1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Photochem Photobiol B. Author manuscript; available in PMC 2016 December 01.

-, HHS Public Access
«

Published in final edited form as:
J Photochem Photobiol B. 2015 December ; 153: 153-163. doi:10.1016/j.jphotobiol.2015.09.012.

Inhibitory effects of Merocyanine 540-mediated photodynamic
therapy on cellular immune functions: A role in the prophylaxis
of graft-versus-host disease?

Donald L. Traul and Fritz Sieber”
Department of Pediatrics, Medical College of Wisconsin, Milwaukee, WI, 53226, USA

Donald L. Traul: ditraul@msn.com

Abstract

Merocyanine 540-mediated photodynamic therapy (MC540-PDT) has been used in clinical trials
for the purging of autologous hematopoietic stem cells grafts. When the same combinations of dye
and light were applied to human peripheral blood lymphocytes, a broad range of T- and B-cell
functions were impaired, prompting speculations about a potential role of MC540-PDT in the
prophylaxis of graft-versus-host disease (GVHD). We here report on the effects of MC540-PDT
on in vitro functions of murine lymphocytes as well as a preliminary evaluation of MC540-PDT
for the prevention of GVHD in murine models of allogeneic bone marrow transplantation. Mixed
lymphocyte reactions, proliferative responses to lectins, interleukin-2 and lipopolysaccharide, T-
cell-mediated lysis, and NK activity were all inhibited by moderate doses of MC540-PDT.
Whether MC540-PDT reduced the incidence and/or the severity of GVHD in murine models of
allogeneic hematopoietic stem cell transplantation depended on the composition of the
mismatched grafts and the intensity of the preparative regimen. MC540-PDT was only beneficial
(i.e. reduced the incidence and/or severity of GVHD) when the spleen cell content of grafts was
low and/or the radiation dose of the preparative regimen was not myeloablative, and, therefore,
may have encouraged mixed chimerism.
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1. Introduction

The introduction of T-cell depletion in allogeneic hematopoietic stem cell transplantation
has reduced the incidence and severity of acute and chronic graft-versus-host disease
(GVHD) and has encouraged a greater utilization of grafts from unrelated and mismatched
donors (reviewed by 1-3). Despite these and other advances, GVHD remains a major
challenge in hematopoietic stem cell transplantation, as many recipients of T-cell-depleted
allogeneic grafts still experience acute and/or chronic GVHD. Furthermore, some of the
gains achieved by T-cell depletion are offset by higher relapse rates (loss of graft-versus-
tumor effect) as well as higher incidences of graft failures, post-transplant
lymphoproliferative disorders, and prolonged immunodeficiencies [4-9]. These unintended
consequences of T-cell depletion have been explained by inadequate depletions of donor
cells that cause GVHD, inadequate depletions of donor cells that inhibit engraftment and
immune reconstitution, excessive depletions of hematopoietic stem and progenitor cells,
excessive depletions of cells that support hematopoietic engraftment, excessive depletions of
cells that provide protective immunity after the transplant, and/or excessive depletions of
cells that are responsible for graft-versus-tumor effects. This situation has motivated many
transplant centers to explore alternative methods of T-cell depletion. Reports of successful
applications of phototherapy (light therapy) and photochemotherapy (light therapy in the
presence of photosensitizing agents) in the treatment of GVHD and autoimmune diseases, as
well as the prevention of allosensitization and graft rejection [10-15] have prompted
investigations into possible roles of phototherapy and photochemotherapy in the prevention
of GVHD [16-18].

Immunological studies performed as part of a phase /11 clinical trial of Merocyanine 540-
mediated photodynamic therapy (MC540-mediated PDT) for the extracorporeal purging of
autologous bone marrow grafts from leukemia and lymphoma patients [19] showed that
combinations of dye and light that did not prevent hematopoietic reconstitution after
marrow-ablative therapy inhibited a broad range of human B- and T-cell functions [20],
prompting speculations about a potential role of MC540-mediated PDT in the prophylaxis of
GVHD in allogeneic hematopoietic stem cell transplantation. We have now extended these
investigations to murine lymphocytes and to several murine models of allogeneic bone
marrow transplantation.

