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Photopheresis (extracorporeal photochemotherapy)t
Franz Trautinger,*® Ulrike Just® and Robert Knobler

Photopheresis is a form of phototherapy where specialized equipment is used to isolate a leukocyte
fraction from the peripheral blood which is then exposed to photoactivated 8-methoxypsoralen and rein-
fused into the patient. At the time of its invention the treatment was conceptually based on the
hypothesis of T cell vaccination, i.e. the observation in experimental studies that exposure of the immune
system to physically modified T cell clones leads to a specific inhibition of T cell mediated autoimmunity.
Consequently, photopheresis has been tried in a variety of conditions where T cells are thought to have a
critical role and has shown clinical efficacy mainly in variants of cutaneous T cell lymphomas, graft-versus-
host disease, systemic sclerosis, in solid organ transplant rejection and Crohn’'s disease. Evidence has
accumulated that alterations in antigen presentation and the generation of regulatory T cells are induced
by photopheresis and might be related to the observed clinical effects. Summarizing what has been
published in the 25 years since its introduction into the clinic, photopheresis to date has found its place
in the treatment of the above mentioned conditions as a well tolerated treatment option that can safely
be combined with other established modalities. It can be expected that further research will help refine
its clinical indications and close the gaps that still exist in our knowledge on when, how, and why

Www.rsc.org/pps photopheresis works.

Introduction

Photopheresis (ECP; which has been variously called also
extracorporeal photopheresis, extracorporeal photochemother-
apy, or extracorporeal photoimmunotherapy) is a form of
phototherapy where blood is exposed extracorporeally to the
photoactivated drug 8-methoxypsoralen (8-MOP). The develop-
ment of ECP was initially based on the concept that reinfusion
of extracorporeally modified leukocytes might initiate a ben-
eficial immune reaction in patients with leukemic and auto-
immune diseases.' Studies have shown clinical efficacy of ECP
in certain variants of cutaneous T cell lymphomas (CTCL; for
which it is approved by the U.S. Food and Drug Adminis-
tration), systemic sclerosis (SSc), graft-versus-host disease
(GVHD), solid organ transplant rejection, and Crohn’s disease
(CD).? Although the mechanisms of action of ECP are still not
fully elucidated recent studies indicate that regulatory T cells
(T-reg) and possibly also monocyte-derived antigen presenting
cells are induced during treatment and might be responsible
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for the immunomodulation occurring during ECP.* This paper
reviews the development of ECP, experimental evidence on its
mechanisms, and its clinical use in the above mentioned
conditions.

Development of ECP and mechanisms of
action

The modern history of photochemotherapy with 8-MOP and
UVA (PUVA) started in the middle of the last century and is
reviewed elsewhere in this issue.” PUVA turned out to be highly
efficacious for the treatment of psoriasis and other skin dis-
eases. Prominent among these PUVA-responsive skin diseases
is mycosis fungoides (MF), the most common CTCL variant.”
It was in the early 1980s that Richard Edelson, a dermatolo-
gist then at Columbia University, invented the concept of treat-
ing with PUVA leukocytes isolated from the bloodstream of
patients with Sezary syndrome (SS; another CTCL variant,
characterized in addition to generalized skin involvement by a
high burden of malignant lymphocytes in the peripheral
blood) instead of the skin surface." This intriguing idea was
based on the concept of T cell vaccination as postulated by
Irun Cohen and his group at the Weizmann Institute.® During
T cell vaccination autoreactive T cells from rats with experi-
mental autoimmune disease are stimulated ex vivo (with
antigen or mitogen) and exposed to irradiation, hydrostatic
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pressure, or glutaraldehyde before inoculation. Experimentally
T cell vaccination can prevent the development of subsequent
autoimmune disease and induce long lasting remissions of
established disease. Further evidence indicated that an anti-
idiotypic response to disease specific T cell receptors was
behind the observed clinical effects.” According to initial
experiments performed in Richard Edelson’s laboratory
similar results could be obtained when substituting the extra-
corporeal treatments used by Cohen’s group with PUVA.®
Furthermore, evidence was obtained that protective effects can
also be achieved when unfractionated splenocytes instead of
isolated autoreactive T cell clones were used.”'° These obser-
vations, namely that 8-MOP can be used, a drug whose safety
in humans had already been demonstrated, and that isolation
of T cell clones is not required, paved the way for further devel-
opment of a new form of treatment which later became known
as photopheresis. For this purpose an apparatus was devised
that combined a centrifuge for the separation of white from
red blood cells based on their sedimentation rate and a UV
exposure system. Based wupon cytotoxicity experiments
in culture the optimal UVA dose was determined to be
1-2 J em™?, which - combined with 100 ng ml~" of 8-MOP -
leads to growth arrest and apoptosis in almost all treated lym-
phocytes." Homogeneous UVA dose distribution is achieved by
passing the leukocytes between fluorescent UVA lamps in a
plastic chamber at a film thickness of 1 mm. Coagulation is
inhibited by extracorporeal addition of heparin or sodium
citrate with only little and transient influence on coagulation
in the patient.'

