Model RS22, Ramset, Glendale Heights, IL
or Model KC, Karl Schermer Company, Paderborn, Germany) with a mushroom-shaped head applied to the medial hindleg and fired
to induce a compound femur fracture. During extensive logistic and optimization experiments, consistent positioning and practice of
the bolt gun apparatus enabled recapitulation of acute trauma involving a compound femur fracture. These procedures were system-
atically planned and meticulously executed at contracted facilities, namely the U.S. Army Institute of Surgical Research (Fort Sam
Houston, TX) and the Lawson Health Research Institute (London, Ontario, Canada)

Phage display library preparation

Non-commercial random phage libraries displaying cyclic CX;C and CXgC peptides (X, any of the 20 natural amino acid residues,
flanked by cysteines forming a disulfide bridge under oxidizing conditions) on the plll minor coat protein were constructed by encod-
ing degenerate synthetic oligonucleotides into the plil gene as previously described.®*®* With this approach, each phage clone dis-
plays up to five copies of a random, cyclic peptide comprised of seven or eight amino acids flanked by cysteine residues.

Briefly, the fUSE5 phage plasmid (100 ng) was electroporated into ElectroMAX DH50-E competent cells (Invitrogen,
Cat#11319019) and plated on Luria Broth (LB) agar plates containing 40 pg/mL of tetracycline. A starter culture inoculum was
expanded in 10 L of LB media containing 40 ng/mL of tetracycline, and plasmid purification was performed by using a two-step pro-
cess: Plasmid Plus Giga Kit (QIAGEN, Cat#12991) procedure, followed by a cesium chloride (CsCl)/ethidium bromide gradient. For
every 3 mL of plasmid (corresponding to 5-10 mg) in TE buffer, 3.2 g of CsCl and 400 pL of ethidium bromide (10 mg/mL) were added.
The mixture was centrifuged at 100,000x g for 16 h at 25°C, and the DNA band was extracted using an 18-gauge needle. Ethidium
bromide was removed through three rounds of organic extraction with an N-butanol/1M NaCl solution. CsCl was removed by dia-
lyzing the DNA in 5 L of TE buffer by using a 10,000 Da molecular weight cutoff dialysis cassette. The plasmid was ethanol-precip-
itated and resuspended in double-distilled water, and the DNA concentration and purity were measured, wherein ODogo = 1 corre-
sponds to 50 ug/mL of double-stranded DNA. The fUSE5 plasmid was digested with the Sfil restriction enzyme (New England
Biolabs, Cat#R0123L), purified by using the QIAquick PCR Purification Kit (QIAGEN, Cat#28106), and eluted in 50 uL of 10 mM
Tris-HCI (pH 8.5).

Synthetic single-stranded degenerate oligonucleotides were converted into double-stranded DNA libraries by using Sequenase
DNA polymerase (Amersham, Cat#70770). In a 10-uL reaction containing 2 pg of oligonucleotides and 4 ng of fUSE5 primers in
buffer, the mixture was incubated at 65°C for 2 min, then ramped down to 40°C for 10 min, then placed onice. The oligonucleotides
were purified by using the QlAquick Nucleotide Removal Kit (QIAGEN, Cat#28306). A 50-uL elongation reaction was performed
with 2 pL of 10 MM dNTP, 5 pL of 0.1 M dithiothreitol (DTT), 31 uL of enzyme dilution buffer, and 2 uL of Sequenase DNA polymer-
ase at 37°C for 1 h. Double-stranded oligonucleotides were digested with Bg1/ restriction enzyme (40 U/uL) (Boehringer Man-
nheim, Cat#404101) and purified by using the QIAquick Nucleotide Removal Kit. Inserts were ligated into the linearized fUSE5
plasmid by using T4 DNA ligase (Invitrogen, Cat#15224041), with molar ratios (plasmid:insert) ranging from 1:1,000 to 1:1 and
tested for optimal efficiency. Ligation reactions were incubated overnight at 16°C and purified with the QlAprep Spin Miniprep
Kit (QIAGEN, Cat#27104).