2. Materials and methods

2.1. Materials

MC540 (5-[3-sulfopropyl-2(3H)-benzoxazolylidine)-2-butenylidene]-1,2-dibutyl-2-
thiobarbituric acid) (Fig. 1) was from Kodak (Rochester, NY), fetal bovine serum from
Irvine Scientific (Santa Ana, CA), N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES) from Research Organics (Cleveland, OH), Tris(hydroxymethyl)-aminomethane
(Tris) from Boehringer Mannheim Biochemicals (Indianapolis, IN), anti-Thy 1.2
monoclonal antibody and Low-Tox-M® rabbit complement from Cedarlane (Hornby,
Ontario, Canada), phytohemagglutinin HA 15 (PHA) from Wellcome Diagnostics (Dartford,
England), lipopolysaccharide (LPS; E. coli) from Difco (Detroit, MI), recombinant human
interleukin-2 (IL-2) from Amgen Biologicals, (Thousand Oaks, CA), tritiated thymidine
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(thymidine [methyl-3H]-; 2 Ci mmol~1) from New England Nuclear (Boston, MA), and 1Cr
(sodium chromate; 250-500 mCi mg~1 Cr) from Amersham (Arlington Heights, IL). All
other reagents were from Sigma Chemical Co. (St. Louis, MO).

2.2. Animals and cells

Female B6D2F1/J (C57BL/6J x DBA/2J) (H-20/d) C57BL/6J (H-2P), DBA/2] (H-29), LP/J
(H-2P%), AKR/J (H-2%), and B10.BR/SgSnJ (H-2X) mice (6-9 weeks old) were obtained from
Jackson Laboratories (Bar Harbor, ME). Immunosuppressed animals were housed in
autoclaved polycarbonate cages (<5 animals per cage) on laminar flow racks in a facility
that was fully accredited by the American Association for the Accreditation of Laboratory
Animal Care. Autoclaved chow and acidified sterile water were provided ad libitum. YAC-1
lymphoma cells (H-22) (ATCC TIB 160) and P815 mastocytoma cells (H-29) (ATCC TIB
64) were from the American Type Culture Collection (Rockville, MD). Spleen cells were
prepared as described by Mishell and Shiigi [21] and depleted of red cells by briefly
suspending them in a hypotonic Tris-NH4ClI buffer. In vitro proliferation experiments were
typically conducted with pooled spleen cells from 2—4 animals.

2.3. Transplantation experiments

Unless indicated otherwise, recipient mice received 11 Gy (single dose) of total body
irradiation from an attenuated 137Cs source (Shepard Mark I; 89.6 R min~2; JL Shepard, San
Fernando, CA) followed by the intravenous injection of spleen cells (2 x 107 or 5 x 107) or a
mixture of bone marrow cells (107) and spleen cells (5 x 10° to 5 x 107). It is common
practice to use spleen cells or mixtures of bone marrow and spleen cells in murine models of
allogeneic bone marrow transplantation, as grafts consisting of bone marrow cells only
would not elicit a significant graft-versus-host response [22]. However, there is no
consensus as to which ratio of bone marrow-to-spleen cells most closely mimics a clinical
allograft. We, therefore, included a series of experiments that explored how MC540-
mediated PDT affected GVHD caused by allografts with different bone marrow-to-spleen
cell ratios. The total number of bone marrow cells was chosen to insure hematopoietic
reconstitution after marrow-ablative total body irradiation (TBI) even when grafts had been
subjected to MC540-PDT prior to infusion into hosts [23]. The standard number of spleen
cells was chosen to provoke robust (often lethal) graft-versus-host disease. Both the numbers
of bone marrow cells and the numbers of spleen cell used for this study were identical or
similar to the numbers used by other investigators [22].

All grafts were injected in 0.5 ml HEPES-buffered (10 mM, pH 7.4) alpha-medium
supplemented with 5% fetal bovine serum. Unless indicated otherwise, treatment groups and
control groups consisted of 10 animals each. Where indicated, allogeneic grafts were treated
either with anti-Thy 1.2 antibody and complement or with MC540 and light prior to
injection. Radiation controls received an infusion of HEPES-buffered alpha-medium
containing 5% fetal bovine serum but no cells. Animals were monitored for =100 days for
survival and obvious signs of GVHD (loss of body weight, dermatitis on tails and ears,
chronic diarrhea). All animal experiments were conducted under protocols approved by the
Institutional Animal Care and Use Committee.
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2.4 T-cell depletion

T-cell depletions by complement-mediated immune lysis were performed as described by
Korngold and Sprent [24]. In brief, mixtures of bone marrow and spleen cells were
suspended at a density of 2 x 107 cells mI~ in HEPES-buffered alpha-medium
supplemented with 5% fetal bovine serum and anti-Thy 1.2 monoclonal antibody (diluted
1:500) and incubated on ice for 60 min. The cells were pelleted by low-speed centrifugation
and resuspended in a 1:10 dilution of rabbit complement, incubated at 37 °C for 60 min,
washed once, and then resuspended in the original volume of HEPES-buffered alpha-
medium supplemented with 5% fetal bovine serum.