Although the machine has undergone various technical
improvements and is now in its 4th generation the basic pro-
cedure as described in Fig. 1 has remained largely unchanged.
One major improvement was the introduction of the parenteral
application of 8-MOP, which was originally given by mouth
prior to ECP as in PUVA. The disadvantages of oral 8-MOP
include gastrointestinal intolerance, unreliable blood levels,

flowthrough UVA
irradiation chamber

| heparin ‘ ‘ 8-MOP }—T

venous >

centrifuge
access <—| |

Fig. 1 Schematic representation of the photopheresis procedure. Blood is
removed from a peripheral venous access (typically in the cubital vein), an anti-
coagulant (typically heparin, sometimes sodium citrate) is added, white blood
cells are separated through centrifugation, and red blood cells are returned
through the venous line. 8-MOP is added to the white cell fraction prior to
exposure to UVA (1-2 J cm™2). After extracorporeal photochemotherapy cells are
returned to the patient. Blue: venous blood; red: red blood cell fraction; yellow:
white blood cell fraction (“buffy coat”); black: pharmaceuticals.
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and the need for photoprotection to avoid phototoxicity.
In 1993 the first report appeared describing the use of a liquid
formulation that can be applied directly to the isolated leuko-
cyte fraction prior to UVA exposure.'”> Extracorporeal appli-
cation of 8-MOP has now generally replaced the oral route with
the advantage of minimal systemic exposure to the drug, elimi-
nating the need for photoprotection, lack of nausea, and
predictable 8-MOP concentrations during UVA exposure.
Photopheresis received approval by the U.S. Food and Drug
Administration in 1987 supplemented in 2000 with the
approval of a sterile liquid formulation of 8-MOP for extra-
corporeal use (UVADEX®).

The standard treatment schedule for ECP has basically
remained unchanged since its invention and usually involves
treatment on 2 successive days, by which 10-20% of white
blood cells are exposed to 8-MOP and UVA. Treatments are
repeated at 2-4-week intervals for as long as is clinically indi-
cated. In responding patients, treatment intervals may be
gradually lengthened for maintenance.

Various lines of research have tried to elucidate the mech-
anisms behind the observed clinical effects. Prominent among
these is the above mentioned concept of T cell vaccination that
has been consequently followed and investigated by Edelson
and his group. Eventually these researchers provided evidence
for a hypothesis that includes the rapid and synchronized gen-
eration of large numbers of what they call ECP-induced dendri-
tic cells (EI-DCs) from monocytes during the ECP procedure.?
These cells take up antigens from intermixed T cells as they
undergo PUVA-induced apoptosis and present them to the
immune system in a way that leads to the desired effect
depending on the state of T cell activation and the state of
EI-DC maturation. Through further research into the specific
features of these cells the seeming paradox of ECP, namely
that it can be used to treat a T cell malignancy on the one
hand (where a targeted immune response would be desired)
and autoimmune-mediated inflammatory conditions on
the other hand (where specific inhibition of a pathological
immune response should be achieved), could be resolved.'*