Purified plasmids were electroporated into MC1061 competent E. coli by using the following settings: 300 puF, 4 kQ resistance, low-
Q DC voltage, and a fast charge to 420 V. After transformation, the libraries were amplified in 10 L of LB media containing tetracycline
in an orbital shaker at 37°C for 16 h. The culture was centrifuged twice at 7,000x g for 20 min, and the supernatant was collected.
Phage particles were precipitated by adding 4% (w/v) PEG 8000 and 3% (w/v) NaCl and stirring overnight (ON) at 4°C. The super-
natant was centrifuged at 14,000x g at 4°C for 20 min, and the phage pellet was resuspended in 150 mL of Tris-buffered saline (TBS).
A second PEG/NaCl precipitation was performed on the supernatant, followed by ON incubation at 4°C. The phage pellet was then
resuspended in 10-50 mL of TBS.

Endotoxin removal was performed for the phage library preparation before in vivo experimentation. Per each 1.5 mL of phage
library solution, 15 pL of 10% Triton X-114 in endotoxin-free water were added and incubated on ice for 10 min. Each solution was
then warmed to 37°C for 10 min followed by removal of the Triton X-114 phase by centrifugation at 14,000 rpm for 1 min. This pro-
cess was repeated at least four times. Endotoxin-free phage solution was precipitated in 35 mL of phosphate-buffered saline (PBS)
containing 5 mL of PEG/NaCl at 4°C for 4 h, followed by centrifugation at 14,000 rpm at 4°C for 30 min. The phage preparation was
solubilized in PBS and filtered with a 0.45-um pore size filter. The levels of endotoxin were measured by using the Kinetic-QCL
Kinetic Chromogenic LAL Assay (Lonza Bioscience, Cat#50-650U). Phage preparations with <0.05 EU/mL of endotoxin were
used in this study.

In vivo phage display library screenings

An admixture (1:1) of random phage libraries displaying cyclic CX;C and CXsC peptides was used at a total dose of 10'2 TU (i.e., 5%
10"" TU for each library), diluted in 150 mL of normal saline. This library admixture was IV infused over 1 h in a serial cohort of negative
control animals (non-injured pigs, n = 4). To determine the baseline phage particle distribution, arterial blood samples were obtained
at multiple time points in addition to necropsy samples from several tissues (n = 13; aorta, bone marrow, bone, brain, fat, heart, kid-
ney, liver, lung, muscle, pancreas, skin, and spleen). Prior to the induction of the injury in the femur fracture model (experimental pigs,
n = 4), blood and muscle biopsy samples were taken as baseline measurements. Once the baseline biopsies were obtained, each
experimental animal was injured as described above. Immediately following injury, the experimental animals received the library
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admixture dose under the same conditions. Arterial blood samples and paired biopsy samples from the injury site (fractured femur)
plus the contralateral intact hindleg were recovered with serial 14-gauge needle biopsy at fixed time points (1, 10, 60, 70, and
120 min). Tissue samples (n = 13) were taken at necropsy as described above.

All obtained samples were promptly frozen and total DNA was extracted through the DNeasy Blood and Tissue Kit (QIAGEN,
Cat#69504). Phage particles in select samples were quantified as relative TU via K91 E. coli infection or quantitative real-time
PCR (FW: 5-TGAGGTGGTATCGGCAATGA-3'; RV: 5-GGATGCTGTATTTAGGCCGTTT-3') via amplification of the phage-encoded
TetR gene as described.”'*'® DNA encoding peptide inserts originating from samples of the injured pigs was amplified via PCR (FW:
5-CGCAATTCCTTTAGTTGTTCC-3; RV: 5-TGAATTTTCTGTATGAGGTTTTGC-3) and underwent NGS via 454 GS FLX as
described.'®

