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Abstract

Purpose of Review In addition to their function in coagulation, platelets recently have been recognized as an important compo-
nent of innate immune responses. This review relates salient immune functions of platelets to transplants.

Recent Findings Platelets are critical bridges between vascular endothelium and leukocytes. Real-time imaging of platelets has
demonstrated that platelets rapidly adhere to vascular endothelium and form a nidus for attachment of neutrophils and then
monocytes. However, the majority of platelets subsequently release from endothelium and return to the circulation in an activated
state. These recycled platelets have the potential to transport proteins and RNA from the graft to the recipient. Some of the
platelets that return to the circulation are attached to leukocytes.

Summary Platelets have the potential to modulate many elements of the graft and the immune response from the time of organ
retrieval through ischemia-reperfusion to acute and chronic rejection. Beyond mechanistic considerations, assays that detect
changes in platelet protein or RNA expression could be used to monitor early inflammatory responses in transplants.

Keywords Innateimmunity - Vascularendothelium - Adhesionmolecules - Platelet-leukocyte conjugates - Platelettranscriptome -
Transplant rejection

Abbreviations Myl9 Gene encoding myosin 9
AMR Antibody-mediated rejection Ppbp (CXCL7) Pro-Platelet binding protein
DSA Donor-specific antibody also known as neutrophil-
GPIb (CD42) Glycoprotein Ib is a component activating peptide 2
of the GPIb-V-IX complex on PF4 (CXCL4) Platelet factor 4 chemokine
platelets that binds von PSGL-1 (CD162)  P-Selectin glycoprotein
Willebrand factor ligand-1
GPIIb/la Glycoprotein IIb/Il1a integrin Serotonin Takes up serotonin from
(CD41/CD61) complex on platelets transporter (SERT)  the circulation
Itga2b Gene encoding CD41 vW{E von Willebrand factor
Itgb3 Gene encoding CD61
MCP1 (Ccl2) Monocyte chemoattractant
protein 1 Introduction
MCP3 (Ccl7) Monocyte-chemotactic
protein 3 Vascular endothelium is the interface between transplanted
organs and the immune response of the recipient. Therefore,
This article is part of the Topical Collection on Jmmunology endothelial cells are vulnerable to disturbances caused by non-
specific inflammation of ischemic-reperfusion or to antigen
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sitive monitors of endothelial cell perturbations by virtue of
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because they contain no nucleus to stain with hematoxylin and
little cytoplasm to stain with eosin. However, the cytoplasm of
each platelet contains numerous granules with preformed me-
diators for rapid expression on the plasma membrane or re-
lease. These mediators include cytokines, chemokines, adhe-
sion molecules, and growth factors. In addition, upon activa-
tion, platelets change shape increasing the surface area for
expression of ligands and receptors. These attributes of plate-
lets can be defined by immunohistology using probes that
identify steps in platelet activation.

In this review, we will consider a series of interactions
between platelets and the transplant progressing from the de-
livery of mediators through interactions with leukocytes on
the endothelium and in the circulation as outlined in Fig. 1.

Platelets Transport Mediators to Graft

The application of proteomics to platelets has revealed that
these small cell fragments contain an unexpectedly wide range
of mediators capable of modulating inflammatory and im-
mune responses [2, 3¢]. In addition, although lacking a nucle-
us, messenger RNA is incorporated in the cytoplasm of

Fig. 1 Platelet interactions with
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platelets as they fragment from their progenitor megakaryo-
cytes. As discussed later, inflammatory mediators can alter the
RNA content of megakaryocytes and newly formed platelets.
The RNA is not a vestigial remnant because platelets can
splice and translate RNA into protein or transfer the RNA to
other cells in inflammatory sites. Therefore, platelets have the
potential to modulate many elements of the graft and the im-
mune response from the time of organ retrieval through
ischemia-reperfusion to acute and chronic rejection.

Beginning at the time of procurement, immunohistological
evaluation of human livers for GPIb (CD42) on platelets has
demonstrated that almost one-third of the biopsies have sig-
nificant numbers of adherent platelets, which were not appre-
ciated by routine histological stains [4]. Moreover, the number
of platelets detected in the procurement biopsy predicted the
number of adherent neutrophils in a second biopsy taken at the
time of reperfusion. This is a potentially treatable variable. We
have reported that preserving porcine livers using normother-
mic machine perfusion compared with static cold preservation
decreased platelet aggregation in the vulnerable peribiliary
capillary plexus [5].