Another recent line of research is based on the observation
in a murine model of contact hypersensitivity that apoptotic,
antigen specific T cells induced by experimental ECP lead to
the induction of specific regulatory T cells (T-reg) that mediate
specific immunological tolerance."® Transfer of these ECP-
induced T-reg to syngeneic mice induces tolerance in the reci-
pients. In addition, the production of anti-inflammatory cyto-
kines upon presentation of apoptotic cells to APCs has been
demonstrated, contributing further to the clinically observed
immunomodulation.'® The importance of T-reg in ECP has
been confirmed also in experimental GVHD,'” a murine model
of organ transplantation,'® and recently also in SSc.*’

Although these models are intriguing and - since they are
not mutually exclusive - might well both be at work at the
same time, other aspects of ECP have been largely neglected.
Among these is the photochemistry of blood plasma occurring
in the UV exposure chamber. Cellular components are sus-
pended in diluted autologous plasma during UVA exposure.
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Since human plasma contains UVA absorbing molecules and
probably also substances that can bind to 8-MOP photochemi-
cal reactions are likely to occur as has been shown with the
example of folic acid that is degraded during ECP.>* Another
neglected field is the role of cells other than lymphocytes and
monocytes that are present in the treatment chamber in
high numbers. These include neutrophils and platelets, both
known to be highly reactive and able to quickly respond to
various external triggers. Although early research has shown
that the respiratory burst capability of neutrophils is inhibited
by ECP this observation has not been followed up and the role
of plasma and non-lymphoid cellular components in ECP
remains to be investigated.”’

Another basic question in ECP with initial evidence emer-
ging not earlier than over 20 years after the first clinical report
appeared is the fate of the irradiated cells. We have recently
shown that these cells can be reliably labelled extracorporeally
with indium-111 oxine and thus followed after reinfusion by
whole body scintigraphy.”* Application of this technique to
specific clinical conditions will probably help elucidate the
target organs to which exposed cells migrate and where thera-
peutically relevant immunological reactions might occur.

Clinical applications
Cutaneous T cell lymphomas

According to the concept of T cell vaccination described above
the clinical development of ECP focussed on the treatment of
conditions where T cells were thought to play an essential
pathogenic role. In the 1980s it was assumed that CTCL is a
unifying disease entity encompassing T cell non-Hodgkin lym-
phomas that present in the skin. Among these lymphomas
Sezary syndrome (SS) seemed particularly suitable for treat-
ment with ECP since it is characterized by a high burden of
circulatory malignant T lymphocytes in the peripheral blood.
To date the classification of cutaneous lymphomas has pro-
gressed and CTCL is not regarded as a separate entity but
rather as a group of heterogeneous diseases, among them MF
and SS.>® The first clinical study of ECP was published in 1987
and reported results in the treatment of 37 patients with what
the authors then called resistant CTCL.>* Clinical response
was seen in 27 patients with an average decrease in cutaneous
involvement of 64%. This response was reached after 22 + 10
weeks (mean + SD). Notably the treatment was shown to be
almost free of adverse events. As expected nausea related to
8-MOP was observed (and later eliminated with the introduc-
tion of the extracorporeally added liquid formulation). Other
side-effects included rare cases of transient hypotension and
discomfort and complications due to venipuncture.

Since then, ECP has been studied in a number of uncon-
trolled trials summarized in 2003 by Zic.>® At that time treat-
ment of MF and SS with ECP had been reported in over 400
patients with an overall response rate of 55.7%, a complete
remission rate of 17.6% and almost absent toxicity. Notably
only in 5 of the 19 trials and case series analysed by Zic ECP
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Fig. 2 Right arm of a patient with SS (a) before ECP showing diffuse redness
and severe scaling and (b) after 5 years of continuous treatment.

was used as a single treatment modality. In many patients ECP
was combined with other treatments, either from the outset or
after treatment for 6-8 months had resulted in insufficient
response. Although from these and other data a conclusion as
to the superiority of any combination over the other or over
single therapy cannot be made it is evident that ECP can be
safely combined with other therapies, including PUVA, radio-
therapy, interferons, and retinoids. A typical clinical case is
shown in Fig. 2.