Bioinformatic analysis of homing peptides

The bioinformatics approach to analyze displayed peptide-encoding DNA reads obtained via NGS has been described.”'%"'® An
initial round of analysis of nucleotide sequencing results served to remove low-quality, incomplete, or stop codon-containing peptide
reads and to assemble the repertoire of peptide sequences. Saturation plots assessing distinct peptide sequences were generated
via random shuffling and sampling of the recovered peptide sequences (excluding singlets) in sets of 100 recovered peptide se-
quences [except for one group with a value of (1 mod 100), where n is the total number of recovered peptide sequences for a sample
not divisible by 100] by using R (version 3.6.3).°® A total of 100 rounds of random shuffling was performed and the mean number of
distinct peptide sequences per sample in each set of recovered peptides are graphed in the displayed saturation plots. A large-scale
subtractive clustering analysis of the recovered motifs was then performed. The peptide sequences obtained from the experimental
and control tissues were clustered as biologically similar groups with permitted mismatches. First, correlative (e.g., injured muscle
samples from all biopsy time points), non-correlative (e.g., injured muscle samples from biopsies and necropsy), and anti-correlative
(e.g., injured and non-injured muscle samples) relationships between the sets were defined for statistical testing based on tissue-
specific features and used for subtraction analysis. Next, peptide-encoding sequences were filtered by statistical significance calcu-
lated for clusters from injured versus contralateral intact (non-injured) control tissues belonging to negatively-correlated sets based
on the number of appearances. Sequences with p < 0.05 according to Fisher’s exact test (one-sided) and adjusted for multiple com-
parisons by using false discovery rate (FDR) were designated for initial clustering. Subsequently, peptides were clustered to identify
motifs of at least three amino acid residues (no gaps allowed), and then refined via extension into patterns of four, five, and six amino
acids (gaps allowed). Patterns were then filtered by statistical significance (i.e., number of appearances in injured versus correspond-
ing non-injured tissue samples, set at p < 0.05 and adjusted for multiple comparisons by using FDR). The remaining peptide clusters
were next prioritized based on the total number of matching sequences and processed for multi-scale sequence alignments. Finally,
high-throughput BLASTP was performed with selected motifs to identify matches grouped by clusters or patterns, and peptides were
aligned to native protein hits. The final curation of peptide sequence alignments was manually supervised to ensure internal
consistency.

Peptide synthesis and radiolabeling
All synthetic cyclic peptides (n = 23, Table 1) were generated by solid-phase (Merrifield) synthesis, purified, and quality-controlled at
CPC Scientific (Sunnyvale, CA).

897r was purchased from 3D Imaging LLC (Little Rock, AR). Desferoxamine (DFO)-conjugated CRQRPASGC and control peptide
(DFO-KK-PEG2-CRQRPASGC-PEG2-KK and DFO-KK-PEG2-CRQRAASGC-PEG2-KK, respectively) were labeled with 897r at the
University of Massachusetts Medical School (Worcester, MA). Briefly, the 8Zr was transferred to a glass vial, and while gently
shaking, 1 M oxalic acid was added to the vial, followed by 110 pL of 2 M sodium carbonate. The sample was left for 3 min at
room temperature (RT). Then, with gentle shaking, the following were added successively to the vial: 0.3 mL of 0.5 M HEPES (pH
7.1), DFO-peptide (10 mg/mL in saline), and finally a second aliquot of 0.5 mL of 0.5 M HEPES (pH 7.1). The final pH of the labeling
reaction was within the range of 6.8-7.2. The sample was left at RT for 1 h. Radiolabeling efficiency was determined by C8 reverse-
phase, high-performance liquid chromatography (RP-HPLC).

Dodecane tetraacetic acid (DOTA)-conjugated CRQRPASGC was radiolabeled with '''In by MPI Research (Mattawan, MI). Briefly,
to 2.1 mg DOTA-labeled CRQRPASGC, 150 uL of 1 N HCI was added to adjust the pH to ~5. To 10.42 mCi of ""'In-CI3 in 450 pL of
0.6 M ammonium acetate (pH 7), then 100 pL 0.6 M ammonium acetate was added to achieve pH 5. To each 1.8 mL Cryovial, 100 pL
(175 ug) of DOTA-labeled CRQRPASGC was added, followed by 320 pL (~5 mCi) of "'In. Tubes were incubated in 0.6 M ammonium
acetate buffer (pH ~5) at 45° C for 90 min, then at 65° C for 90 min. The radioactive purity of the final product was ~95% and the
specific activity of ''"In-DOTA-CRQRPASGC was ~0.03 mCi/pg.

