Extracorporeal Photopheresis Stimulates Tissue
Repair after Transplantation
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@stract. Extracorporeal photopheresis (ECP) is a safe and effective therapy with long-established indications in treating
T cel-mediated immune diseases, including steroid refractory graft-versus-host disease and chronic rejection after heart
or lung transplantation. The ECP procedure involves collecting autologous peripheral blood leucocytes that are driven into
apoptosis before being reinfused intravenously. ECP acts primarily through in situ exposure of recipient dendritic cells and
macrophages to apoptotic cells, which then suppress inflammation, promote specific regulatory T-cell responses, and retard
fibrosis. Here, we explore the idea that macrophages exposed to apoptotic cell components from photopheresates acquire
a tissue-reparative capacity that could be exploited therapeutically. Specifically, we consider innovative applications of ECP

in resolving tissue injury after liver transplantation.

(Transplantation Direct 2025;11: e1812; doi: 10.1097/TXD.0000000000001812.)

/

LIVER INJURY AND REPAIR AFTER
TRANSPLANTATION

Normal physiological and immunological homeostasis in
the liver is abruptly disturbed by donor death or living-
donor organ explantation. Deprived of a blood supply,
hypoxic injury occurs, and this damage is exacerbated
upon reperfusion by oxidative stress.! These combined
insults trigger an immediate innate immune response
involving tissue-resident macrophages and dendritic cells
(DCs) that stimulate a rapid infiltration of the allograft
by blood monocytes, neutrophils, and natural killer cells.
This early, induced reaction contributes to further tissue
injury and recruits T cells, initiating an adaptive immune
response. Left untreated, this acute rejection reaction leads
to the destruction of transplants within days; however,
modern immunosuppression is very effective in controlling
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early injury, especially the combination of calcineurin
inhibitors (CNIs) and high-dose steroids.2 Regrettably,
many liver transplant recipients with secondary renal fail-
ure tolerate CNIs poorly, often resulting in irreversible kid-
ney damage.3

When early acute cellular rejection is prevented, trans-
planted livers enter a regenerative phase characterized by the
presence of tissue-reparative macrophages of recipient origin.
These cells serve a crucial role in tissue remodeling by remov-
ing necrotic debris, stimulating parenchymal regeneration,
promoting revascularization, and suppressing T cells within
the allograft.# Ideally, tissue repair would lead to restoration
of normal immune homeostasis and liver function; however,
nonresolving subclinical inflammation is a common outcome.’
Hence, we need new therapeutic approaches not only to
enhance early tissue regeneration but also to terminate repair
processes when injury is resolved. In this article, we exam-
ine the role of apoptotic cells in driving tissue regeneration
through the differentiation of tissue-reparative macrophages.
This leads us to the suggestion that ECP, as an apoptotic cell-
based therapy, might have a role in promoting liver repair in
the early post-transplant period.

PRINCIPLES OF EXTRACORPOREAL
PHOTOPHERESIS

ECP is an apheretic procedure in which blood leucocytes
are collected from a patient before being driven into apoptosis
through exposure to a DNA-intercalating agent called
8-methoxypsoralen and UVA irradiation, which causes
double-stranded DNA breaks.¢ Treated leucocytes are imme-
diately reinfused intravenously back into patients, where they
presumably die by apoptosis over several days. ECP is a long-
established and effective therapy for a variety of T cell-medi-
ated diseases, including graft-versus-host disease.” The precise
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mechanisms of ECP action are still contested; however, there
is an emerging consensus that its primary effect is modifying
the behavior of macrophages and DCs.® As discussed, mac-
rophages and DCs play diverse roles in allograft pathology
at different phases after transplantation; consequently, the
actions of ECP depend on the pathological context in which
it is applied.*11