Some efforts have been made to identify in advance
patients who will respond best to ECP. The lack of prospective
randomized trials, however, makes it difficult to define reliable
prognostic parameters. The following clinical and laboratory
parameters are discussed among experts to best define a
patient’s positive response to ECP: a disease course of under
2 years, the presence of Sezary cells in the bloodstream, a
normal number of CD8+ T cells, and lack of the following:
bulky lymphadenopathy, other organ involvement, high leuko-
cytosis, previous chemotherapy, plaque stage with extensive
skin involvement. Evidence for the value of these parameters,
however, is anecdotal and awaits scientific confirmation.?®

In summary, based on the available data, recent consensus
reports on the treatment of MF and SS have recommended
ECP as a first-line treatment for SS and for patients with
erythroderma from MF.””>° Emerging evidence indicates that
ECP might also be effective in extracutaneous lymphomas, but
this awaits confirmation.®’

Systemic sclerosis

Systemic sclerosis (SSc) is characterised by inflammation,
vasculopathy, and abnormal deposition of collagen in the con-
nective tissues of the skin and visceral organs, such as the
kidneys, heart, lungs, and gastrointestinal tract. The disease
takes a chronically progressive course and results in stiffness
of the skin and dysfunction of the involved organs. Accord-
ingly, SSc is associated with substantial morbidity and
increased mortality. SSc is thought to have an autoimmune
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pathogenesis making it - according to the above described
T cell vaccination concept - a potential candidate for treatment
with ECP.*!

Evidence from small studies and case series indicated that
ECP might have beneficial effects on SSc with improvement in
various clinical surrogate parameters including collagen syn-
thesis in the skin,*® dermal oedema,* and skin elasticity.>*
However, the influence of ECP on the progression of visceral
organ involvement could not be consistently demonstrated in
these uncontrolled trials.>>°

The first randomised, observer blinded, prospective trial of
ECP in SSc compared ECP with p-penicillamine, a substance
with purported antifibrotic activity, in 79 patients of recent
disease onset.’” A skin score was used as the primary endpoint
and 21 of 31 patients (68%) showed an improvement after
6 months of ECP compared with eight of 25 patients (32%)
given p-penicillamine. Another randomised, observer blinded
study compared ECP with no treatment in a crossover design
and could not show significant improvements in skin scores in
19 patients with SSc of less than 5 years’ duration.*® To
exclude the influence of a possible placebo effect, a more
recent multicenter, randomised study compared ECP and a
sham procedure in a double-blind fashion in 64 patients with
SSc of recent onset.>* Comparison of skin scores between the
two study arms did not result in a statistical significance differ-
ence. However, after treatment for 6 and 12 months skin
scores were significantly improved when compared to baseline
in patients on active treatment but remained unchanged in
the control group. As described above for the treatment of
CTCL no substantial toxicity of ECP was observed.

In summary, in the absence of other effective treatment
options for the cutaneous involvement of SSc ECP can be
safely employed either alone or in combination with other
therapies currently used in the treatment of SSc including
prostaglandins, endothelin receptor antagonists, phosphodi-
esterase-5-inhibitors, immunosuppressive agents, and others.

Graft-versus-host disease

In allogeneic haematopoietic stem cell transplantation (HSCT)
multipotent stem cells from healthy donors are transferred to
reconstitute the bone marrow of patients with mostly hemato-
logic malignancies after conditioning with radiation and/or
chemotherapy. Acute and chronic GVHD are a serious and
frequent complication of HSCT and contribute substantially
to post-transplantation morbidity and mortality. Similar to
an autoimmune reaction an immunological response of the
grafted lymphoid cells against healthy tissue of the recipient
is considered causal to GVHD.** Thus, given the original
concept of ECP as a means of T cell vaccination, its effect was
investigated in clinical trials, particularly since established
treatments consist of corticosteroids and other immunosup-
pressive agents with their inherently related toxicity.