Affinity chromatography and phage-binding assays

Targeted peptides were individually coupled to BcMag long-arm amine-terminated magnetic beads (Bioclone, Cat#FA-115) at 5 mg
of peptide per 1 mL of beads. Solubilized tissues (experimental injured or non-injured controls) (10 mg in 10 mL of extraction buffer)
were applied to the beads and bound proteins were eluted with glycine, pH 2.8. Eluates were subjected to clean-up and two-dimen-
sional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions and proteins were visual-
ized with SYPRO Ruby Protein Gel Stain (Invitrogen, Cat#S12000). Unique protein bands (i.e., those that were not observed in a
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matching receptor isolation from control pig tissue for each peptide) were excised and analyzed by matrix-assisted laser desorption/
ionization coupled to time-of-flight (MALDI-TOF) mass spectrometry. Identified proteins from the Sus scrofa proteome were catego-
rized according to the Protein ANalysis THrough Evolutionary Relationships (PANTHER) Classification System.®®

Peptide-targeted phage-binding assays to human recombinant proteins, including CALR (OriGene, Cat#TP303222; Abnova,
Cat#H00000811-P01), CASQ1 (Abnova, Cat#H00000844-P01), HSP27 (ATGen, Cat#ATGP0444), HSP22 (bioWORLD,
Cat#22060349-1), and CRYAB (Abcam, Cat#ab48779) or negative control (bovine serum albumin, BSA), were performed as
described.”'° Briefly, 100 ng of each protein dissolved in 50 uL PBS were immobilized in microtiter wells at 4°C ON, washed twice
with PBS, blocked with PBS containing 3% BSA at RT for 1 h, and incubated with targeted or insertless phage in 50 pL of PBS con-
taining 1.5% BSA. After 2 h incubation at RT, wells were gently washed with PBS, and phage particles were recovered by bacterial
infection. For the peptide-targeted phage-binding assay to immunocaptured CASQ, 10 ug/mL of anti-CASQ antibody (Invitrogen,
Cat#MA3-913) in 50 uL PBS were immobilized in microtiter wells at 4°C ON, blocked with 2% BSA at RT for 2 h, and incubated
with cell extract in 50 pL at 4°C ON. The wells were then incubated at RT for 1 h, washed three times with PBS, and incubated
with targeted phage in 50 pL. After 2 h incubation at RT, wells were gently washed with PBS, and phage particles were recovered
by bacterial infection. Serial phage-binding assays were evaluated with or without (i) the corresponding synthetic peptide (0, 100,
or 1,000 ng/pL), (i) EDTA (1 mM), (iii) Ca®* (0, 0.5, or 1 mM), or (iv) a polyclonal anti-CALR antibody (Abcam, Cat#ab14234), as indi-
cated. Phage binding was evaluated by relative TU counting.

In silico exploration of relationships between Ca?* and candidate receptors

Ingenuity Pathway Analysis (IPA) (QIAGEN)®” was used (i) to determine the relationship between each of the proteins (n = 82) identified
by MALDI-TOF and Ca?", and (ii) to visualize the interaction network containing Ca* and each of the following candidate receptors
(n = 20): CASQ1, HSP27 (HSPB1), CRYAB, GC1QBP, DES, HSPA5 (HSC70), CALU, PPIB, PRDX3, LTF, ALDOA, HSPAS8 (BIP),
ANXA1, BAGS3, HRG, CALR, COL11A2, CSTA, SEC31A, and CTSG. Briefly, a new pathway was initiated, in which the proteins as
Genes and Chemical symbols were added. Ca?* symbol (considered “chemical — endogenous mammalian™) was also added.
Path Explorer was executed with the polypeptide entities in Set A and Ca®* in Set B. Parameters included: (i) only direct interactions,
(ii) information limited to the Ingenuity Knowledge Base, (iii) Ingenuity Expert Information as the data source, (iv) only experimentally
observed for confidence level, (v) multiple species (human, mouse, rat, and uncategorized), (vi) all tissues and cell lines, (vii) all mu-
tations, (viii) chemical-protein interactions and protein-protein interactions as relationship types, (ix) January 1954 to December 2023
as publication date range (including unspecified publication date), (x) relevant node types (complex, cytokine, enzyme, fusion gene/
product, GPCR, group, growth factor, ion channel, kinase, ligand-dependent nuclear receptor, peptidase, phosphatase, transcrip-
tion regulator, translation regulator, transmembrane receptor, transporter, other), (xi) all diseases, and (xii) all biofluids. In our study,
interactions found under “Shortest path” were represented as “Direct,” while interactions found under “Shortest path +1” (i.e.,
exactly one protein mediator) were represented as “Indirect.”