Small animal experiments designed to probe the response
of platelets and neutrophils to ischemia-reperfusion have often
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used models of temporary (usually 25-35 min) clamping of
the organ vessels. However, the warm ischemia caused by
clamping organ vessels without flushing blood from the organ
by infusing preservation fluid is markedly different from the
cold ischemia imposed upon an organ before transplantation.
More relevant to transplantation are models that include
prolonged cold ischemia times similar to those imposed on
deceased donor organs. We have found that cold ischemia
times of just 4 h before renal transplantation in mice results
in tubular injury with platelet and neutrophil accumulation in
the capillaries particularly at the corticomedullary junction.
These platelet aggregates resolve within 2-3 days [6].
Subsequently, as rejection is initiated and progresses, platelets
attach to the endothelium [6, 7].

In experiments based on transplants to mice in the absence
of immunosuppression, grafts elicit both cellular and
antibody-mediated rejection (AMR) and both mechanisms
cause endothelial injury. Table 1 lists some of the platelet
markers that we have found upregulated during rejection of
renal and cardiac transplants in mice. We have used a reduc-
tionist model to probe the potential involvement of platelets in
AMR in the absence of cell-mediated immunity [8]. In this
model, an MHC mismatched heart or kidney is transplanted to
an immune-deficient RAG ™ recipient. After postoperative
inflammation subsides, donor-specific antibodies (DSA) are
transferred to the recipients and the immune consequences are
monitored. The passive transfer model of AMR is informative
because it eliminates the confounding variable of cell-
mediated injury. Passively transferred DSA results in comple-
ment C4d deposits on peritubular capillaries and extensive
aggregates of activated platelets and macrophages. Although
platelets contain hundreds of mediators that could impact in-
flammation, we found that the transplants accumulate signif-
icant concentrations of two mediators—platelet factor 4 (PF4
or CXCLA4) and serotonin [8]. These are two of the most high-
ly expressed proteins in platelets [2]. The vasoactive serotonin
is not a constitutive component of platelets, but is taken up by

platelets through a serotonin transporter (SERT). Platelet-
derived serotonin has been demonstrated to be critical to ex-
travasation of neutrophils in vascular inflammation [9, 10e].
As the name suggests, PF4 is primarily expressed by platelets
as well as their progenitor megakaryocytes. Not only is PF4
protein contained in alpha-granules of platelets but mRNA for
PF4 is also packaged in the cytoplasm of platelets as they
fragment from the megakaryocyte [11].

In ongoing experiments, we have probed renal and cardiac
allografts following passive transfer of DSA for 750 RNA
targets using the NanoString nCounter platform multiplex
analysis. Of the top 6 genes that were upregulated in renal
allografts from DSA-treated versus isotype control-treated
mice, 4 were platelet-related and included Cxcl4 (PF4),
Ppbp (Pro-Platelet binding protein; CXCL7), Itga2b (CD41),
and Itgb3 (CD61). CD41 and Cxcl7 were even more upregu-
lated in heart allografts from DSA-treated versus isotype
control-treated mice. P- and E-selectin (Selp and Sele) were
also highly upregulated in hearts as well as Ccl2 (MCP1) and
Ccl7 (MCP3).

Together, these data offer molecular mechanisms for the
histological evidence that platelets interact with neutrophils
and monocytes after DSA binds to vascular endothelium
(Fig. 1b). CD41/CD61 forms the integrin receptor GPIIb/Illa
that is involved in platelet activation and aggregation. After
activation, CD41/CD61 is a receptor for RGD-containing ad-
hesive proteins such as von Willebrand Factor (vW{). The
release of vWT from Weibel-Palade storage granules is an
acute response of crosslinking MHC molecules on endothelial
cells by antibodies in vitro [ 12], and as Fig. 1b shows, platelets
coated with vWTf accumulate in capillaries of transplants fol-
lowing passive transfer of DSA in vivo [8, 13]. Activated
platelets also express P-selectin that binds to P-selectin glyco-
protein ligand-1 (PSGL-1) on monocytes [14]. Finally, the
monocyte chemoattractant proteins 1 and 3 (CCL2 and 7)
are critical to transmigration of monocytes through endothelial
cells in vitro [15].

Table 1 Platelet-related

mediators in transplants Protein (gene)

Findings in transplants

CxCL7 (Ppbp)*

Pro-Platelet binding protein also known as neutrophil-activating peptide 2; mRNA highly

expressed in platelets and rejecting allografts in mice***

CD41 (Itga2b)*

Glycoprotein IIb component of integrin complex on platelets; mRNA highly expressed in

platelets and rejecting allografts in mice™**

CD61 (Itgh3)*

Glycoprotein I1la component of integrin complex on platelets; mRNA highly expressed in

platelets and rejecting allografts in mice™**

Myosin 9 (Myl9)*
PF4 (Cxcl4)*
Serotonin®*

Cytoskeletal protein in intracapillary platelets and urine in renal allograft models of AMR***
Chemokine protein in high concentrations in renal allograft models of AMR###
Vasoactive protein in high concentrations in renal allograft models of AMR*##*

*mRNA and protein highly expressed in platelets

**Protein is scavenged into platelets by serotonin transporter (SERT)
*#*RK, JD, and WMB unpublished observations
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When platelets adhere to endothelium, they are activated
by multiple signals including shear stress that induce release
of microvesicles [16]. Activated platelets are the largest source
of circulating microvesicles. The proteome of microvesicles
from activated platelets has been reported to include the mem-
brane adhesion molecules CD41/CD61 and P-selectin, and the
chemokines CXCL4, CXCL7, and CCL5 [17], which overlap
with our findings in the passive transfer model of AMR.