2.5 MC540-sensitized reactions

The MC540-sensitized photoirradiation of bone marrow cells, spleen cells, or mixtures of
marrow and spleen cells was performed as described previously [20, 23, 25]. In brief, cells
were suspended at a density of 107 cells mI~! in HEPES-buffered alpha-medium
supplemented with 12% fetal bovine serum. Dye was added from a 1-mg ml~1 stock

solution in 50% ethanol to a final concentration of 15 ug ml~2. Clear polystyrene tubes (15
ml; Corning Glass Works, Corning, NY) containing the cell suspension were mounted on a
Plexiglass disk that rotated at approximately 30 rpm between two banks of tubular
fluorescent lights (5 lights per bank; F20T12.CW,; General Electric, Cleveland, OH) and
irradiated for up to 90 min. The fluence rate at the sample site was 35 W m~2 as determined
by a United Detector Technology (Hawthorne, CA) power meter model S351A equipped
with detector model 262 and radiometric filter number 1158. The reaction was terminated by
transferring the tubes to the dark and by washing the cells once with HEPES-buffered alpha-
medium supplemented with 5% fetal bovine serum. Cells that were exposed to dye in the
dark, to light in the absence of dye, or to neither dye nor light served as controls. The highest
doses of PDT used in this study were identical to the ones used previously for the ex vivo
purging of murine bone marrow grafts contaminated with tumor cells [23, 25, 26]. They
would have reduced the concentration of leukemia and lymphoma cells by >4 orders of
magnitude while preserving enough pluripotent hematopoietic stem cells to insure
hematopoietic reconstitution after marrow-ablative TBI.

2.6. Proliferation assays

MC540-treated or non-treated control cells were suspended at a density of 5 x 108 cells mI~1
in alpha-medium supplemented with 10% heat-inactivated fetal bovine serum and
distributed in 0.1-ml aliquots into flat-bottom 96-well plates (Flow Laboratories, McLean,
VA). Concanavalin A (ConA), PHA, LPS and IL-2 were dissolved in the same medium and
added to the cells to final concentrations of 2.5 ug ml~2, 25 ug mI=1, 5 ug mI~1, and 25 U
ml~1, respectively (pilot experiments had indicated that these concentrations were optimal
for our application) and a final volume of 0.2 ml. Control wells received 0.1 ml of mitogen-
free medium. After 48 hours at 37 °C in a humidified atmosphere of 5% CO in air, the cells
in each well were pulsed with 50 pl of a 20 pC ml~1 stock solution of 3H-thymidine in
alpha-medium supplemented with 10% fetal bovine serum. Cells were harvested 12 hours
later and evaluated for 3H-thymidine incorporation.
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2.7. Mixed lymphocyte reactions

Non-treated or photoinactivated spleen cells (5 x 108 mI~1) from C57BL/6J mice (responder
cells) were suspended in Dulbecco's modified Eagle's medium (Dulbecco's medium)
supplemented with sodium bicarbonate (44 mM), glucose (25 mM), sodium pyruvate (1
mM), L- arginine (0.55 mM), L-glutamine (2 mM), L-asparagine (0.24 mM), folic acid
(13.6 pM), 2-mercaptoethanol (50 pM), and, where indicated, 1L-2 (50 U mlI~1) (all
concentrations represent final concentrations), and mixed with an equal volume of irradiated
(30 Gy) spleen cells (5 x 108 cells mI~1) from DBA/2J mice (stimulator cells) in Dulbecco's
medium. The cells were subsequently aliquoted into 24-well plates (Costar, Cambridge,
MA; 2 ml per well) and incubated at 37 °C in a humidified atmosphere of 5% CO, in air.
After 4 days of culture, cells were harvested and dispensed into flat bottom 96-well plates
(0.2 ml per well), and pulsed with 3H-thymidine (20uCi in 50 pl of culture medium). Twelve
hours later, cells were harvested and analyzed for 3H-thymidine incorporation. In some
experiments, responder spleen cells were first stimulated (i.e. co-cultured with stimulator
cells) for 4 days and subsequently exposed to MC540 and graded doses of light. Data are
shown for one experiment that was representative of 3 replicate experiments.