An early pilot study included 21 patients with steroid-
refractory acute GVHD. 60% of patients achieved a complete
resolution of GVHD symptoms within 3 months of therapy.*!
The subsequent Phase II study included 59 patients again with
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steroid-refractory acute GVHD.*? In this study an intensified
ECP schedule was used, consisting of weekly 2-day treatments.
After a median treatment period of 1.3 months and a median
number of four treatment cycles 82% of patients with
cutaneous involvement, 61% with liver involvement and 61%
with gut involvement achieved complete remission. The inten-
sified treatment was not associated with an increased rate of
adverse events. Overall survival at 4 years was significantly
increased in patients achieving CR compared with those who
did not. These and other results indicate that ECP might be
highly effective in acute GVHD inducing durable long term
remissions in a high percentage of patients.*®

In contrast to acute GVHD, the chronic form of the disease
usually occurs later than 100 days after transplantation. The
disease takes a chronic course and in some clinical aspects
resembles SSc. Results of small studies and case series indi-
cate that ECP might have beneficial effects in patients with
chronic GVHD.*"™° A larger retrospective study of 71 patients
reported an overall response rate to ECP of 61%, with 20% of
patients showing CRs.”” More recently the efficacy of ECP in
chronic GVHD was investigated in a randomized prospective
trial.*® In this Phase II study 95 patients received either con-
ventional treatment or conventional treatment combined with
ECP. A skin score was used as the primary endpoint and
although there was no statistical difference in median percent
change from baseline between the ECP and the control arm
some of the secondary endpoints showed encouraging results
(including a steroid-sparing effect and enhanced quality of
life) with again absent toxicity.

In summary, ECP has objective activity in the treatment of
acute GVHD and has shown some promise in chronic GVHD.*’

Solid organ transplant rejection

Since the first human kidney transplant in 1950 and the first
human heart transplant in 1967 transplantation medicine has
advanced substantially and solid organ transplants have
become routine in specialized centers world-wide. Although
improved immunosuppressive regimens have improved long
term graft survival, adverse effects of immunosuppressants
and graft rejection are still medical challenges. As with the
conditions discussed above ECP might again be able to inter-
fere with the immunological response of the host against an
allogeneic donor organ. Early studies in heart transplantation
indicated that ECP combined with conventional treatment
could reduce the incidence of rejection episodes and support
conventional treatment in patients who have already developed
rejection.’*”* In addition, ECP might help to reduce exposure
to immunosuppressants and thus contribute to a reduction of
therapy-related toxicity.’>>* A small prospective pilot study in
23 patients undergoing heart transplants compared conven-
tional treatment alone with conventional treatment combined
with ECP and found that ECP is capable of decreasing post-
transplant graft intimal hyperplasia, an indicator of chronic
rejection.> In a subsequent larger study with a similar proto-
col, 60 patients were included.’® Patients in the ECP group
experienced a significant reduction in the number of acute
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rejection episodes and the number of patients with one or no
rejection episode was significantly higher in the photopheresis
group. The authors concluded that the addition of photopher-
esis to triple-drug immunosuppressive therapy significantly
decreased the risk of cardiac rejection without increasing the
incidence of infection. A more recent retrospective single-
center analysis showed that ECP can reduce the risk of rejec-
tion and/or death from rejection after heart transplant when
initiated for patients with high rejection risks.””

Only limited experience exists with ECP in the treatment
of rejection reactions after lung, and kidney
transplantation.>®

Taken together ECP has shown promise in the management
of rejection across the spectrum of solid-organ transplants.
Further studies will be necessary to define the optimal target
population, time-points for initiation of treatment, and treat-
ment schedules.

liver,

Other conditions

Crohn’s disease, atopic dermatitis, lupus erythematodes, oral
lichen planus, pemphigus vulgaris and diabetes mellitus type I
are among the list of other conditions where ECP has been
tried with at least some success. Results have been described
recently elsewhere and are not covered in this review.”***

Summary

Among the various forms of phototherapy ECP is unique in its
basic principle, namely the reinfusion of extracorporeally
modified blood components after exposure to photo-
chemotherapy, as well as in its broad clinical application in
malignant and inflammatory systemic diseases. The fact that
the available clinical evidence for most of its applications is
moderate is mainly due to the chronic and slowly progressive
nature of most of its indications making prospective research
with meaningful endpoints difficult. A remarkable exception
to this is acute GVHD, an aggressive disease with often fatal
outcome, where the clinical efficacy of ECP has been shown in
randomised prospective trials. Thus, ECP remains fascinating
for both the clinician and the scientist, allowing at the same
time the exploration of photoimmunology, photomedicine,
and their impact on the pathophysiology and management of
rare and difficult to treat diseases.
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