The importance of noninflammatory cell death in main-
taining peripheral self-tolerance is well understood. When
parenchymal cells become apoptotic, they transfer self-
antigen to tissue-resident DCs that migrate in a semi-mature
state to lymph nodes. There, DCs interact with potentially
autoreactive T cells, leading to their deletion through abor-
tive activation, induction of anergy, or conversion to regula-
tory T cells.t12 This principle has already been exploited in
mouse models, where apoptotic cells delivered by intravenous
infusion tolerize recipients to fully mismatched cardiac allo-
grafts. This effect has been attributed to splenic red pulp mac-
rophages and CD8a+ marginal zone DC that are modified by
exposure to apoptotic cell debris.!3

APOPTOTIC CELLS INDUCE TISSUE-REPARATIVE
MACROPHAGES

Under steady-state conditions, tissue-resident macrophages
perform various physiological and immune homeostatic
functions, such as the removal of apoptotic cells and the
prevention of constitutive inflammation. When they sense a
pathogenic insult, tissue-resident macrophages react quickly
to eliminate the challenge. Inflammatory cell death, such as
necrosis, pyroptosis, or ferroptosis, signifies tissue injury and
potently stimulates resident macrophage responses. In con-
trast, apoptosis is a noninflammatory form of programmed
cell death that maintains membrane integrity and sup-
presses innate reactions through the release of soluble anti-
inflammatory factors. Efferocytosis is the phagocytic removal
of apoptotic cells by macrophages, which clears dying cells
from tissues and induces a tissue-reparative phenotype in
macrophages.!#

Programming of tissue-reparative macrophages by apop-
totic cells is now understood in molecular detail, and involves
signals delivered by the apoptotic cell microenvironment, by
ligands expressed on apoptotic cells, and by the digestion
of phagocytic cargo. Apoptotic cells release many soluble
factors that contribute to a tolerogenic, proresolving tis-
sue environment. These include cytokines and chemokines
(eg, IL-10, transforming growth factor [TGF]-f, C-X3-C
motif chemokine ligand 1, IL-38), proresolving mediators
(eg, Annexin-A1, thrombospondin-1), and metabolites (eg,
spermidine).1517

Apoptotic cells elicit their own engulfment by phagocytes
by upregulating ligands for efferocytotic receptors.!® Best
known among these “eat-me” signals is phosphatidylserine
(PS), a phospholipid component of the inner leaflet of cell
membranes that translocates the outer leaflet during apop-
tosis; there, PS is accessible to growth arrest specific 6 and
milk fat globule epidermal growth factor 8, which act as inter-
mediaries for TYRO3 protein tyrosine kinase, axl, and mer
receptors and o f, integrins, respectively. Other apoptotic
cell-associated molecules that trigger efferocytosis include cal-
reticulin, phosphatidylethanolamine, high mobility group box
1, sphingosine-1-phosphate, and thrombospondin-1.1?
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Mediators that signal through TAM receptors—namely,
MER proto-oncogene, tyrosine kinase, Axl, and TYRO3 pro-
tein tyrosine kinase—inhibit the secretion of proinflammatory
cytokines and induce lipoxin-4.2021 Other receptors that bind
PS include stabilin-2, CD300b, and T-cell membrane protein
4. Scavenger receptors (eg, SR-A family, CD14, CD36) bind
a broad range of damage associated molecular patterns and
pathogen associated molecular patterns to activate resident
macrophages; in addition, activated complement proteins
coat apoptotic cell surfaces and are recognized via comple-
ment receptors expressed by macrophages, including CR1
(CD35).