2.8 Natural killer cells

Natural killer (NK) cells were assayed as described by Mishell and Shiigi [21] and Lewis et
al. [27] using YAC-1 lymphoma cells as targets. YAC-1 cells (2.5 x 108 to 5 x 10%) were
pelleted and labeled with 51Cr (0.2 mCi) for 90 min at 37 °C in a humidified atmosphere of
5% COy, in air, washed twice with HEPES-buffered alpha-medium (supplemented with 5%
fetal bovine serum), and resuspended at a density of 5 x 10% cells mI~1 in Dulbecco's
medium supplemented as indicated in the protocol for mixed lymphocyte reactions. One-
hundred pl aliquots of the effector cell suspension (non-treated or photoinactivated
splenocytes from B6D2F1/J mice) were dispensed into V-bottom 96-well microtiter plates
(Flow Laboratories, McLean, VA) and mixed with 100 pl of target cell suspension to final
ratios of 200:1, 100:1 and 50:1, respectively. Plates were centrifuged at 200 x g for 3 min,
incubated at 37 °C for 3 hours, and then again centrifuged at 500 x g for 5 min. Supernatant
(150 pl) was harvested from each well and analyzed for 51Cr release. Specific lysis (%) was
defined as

experimental release — spontaneous release 100
X

mazimum release — spontaneous release

In selected experiments, splenocytes were incubated with IL-2 (50 U mI™1) for 18 hours
immediately preceding or following MC540-mediated PDT.

2.9. T-cell-mediated lysis

C57BL/6J spleen cells (effector cells) were co-cultured with irradiated (30 Gy) DBA/2J
spleen cells (stimulator cells) in the presence or absence of IL-2 (50 U mI™1) in 24 well
plates as described above for mixed lymphocyte reactions. Cells were harvested on day 5,
and T-cell-mediated lysis was quantified by a 3-hour 51Cr release assay (analogous to the
one described for the assay of NK cell activity) using P815 mastocytoma cells as targets.
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MC540-mediated PDT was applied either to effector cells immediately before initiation of
the co-cultures or to mixtures of effector and stimulator cells at the completion of the co-
culture period. Data are shown for one experiment that was representative of 5 replicate
experiments.

2.10. Statistical analyses

The Prism software package (GraphPad Software, La Jolla, CA) was used for statistical
analyses. Survival curves were compared using the log-rank (Mantel-Cox) and the Gehan-
Breslow-Wilcoxon tests. The log-rank test gives all deaths equal weight and works best
when the ratio of hazard functions is the same at all time points. The Gehan-Breslow-
Wilcoxon test gives more weight to deaths at early time points, does not require a constant
hazard ratio, but does require that one group consistently has a higher risk than the other.
Analysis of variance (ANOVA) with the Tukey post hoc test was used to compare body
weights. Seventy-six percent of data sets were normally distributed as judged by the
Kolmogorov-Smirnov, the D’ Agostino & Pearson (omnibus), and the Shapiro-Wilk tests.
Two-tailed Student’s t-tests were used for the analysis of in vitro proliferation and
cytotoxicity assays.

3. Results

3.1. Effect of MC540-mediated PDT on in vitro lymphocyte functions

To determine the effect of MC540-mediated PDT on T- and B-lymphocyte functions,
murine spleen cells were exposed to a fixed concentration of dye and graded doses of white
light. Exposure to MC540 (15 ug mI~1) and white light reduced proliferative responses to
ConA (mature/immature T-cell mitogen), PHA (mature T-cell mitogen), LPS (B-cell
mitogen) and IL-2 in a dose-dependent fashion (Fig. 2), indicating that immature T-cells,
mature T-cells, NK cells, and B-cells were susceptible to MC540-mediated PDT. The
proliferative response to PHA was slightly less sensitive to MC540-mediated PDT than the
proliferative responses to ConA, LPS and IL-2. At the highest dose of MC540-mediated
PDT tested (dye: 15 pg mi~2; fluence: 189 kJ m=2), all proliferative responses were
completely suppressed. Exposure of cells to dye in the dark or to light in the absence of dye
had little or no effect, indicating that the observed inhibition of proliferation was indeed the
result of a photosensitized reaction (Fig. 2).