Tissue immunohistochemistry

Tissue samples were obtained from the injured and non-injured control sites via serial biopsies post-injury or at necropsy. The bi-
opsies were fixed, paraffin-embedded, and processed for histology. Tissue sections (5 um) were deparaffinized, rehydrated, and
blocked for endogenous peroxidases and for nonspecific protein binding (Agilent Dako, Santa Clara, CA). For phage overlay assays,
tissue sections were incubated with CRQRPASGC-displaying or insertless phage particles (5x 108 phage particles/mL) as previously
described.®® After washes with PBS containing 0.05% Tween 20 (PBST), the slides were incubated with the primary rabbit anti-fd
bacteriophage antibody (Sigma-Aldrich, Cat#B7786 at 1:800) followed by incubation with anti-rabbit horseradish peroxidase
(HRP)-conjugated secondary antibody (Jackson ImmunoResearch, Cat#111-035-003). For Ca* staining, Alizarin Red S (Sigma-
Aldrich, Cat#A5533) was used as described.®® For receptor staining, primary antibodies included chicken anti-CALR antibody (Ab-
cam, Cat#ab14234 at 1:200) and rabbit polyclonal anti-CASQ1/2 antibody (Abcam, Cat#ab3516 at 1:200) and secondary antibodies
included anti-chicken (Jackson ImmunoResearch, Cat#703-035-155) and anti-rabbit HRP-conjugated antibodies (Jackson
ImmunoResearch, Cat#111-035-003).

Homing and molecular imaging of targeted or mutant ligand peptide
Prior to the injury induction, biopsy samples were taken at baseline. The pigs received either CRQRPASGC-displaying phage (n = 2
pigs) or insertless control phage (n = 2 pigs) diluted in 100 mL of normal saline IV over a period of 1 h. The femur fracture was then
induced, and serial biopsies were collected from both injured and contralateral intact hindleg muscles up to 120 min. The animals
were euthanized at 240 min and tissue samples were also collected at necropsy. Phage homing was evaluated by gPCR and immu-
nohistochemistry. For gPCR, four technical replicates per time point per hindleg per animal were averaged to yield a single value for
each combination. Relative values were calculated based on qPCR values of a dilution of administered phage per animal in order to
facilitate direct comparison between animals.