The content of microvesicles may contribute to increased
release of platelets. Machlus and co-workers [18¢] found that
CCLS5 regulates platelet production by binding to CCRS on
megakaryocytes. Intriguingly, this response can be inhibited
in vivo by administering a CCRS antagonist, maraviroc.

Platelets Tether Leukocytes to Graft

Intravital microscopy has permitted observation of platelet
interactions with endothelial cells and leukocytes in real time.
In the cremaster muscle of mice, sterile inflammation induced
by TNFx or CCL2 upregulates vW{ expression at the endo-
thelial junctions in small-diameter (about 25 pm)
postcapillary venules. This initiates adherence of platelets
via GPIIb/IIIb (CD41/CD61). Then, neutrophils attach via
CD40 and PSGL-1(CD162) to CD40 ligand (CD154) and P-
selectin (CD62P) on the adherent platelets [19¢].
Subsequently, monocytes join the attached platelets and neu-
trophils. Depleting platelets greatly diminishes the interactions
of neutrophils and monocytes with the vascular endothelium.

Although the cremaster is a useful model, expression of
adhesion molecules differs in different organs and inflamma-
tory signals magnify some of the differences. For example,
TNFo upregulates P-selectin more in the heart than in the
kidney, liver, or lung [20]. Even within an organ, endothelial
cells in different vascular beds have distinct responses to in-
flammatory signals. In the kidney, for example, the fenestrated
capillary endothelium of the glomerulus does not express P-
selectin. As a result, platelets can be even more pivotal in
initiating neutrophil arrest. In a model of immune complex
glomerulonephritis, neutrophil arrest and release of reactive
oxygen species were found to depend on the platelet mediator
CXCL7, also known as neutrophil-activating peptide 2 [21¢].
This model introduces other critical variables, including anti-
bodies and complement components that can provide addi-
tional signals to endothelial cells, platelets, and neutrophils.

We have used intravital microscopy to examine the effects
of DSA on platelet interactions with vascular endothelium in
skin grafts [22]. Passive transfer of DSA to skin-grafted T
cell-deficient mice instigated platelet rolling and arrest in the
allograft but not the surrounding skin of the recipient.
Immunohistology demonstrated aggregates of platelets asso-
ciated with vWT in the graft vasculature and with time neutro-
phil accumulation.

Activated platelets undergo shape change as they interact
with endothelium and probe the endothelial surface with
“micropods” [8]. These changes in shape require enzymatic
cleavage and rearrangement of cytoskeletal proteins.
Recently, we discovered that fragments of cytoskeletal pro-
teins are released into the urine in our model of passive trans-
fer of DSA (unpublished observations). A total of 1307
unique proteins were found to be increased in urine from renal
transplants after passive transfer of DSA. The proteins identi-
fied included the cytoskeletal proteins Talin-1 and myosin 9 as
well as filamin-A, moesin, and tropomyosin. Although these
cytoskeletal proteins are widely expressed, they are all abun-
dant in platelets [23]. Immunohistochemistry localized Talin-1
and myosin 9, two cytoskeletal proteins required for shape
change, to platelet aggregates in glomerular and peritubular
capillaries.

Platelets Form Conjugates with Leukocytes

Real-time imaging of fluorescently tagged platelets in skin
grafts demonstrated the additional important concept that the
majority of platelets induced to roll on endothelium by DSA
subsequently detach and return to the circulation [22]. As a
result, after passive transfer of DSA, an increased number of
circulating platelets express P-selectin and have complement
split products (C3d) on their surface [22]. P-Selectin is a key
adhesion molecule in the coupling of activated platelets to
leukocytes to form circulating platelet-leukocyte conjugates.
Platelets form conjugates with all types of leukocytes, but
platelet P-selectin has the strongest affinity to PSGL-1 on
monocytes and neutrophils and lower affinity to lymphocytes
[24-]. Circulating platelet-leukocyte conjugates increase in
many diseases that involve ischemia, reperfusion, vascular
inflammation, or immune complexes [24¢]. We have found a
high percentage of monocytes and neutrophils in the circula-
tion are conjugated with platelets in experimental models of
cardiac and renal allografts. However, the pathological impli-
cations of these conjugates remain largely speculative.