Removal of apoptotic cells by macrophages prevents con-
stitutive inflammation in tissues, but their subsequent diges-
tion also generates metabolites that repolarize macrophages
toward a noninflammatory, tissue-reparative phenotype.
Metabolism of cholesterol from apoptotic cells activates the
liver X receptor pathway, further upregulating efferocytic
receptors and inhibiting proinflammatory toll-like receptor
and nuclear factor kappa-light-chain-enhancer of activated B
cells signaling. The metabolism of long-chain fatty acids may
activate noncanonical anti-inflammatory pathways involving
mitochondrial respiration, NAD-~, sirtuin-1, and Pbx-1. Fatty
acids also stimulate peroxisome proliferator-activated recep-
tors, contributing to macrophage reprogramming and suppres-
sion of proinflammatory cytokines.?223 Amino acids liberated
by apoptotic cell degradation impact macrophage behavior,
especially increased levels of arginine, ornithine, lysine and
methionine. Tryptophan metabolism activates metabolic
pathways involving indoleamine 2,3-dioxygenase 1 and aryl
hydrocarbon receptor, which enhance the induction of prore-
solving mediators such as IL-10.2¢ Conversion of methionine
into S-adenosylmethionine, a substrate for the DNA methyl-
transferase DNMT3A, links the digestion of apoptotic cells
with epigenetic silencing of inflammatory genes. Nucleotides
derived from apoptotic cells activate the DNA-dependent pro-
tein kinase/mTORC2/phospho-AKT pathway.!s

The net impact of efferocytosis is reprogramming of mac-
rophages toward a proresolving and prorepair phenotype.
Phagocytic uptake of ECP-treated leukocytes by macrophages
in inflamed tissue causes STAT6 phosphorylation and the
upregulation of CD206, ARG1, and CD301, resulting in
an anti-inflammatory phenotype,?s which is associated with
increased secretion of anti-inflammatory mediators (eg, TGF-
B, IL-10, prostaglandin E2) and suppression of inflammatory
cytokines (eg, IL-16, IL-12, TNF-a).26

PROPERTIES OF TISSUE REPAIR MACROPHAGES

Tissue-reparative macrophages typically express CD206,
T-cell membrane protein 4, and liver X receptor, as well as
anti-inflammatory factors, such as IL-10, TGF-B, and pros-
taglandin E2. However, there is no definitive description of
such macrophages, which are phenotypically and functionally
heterogeneous. Indeed, it remains controversial whether there
exist distinct subtypes of proresolving macrophages within
a single tissue. Key features of proresolving macrophages
include high efferocytotic capacity, altered metabolism, and
production of so-called proresolving mediators (SPMs).

Proresolving macrophages display a higher capacity
for efferocytosis than other macrophages, being able to
engulf many apoptotic cells consecutively. Efferocytotic
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activity enhances macrophages’ capacity for further uptake
of apoptotic cells in a feedforward process known as “con-
tinual efferocytosis.” Exactly how this mechanism operates
is not completely understood; however, the metabolism of
ingested apoptotic cell-derived ornithine to putrescine may
be crucial.?”

SPMs are specialized lipid molecules that play a key role
in the resolution of inflammation. They prevent the further
recruitment of leucocytes to inflamed sites and induce apop-
tosis in infiltrating immune cells. These mediators derive
from polyunsaturated fatty acids, including omega-3 fatty
acids such as eicosapentaenoic acid and docosahexaenoic
acid, as well as omega-6 fatty acids such as arachidonic acid.
SPMs are synthesized through enzymatic pathways involv-
ing lipoxygenase, cyclooxygenase, and cytochrome P450
enzymes. SFMs include lipoxins (like LxA4), resolvins (like
RvE1 or RvDS), protectins, and maresins.28 Notably, some
proteins released by macrophages also act as resolution medi-
ators, including Annexin-A1 and developmental endothelial
locus-1.2

Polarization of macrophages toward a proresolving phe-
notype is driven by efferocytosis through phagocytic recep-
tors and changes in metabolism related to the degradation of
engulfed cells. Consequently, the type of apoptotic cells being
phagocytosed, and perhaps the tissue environment where
efferocytosis occurs, impacts macrophage phenotype and
function.30

EFFECT OF TISSUE-REPARATIVE MACROPHAGES
IN LIVER REGENERATION

Liver has a high regenerative capacity owing to the ability
of hepatocytes and biliary epithelial cells to proliferate after
acute liver injury; however, in chronic liver disease, senescent
hepatocytes eventually become exhausted and fibrosis ensues.
Liver injury stimulates hepatic stellate cells (HSCs) to secrete
extracellular matrix (ECM) components and tissue inhibitors
of metalloproteinases that hinder proper tissue remodeling
by matrix metalloproteases and exacerbate fibrosis. When
liver injury and repair processes fail to resolve, deposition of
fibrillary type I and III collagen disrupts normal liver archi-
tecture and function, ultimately causing cirrhosis and liver
failure.’!