All synthetic peptide labeling and molecular imaging experiments reported here were performed by a contract research organiza-
tion (Invicro, Needham, MA) at an MPI Research Facility (Mattawan, MI) or the Lawson Health Research Institute (London, Ontario,
Canada) according to our specifications and under our supervision, unless otherwise specified.
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As the first molecular imaging study, PET/MRI in a porcine model of acute traumatic femur injury was performed by using 89Zr-
labeled peptides. Sinclair miniature pigs (n = 5 per experiment) were assigned into three groups: (i) control with no injury (n = 1)
receiving 8°Zr-labeled CRQRPASGC, (ii) experimental with injury (n = 2) receiving 8°Zr-labeled CRQRPASGC, and (iii) experimental
with injury (n = 2) receiving 2°Zr-labeled CRQRAASGC control peptide. Immediately following the standard femur fracture as
described above, the animals were positioned in an integrated PET/MRI (Siemens Biograph mMR, Munich, Germany), and the
89Zr-labeled peptides were administered IV. The target mass dose was 15 pg/kg at a target radioactivity dose of 3 mCi. PET im-
aging data were acquired continuously for 6 h following injection of the peptides, with a single MRI acquired at the beginning of
each PET sequence. PET fields-of-view alternated for a total of three whole-body scans (for internal quality assurance and quality
control) and nine focused pelvic and femoral scans: 0-90 min (focused hindlegs), 90-120 min (whole body), 120-210 min (focused
hindlegs), 210-240 min (whole body), 240-330 min (focused hindlegs), and 330-360 min (whole body). During the procedure, IV
fluids were administered at a maintenance rate and arterial blood pressure was continuously monitored. Upon completion of
the imaging, each animal was euthanized while still under deep general anesthesia with an IV bolus of potassium chloride. Tissue
samples were collected from soft tissues in the control and affected hindlegs and preserved in formalin. All samples and carcasses
were stored in a shielded radioactivity isolation room until they decayed to the background levels. PET/MRI data were quantita-
tively analyzed to compare the uptake and concentration of the labeled peptides at the injury site and non-injured hindleg. MRI
data were stitched together to generate a whole-body MRI scan. Next, the MRI data was resampled to the voxel size of the
PET image (2.00 mm isotropic resolution) and co-registered. The focused fractured and control femur datasets were also co-regis-
tered between MRI and PET. For whole-body region of interest (ROI) generation (as internal quality assurance and quality control),
a small, fixed-volume ROI was placed in a region of homogeneous uptake in the liver and muscle; for the heart, kidneys, bladder,
gallbladder, stomach and intestines, regions were segmented to include all of the signals in each of the respective regions. For
fractured and control femur imaging generation, ROls were placed for one time point for each animal at the area of injury plus
any areas of soft tissue uptake. To account for uptake in the periosteum and growth plate, a spherical ROl was placed at the frac-
ture site and at the corresponding site in the opposite hindleg. ROIs for the other time points were generated by registering each
animal to its subsequent time points. Additional ROls were placed on the side of the control animal (without fracture) in similar lo-
cations and volumes as a comparison. Maximum-intensity projections (MIPs) for each animal and each time point were generated,
and scaled to the percent of the injected dose per gram (% ID/g). In addition, flythrough images showing the fracture in the MRI,
and also the MR plus PET imaging were generated.

For a second independent experimental model of major trauma in rats, SPECT/CT was performed with ''In-DOTA-labeled
CRQRPASGC. Female Sprague-Dawley rats (Rattus norvegicus) received a single-dose of 0.05 mg/kg buprenorphine via subcutane-
ous (SC) and were subsequently fully anesthetized with 2-5% isoflurane (induction) and 2-3% isoflurane (maintenance) throughout
the study. Once the rats (n = 4) were anesthetized, complete fracture of the femur bone along with soft tissue damage in one hindleg
was induced (n = 3) at a contracted facility, namely an MPI Research testing facility (Mattawan, Ml), as described above for the pigs.
"In-DOTA-CRQRPASGC (~30 ng) was administered IV (tail vein) immediately after injury with the rats placed on the bed of the
SPECT/CT scanner. The acquisition of SPECT images was initiated simultaneously with the administration of ''In-DOTA-
CRQRPASGC peptide radiotracer. Animals underwent imaging of whole body (for internal quality assurance and control) and focused
regions from 0 to 5 h according to the following imaging protocol: 0-18 min (focused, planar), 20-60 min (whole-body, semi-dynamic
SPECT), 1-2 h (focused SPECT), 2-3 h (whole-body SPECT), 3-4 h (focused SPECT), 4-5 h (whole-body SPECT). Of note, a fourth
injured rat moved during the SPECT portion of this experiment, hence the SPECT scan could not be co-registered to the CT scan; this
animal was therefore excluded from the study. A non-injured rat receiving ' 'In-DOTA-CRQRPASGC served as the negative control
(n=1). Upon completion of the imaging study, both hindlegs (injured and non-injured) were resected, fixed in formalin, with their car-
casses stored in a shielded radioactivity isolation room until decayed to the background level. To assess the whole-body distribution
and kinetics of ''In-DOTA-CRQRPASGC for internal quality assurance and quality control, ROIls corresponding to the following or-
gans and tissues were defined: heart, liver, lungs, kidneys, bladder, brain, muscle, and whole body. These ROIs were acquired in one
of two manners, namely either hand-drawn or by fitting a pair of ellipsoids of fixed volume to the region. Fixed-volume analysis was
used for the heart (as a surrogate endpoint of the blood pool), liver, lung, kidneys, and brain. The muscle ROl was hand-drawn and is a
small section of the forelimb muscle; thus, the total activity does not represent the activity of all rat muscles. Bladder ROIls were
segmented by initially setting a minimum threshold of ~3% of the maximum voxel and then dilating the ROI by two voxels in every
direction.