Platelets Transfer Protein and RNA

When platelets break off from megakaryocytes, they contain a
wide array of constitutive proteins. Platelets also express a
specific transporter to scavenge serotonin from plasma and
are the largest source of serotonin in the blood. In addition,
platelets take up many proteins through their open canalicular
system and by endocytosis [25, 26¢]. As a result, platelets
contain immunoglobulins, complement, and antigens.
Importantly for transplantation, platelets have the capacity to
upregulate the expression of MHC class I and present antigen
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[27]. Finally, platelets contain small amounts of mRNA de-
rived from megakaryocytes and can synthesize proteins.

The RNA derived from megakaryocytes declines as plate-
lets age. Therefore, inflammatory mediators that either direct-
ly or indirectly increase release of platelets from megakaryo-
cytes can alter the RNA signature of circulating platelets. This
would include IL-13 and CCLS5 that have been demonstrated
to have a direct effect on megakaryocytes and IL-6 that in-
duces the release of thrombopoietin from hepatocytes [18,
28]. A greater effect could result from IL-1« that causes an
accelerated release of platelets through an unusual mechanism
of megakaryocyte rupture [29].

Genome-wide RNA-seq analysis has identified a signifi-
cant overlap in human and mouse platelet transcriptomes
[30]. The most highly expressed genes in both human and
mouse platelets include Ppbp (CXCL7), Myl9 (myosin 9),
Pf4 (CXCL4), Tubbl (tubulin), and Itga2b (CD41). During
inflammation, the RNA content of platelets can be modulated
by endogenous and exogenous mechanisms. Three major
mechanisms modulate RNA in platelets: (1) specific splicing
of pre-mRNAs induced by activation of platelet surface recep-
tors, (2) splice events in response to immune cells and cyto-
kines, and (3) incorporation of mRNA from external sources
[31, 32]. As a result, assays of platelet RNA can be used to
monitor inflammation as well as external sources of RNA
such as cancer or transplants. Platelets are currently being
exploited in “liquid biopsies” as a basis of minimally invasive
molecular diagnostics for cancer [33, 34¢]. We have tested this
concept in by isolating platelets from the circulation of mice
with cardiac transplants and found that the expression of
Ppbp, Vwf, Itga2b, and Itgb3 increases during rejection (un-
published observations).

Therapeutic Implications

In addition to their potential as diagnostic indicators of endo-
thelial injury in transplants, platelets are an attractive target for
therapeutic intervention during ischemia-reperfusion as well
as acute and chronic rejection. Although global depletion of
platelets with monoclonal antibodies is a useful experimental
approach to determine the contributions of platelets to graft
injury [8, 22], the increased risk of bleeding limits this as a
clinical option. The beneficial effects of platelet inhibitors on
atherosclerosis have encouraged the routine use of aspirin in
heart transplant patients. One center reported recently that
aspirin therapy was associated with decreased chronic allo-
graft vasculopathy and the initiation of aspirin treatment with-
in the first month after transplantation was more beneficial
than later treatment [35].

The lungs may be particularly vulnerable to platelet-
mediated injury. Not only are the alveolar air spaces
surrounded by a vast network of capillaries and the airways
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supported by capillaries but the lungs also contain large num-
bers of megakaryocytes that produce platelets in the pulmo-
nary microvasculature [36¢]. Platelet-monocyte conjugates
and soluble P-selectin have been reported to be increased
within 6 h after lung transplantation [37]. Experimentally,
clopidogrel, which inhibits platelet aggregation by selectively
inhibiting adenosine diphosphate binding to P2Y, re-
ceptors on platelets, has been found to protect the mi-
crovasculature of tracheal transplants [38]. However,
drugs such as aspirin and clopidogrel are difficult to
manage in transplant recipients [39].

Developing therapeutic interventions include monoclonal
antibodies that target domains within adhesion molecules on
platelets that interact with specific ligands. For example,
GPIba and vWT undergo multiple conformational changes
as their interaction progresses from low to high affinity.
Monoclonal antibodies have been developed to epitopes ex-
posed during this progressive interaction that do not alter
bleeding time [40]. This new generation of antibodies offers
the opportunity to intervene more precisely in platelet interac-
tions with endothelial cells and leukocytes.

Conclusions

Application of intravital microscopy, proteomics, and
genomics to platelets has increased appreciation of the
complex interactions these small anucleate cell frag-
ments have in the evolution and resolution of inflamma-
tion. It is now clear that these functions are exquisitely
responsive to specific conditions and locations. Only
limited data are available for the functions of platelets
in transplants. It is likely that the responses of platelets
differ among the different organs that are transplanted
and even within different vascular beds within some
organs. However, platelets are emerging as mechanisti-
cally and diagnostically relevant to transplantation.
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