As the principal resident macrophage population in liver,
Kupffer cells are responsible for maintaining tissue home-
ostasis by clearing dead cells and pathogens arriving via
the portal circulation.?> When liver is injured, monocytes
recruited from blood differentiate into inflammatory mac-
rophages that contribute to parenchymal damage, ECM
deposition, and HSC activation. Later, macrophages switch
to a proresolving phenotype, partly in response to efferocy-
tosis of apoptotic cells. In particular, liver injury stimulates
recruited monocytes and Kupffer cells to become triggering
receptor expressed on myeloid cells 2+ lipid-associated mac-
rophages that are essential for tissue repair.33 Proresolving
macrophages control inflammation, remove dead cells, and
secrete trophic factors, including platelet-derived growth
factor, insulin-like growth factor 1, amphiregulin, and TGF-
B. These growth factors support hepatocyte and cholangio-
cyte proliferation, as well as the remodeling of liver tissue
by suppressing HSC activation and reversing excessive ECM
deposition.3!
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THERAPEUTIC MANIPULATION OF TISSUE-
REPARATIVE MACROPHAGES IN LIVER INJURY

The central role of tissue repair macrophages in resolv-
ing liver injury makes them an attractive therapeutic target.
Various approaches are being investigated to increase the den-
sity of proresolving macrophages or enhance their function in
the damaged liver. One very promising strategy in acute and
chronic liver failure is the adoptive transfer of ex vivo-induced
tissue-reparative macrophages. In a mouse model of acute
paracetamol-induced liver injury, adoptive transfer of IL-4/
IL-13-stimulated macrophages reduced inflammation and liver
necrosis.?* This approach is now being trialed in paracetamol-
induced acute liver injury.3 In the chronic setting, autologous
macrophage therapy for liver cirrhosis has also been investi-
gated in preclinical models3¢ and clinical trials.3”

An alternative therapeutic approach involves nanoparticle-
encapsulated drugs to modify macrophages in vivo. Using
liposomes to deliver dexamethasone to macrophages mitigated
disease in mice with acute or chronic liver injury.3$ Similar
strategies include encapsulated PS or apoptotic vesicles.?
SuperMApo is a mixture of factors secreted by proresolv-
ing macrophages after coculture with apoptotic cells that is
active in mouse models of inflammation.* Given the potential
therapeutic benefit of supporting proresolving macrophages
after acute liver injury, and knowing that apoptotic cells drive
the physiological development of proresolving macrophages,
we propose that ECP could be valuable in early postoperative
management of liver transplant recipients (Figure 1).

EXTRACORPOREAL PHOTOPHERESIS AFTER
LIVER TRANSPLANTATION

Chronic renal impairment after liver transplantation is a
common complication that significantly impacts morbidity
and mortality. Around two-thirds of patients undergoing liver
transplantation at our center have severe hepatorenal dys-
function, making them more vulnerable to the nephrotoxic
effects of CNIs. Clinical protocols aimed at reducing early
CNI exposure preserve and restore the filtrative capacity of
kidneys in liver transplant recipients; however, this is achieved
at the cost of a higher rate of acute cellular rejection. Using
ECP as an induction therapy after early liver transplantation
offers an attractive solution to the concurrent challenges of
CNI nephrotoxicity, risk of rejection, and the need for tissue
repair.