To compare the uptake in the injured and non-injured hindlegs of the rats, the focused hindleg images were used. Injured and non-
injured hindleg ROIs were defined. A hand-drawing technique was used to specifically avoid artifacts present in the image data
caused by very high uptake in the bladder and residual contamination on the fur caused by excretion. For analysis of the focused
hindleg planar data, summed images were generated from each dynamic planar sequence by summing up 540 individual time
frames. Summed images were manually registered to one another. Landmarks, including the bladder, tail, and knees where possible,
were identified and used to define left and right thigh ROls in the sum planar scans. Due to low count rates for all planar scans, a
sliding window approach was used to generate time-activity curves from the left and right ROIs for each scan. In this approach,
data from a 1-min window (30 frames) were integrated to generate a single point on the curve. This 1-min window was then moved
in 20 s (10-frame) increments to generate the entire curve.
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Optical methods: Fluorescence emission spectroscopy and circular dichroism
For fluorescence emission spectroscopy, CALR at a concentration of 1 uM in TBS (20 mM Tris-HCI, pH 7.4, 150 mM NaCl) in the
presence or absence of 1 mM CaCl, was titrated in with 150 uM (final molar concentration) of each experimental or control peptide.
The steady-state intrinsic fluorescence of CALR was recorded from 300 nm to 400 nm with excitation at 280 nm and 295 nm.

For circular dichroism (CD), spectra of 8 uM of CALR in 10 mM sodium phosphate (pH 7.4) were recorded in the presence or
absence of 50 uM or 400 uM of experimental or mutant peptide. All spectra were corrected for background signal by subtrac-
tion of the appropriate blanks (i.e., buffer or low-concentration peptide signals).

CALR interactors and structural modeling of the CRQRPASGC-CALR complex

IPA®” was applied to assemble a list of all known protein interactors of CALR. Briefly, a new pathway was initiated, in which CALR as a
Genes and Chemicals symbol were added. The Grow function was executed. Parameters included: (i) only direct interactions
(including all molecules or canonical pathways upstream or downstream), (ii) information limited to the Ingenuity Knowledge
Base, (iii) Ingenuity expert information as the data source, (iv) only experimentally observed for confidence level, (v) multiple species,
(vi) all tissues and cell lines, (vii) all mutations, (viii) protein-protein interactions as relationship types, (ix) January 1954 to December
2023 as publication date range (including unspecified publication date), (x) relevant node types (complex, cytokine, enzyme, fusion
gene/product, GPCR, group, growth factor, ion channel, kinase, ligand-dependent nuclear receptor, peptidase, phosphatase, tran-
scription regulator, translation regulator, transmembrane receptor, transporter, other), (xi) all diseases, and (xii) all biofluids. The list of
proteins was exported, and the corresponding UniProt accession numbers were retrieved. BLASTP was performed with all UniProt
accession numbers inputted as the subject and RQRPASG inputted as the query.

For de novo peptide structure prediction, the amino acid sequence of the peptide CRQRPASGC was inputted into PEP-FOLD2"°
with a specified disulfide bridge between the flanking cysteine residues. Both 100-run and 200-run simulations were performed. The
top-generated model (according to SOPEP energy) containing a disulfide bridge between flanking cysteine residues for each peptide
was selected for further analysis. By using UCSF Chimera,”' the CRQRPASGC peptide was structurally overlayed with TAPBP in its
native complex with CALR (PDB ID: 6ENY)*? according to best fit. The structural representation does not include the other molecules
of the complex (i.e., B-2-microglobulin, protein disulfide-isomerase A3, HLA class | histocompatibility antigen A-3 « chain, and
oligosaccharides).

Molecular dynamics simulations of CRQRPASGC and CALR
The methodology for molecular dynamics simulations used here has been described.””"® Briefly, explicit-solvent simulations of
CRQRPASGC were produced by using the GROMACS 2020.3 software’*"® with the AMBER99SB-ILDN protein force field.”® The
initial structure of the CRQRPASGC peptide was generated as described above. The peptide was solvated with TIP3P water mole-
cules,”” where the simulated box was defined to have a 10 A buffer between the edge of the box and the peptide. To neutralize the
simulated system, two chloride (CI™) ions were introduced. First, a steepest-descent energy minimization was performed, followed
by 5 ns of NVT and 5 ns of NPT simulations, at 300 K temperature, while positional restraints were imposed on all non-H atoms. Po-
sitional restraints were then removed, and steepest-descent energy minimization was performed. A second round of equilibration
was then performed: 5 ns of NVT and 5 ns NPT simulations at 310 K temperature. The production simulation was then performed
in the NPT ensemble for 1 us. The NPT simulations ensemble implemented the Parrinello-Rahman barostat’® with a reference pres-
sure of 1 bar. All simulations used the Nose-Hoover thermostat.”®:¢°

Simulations of CALR were performed by using the OpenMM 8.0.0 software package®' with input files generated with GROMACS
2019.6 software’* " with the AMBER99SB-ILDN protein force field.”® Because the C-terminal tail was not found to interact with the
disordered loop comprised of residues L203-Y299 in the initial simulations, incorporated simulations included CALR (PDB: 6ENY)*?
without this region to reduce the computational load of the simulations. The protein was solvated with TIP3P water molecules,””
where the simulated box was defined to have a 10 A buffer between the edge of the box and CALR. For each Ca®* molar concen-
tration, the simulated system was neutralized by the introduction of either sodium (Na*) or CI~ ions. In order to equilibrate the
simulation, a steepest-descent energy minimization was performed, followed by 5 ns of NVT and 5 ns of NPT simulations, at 300
K temperature, while positional restraints were imposed on all non-H atoms. Positional restraints were then removed, and steep-
est-descent energy minimization was performed. A second round of equilibration was then performed: 5 ns of NVT and 5 ns NPT
simulations at 310 K temperature. Finally, 100 ns of NPT simulations were performed to permit ion equilibration. The production simu-
lation was then performed in the NPT ensemble. The ensemble of NPT simulations implemented the Parrinello-Rahman barostat’®
with a reference pressure of 1 bar. All simulations used the Nose-Hoover thermostat.”*%° For each Ca2* molar concentration, four
replicas were performed, each corresponding to approximately 500 ns. The displayed results were derived from the aggregated
simulation for each Ca®* molar concentration.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data were plotted with GraphPad Prism 9 or R (version 3.6.3). Statistical tests were performed by using GraphPad Prism 9 or R

(version 4.1.1)®> with the R Commander interface.®”®® Data are presented as mean + SEM unless otherwise indicated. For
phage-homing experiments, two-way ANOVA was performed with two factors (i.e., time point and hindleg). For phage-binding
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assays, two- and three-way ANOVAs were performed with two factors (i.e., phage construct and immobilized protein) and three
factors (i.e., phage construct, immobilized protein, and either cognate peptide concentration, presence of EDTA, CaCl, concentra-
tion, or presence of anti-CALR antibody), respectively. Statistical significance for post hoc Bonferroni’s multiple comparisons test
was set at o = 0.05 with multiplicity-adjusted p-values as indicated. As previously noted, bioinformatic analysis of individual peptide
sequences and peptide clusters incorporated Fisher’s exact test, wherein statistical significance was set at . = 0.05 for FDR-adjusted
p-values. Data were not eliminated during the conduction of the study or analyses except for the following instance: a fourth injured
rat moved during the SPECT portion of the molecular imaging experiment, and hence the SPECT scan could not be co-registered to
the CT scan. The animal was not able to be properly evaluated at all fixed time points throughout the experiment and was therefore
excluded from the corresponding section of the study (Figures S6A and S6B).
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