To avoid CNI nephrotoxicity in liver transplant recipients,
our center introduced a “bottom-up” strategy that delays the
introduction of tacrolimus until 8-10 d posttransplant. The
PATRONO7 Study showed that early CNI avoidance signifi-
cantly reduced the incidence of chronic renal failure in liver
transplant recipients.*! In this single-arm study, 27 patients
with preoperative renal failure (estimated glomerular filtra-
tion rate 24 = 17.1mL/min) and high laboratory Model for
End-stage Liver Disease scores received bottom-up immuno-
suppression. The 1y overall survival was 93% and the mean
estimated glomerular filtration rate increased significantly
from baseline to 1 y. The major drawback of this protocol
was the relatively high rate (37%) of biopsy-proven acute
rejections.

ECP has been used in other contexts to support temporary
minimization or withdrawal of immunosuppression in trans-
plant recipients while treating infections or posttransplant
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FIGURE 1. ECP-induced reprogramming of macrophages after liver transplantation. We hypothesize that clearance of apoptotic remnants of
leucocytes from photopheresates drives the development of tissue-reparative macrophages within transplanted livers. These reprogrammed
macrophages may then contribute to a local immunosuppressive microenvironment and tissue remodeling. DEL-1, developmental endothelial
locus-1; ECP, extracorporeal photopheresis; 8-MOP, 8-methoxypsoralen; IL, interleukin; PGE-2, prostaglandin E2; TGF-f, transforming growth

factor-p; Treg, regulatory T cell.
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FIGURE 2. A proposed clinical trial design for using ECP as a CNI-sparing therapy in liver transplant patients with renal failure. Liver transplant
patients will be treated with an intensive ECP therapy regimen for the first 6wk, reducing to once weekly for a further 6wk. Patients in the
ECP-treated and control arms will receive standard-of-care immunosuppression, except that IL-2R blockade (basiliximab) will be omitted in the
ECP group. The primary endpoint will be time-to-introduction of tacrolimus. AR, acute rejection; CNI, calcineurin inhibitor; ECP, extracorporeal
photopheresis; GFR, glomerular filtration rate; IL, interleukin; IS, immunosuppression; MMF, mycophenolate mofetil.

lymphoproliferative disorder* although studies in liver trans-
plantation are sparse.** Additionally, ECP induction showed
promise as a CNI-avoidance strategy in cardiac transplant
recipients at high risk of infection or recurrent malignancy.*
Urbani et al investigated ECP as a CNI-sparing therapy after
liver transplantation. Although they found no differences in
acute rejection rates, CNI could be introduced later in the
ECP-treated group, which showed better 6- and 12-mo sur-
vival.#s We propose that this concept could be extended to
managing liver transplant recipients with preexisting renal
failure by avoiding early CNI exposure while also preventing
acute rejection and supporting tissue repair processes.

To this end, our center is currently designing a randomized
controlled trial in which adult liver transplant recipients with
preexisting renal impairment will be treated with standard-
dose methylprednisolone and mycophenolate mofetil plus

high-intensity ECP treatment for up to 6wk. Standard treat-
ment with tacrolimus will only be introduced on day 14, unless
signs of rejection indicate otherwise. Basiliximab induction,
which is standard-of-care at our center, will be omitted in the
ECP treatment arm because IL-2R blockade interferes with
T-cell regulation. Control group patients will receive standard
triple immunosuppression plus Basiliximab induction. The pri-
mary endpoint of this study will be the proportion of patients
spared from CNIs for 14 d. Renal function at 6 mo posttrans-
plant and absence of subclinical inflammation in protocol biop-
sies will be important secondary endpoints (Figure 2).

CONTRIBUTION OF THE EXTRA CONSORTIUM

In conclusion, ECP is a safe and effective therapy with estab-
lished indications in heart or lung transplantation. Through a
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deeper understanding of its immunological actions, the exTra
consortium aims to extend indications for ECP in solid organ
transplantation.*¢4 As part of exTra, we are working with
groups across Europe to harmonize methods for studying the
effects of ECP in vitro and in vivo.#-5* Through the collabo-
rative efforts of exTra, we hope to assemble a panel of reli-
able assays to guide the safe introduction of ECP induction
therapy in liver transplantation.
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