Mixed lymphocyte reactions were also sensitive to MC540-mediated PDT (Fig. 3), but the
minimal doses of MC540-mediated PDT required to achieve partial or complete inhibition
of mixed lymphocyte reactions were higher than the doses required to inhibit proliferative
responses to lectins, LPS, or IL-2. If responder cells were first exposed to dye and light and
subsequently co-cultured with stimulator cells, a fluence of 95 kJ m™2 was sufficient to
achieve a significant inhibition of 3H-thymidine incorporation (Fig. 3a). By contrast, if
responder cells were first co-cultured with stimulator cells and then exposed to MC540 (15
g mi~1) and light, fluences in excess of 95 kJ m~2 were required to suppress the
incorporation of 3H-thymidine (Fig. 3b). Responder cells that had been co-cultured with
stimulator cells first and subsequently exposed to dye (15 pg ml~1) and a moderate dose (95
kJ m~2) of light incorporated slightly more 3H-thymidine than cells in any one of the three
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control groups (no dye, no light; dye, no light; light, no dye) or cells that had been exposed
to dye and a low dose of light (32 kJ m™2) (Fig. 3b). These stimulatory effects of low doses
of MC540-mediated PDT were small but reproducible. They were statistically significant
(p<0.05) when comparisons were made between cells than had been exposed to fluences of
32 kI m~2 and 95 kJ m~2, respectively, but no dye. The stimulatory effects were reminiscent
of the small increases in plating efficiency that are commonly encountered when cytotoxic
effects of MC540-PDT are quantified by in vitro clonal assay at the low end of the dose-
response curve. It is possible that such minor stimulatory effects are the result of sub-lethal
doses of reactive oxygen species (generated by MC540-PDT) that affect signal transduction
pathways. A test of this hypothesis was beyond the scope of this study.

Exposure of responder cells to dye in the dark or to light (189 kJ m~2) in the absence of dye
had little or no effect, indicating that the inhibition of mixed lymphocyte reactions was
indeed the result of a photosensitized reaction (Fig. 3).

NK activity was markedly reduced after exposure to MC540 (15 pg mI~1) and light fluences
as low as 32 kJ m=2 (Fig. 4). However, some residual NK activity remained detectable even
after exposure to fluences as high as 189 kJ m=2. When cells were incubated with IL-2
before or after MC540-mediated PDT (Fig. 4b, ¢), NK activities were higher in both
photoinactivated and non-treated samples. However, the minimum dose of MC540-mediated
PDT required to cause a significant suppression of NK activity remained unchanged.
Exposure to dye in the dark or to light in the absence of dye had little or no effect on NK
activity (Fig. 4).

Exposure to MC540 and light also suppressed the T-cell-mediated lysis of MHC-
incompatible cells (Fig. 5). When C57BL/6J (H-2P) responder cells were first co-cultured
with DBA/2J (H-29) stimulator cells in the absence (Fig. 5a) or presence (Fig. 5¢) of I1L-2
and subsequently exposed to MC540-PDT, light doses in excess of 95 k] m~2 were required
to inhibit T-cell-mediated lysis (Fig. 5a, c). When, however, C57BL/6J responder cells were
first exposed to MC540-mediated PDT and subsequently co-cultered with DBA/2J
stimulator cells in the absence (Fig. 5b) or presence (Fig. 5d) of IL-2, light doses as a low as
32 kdm~2 were sufficient to achieve a comparable suppression of T-cell-mediated lysis (Fig.
5b, d). Exposure to a standard concentration (15 pg ml~1) of dye and a moderate dose of
light (95 kJ m™2) in the absence of IL-2 caused a moderate enhancement of cytotoxic
activity (Fig. 5a), which was reminiscent of the previously described stimulatory effect of
moderate doses of MC540-mediated PDT on mixed lymphocyte cultures (Fig. 3b). As in all
previous experiments, exposure to dye in the dark or to light in the absence of dye had little
or no effect on T cell-mediated cell lysis (Fig. 5).

Cell yields were always low when co-cultures were established with heavily photosensitized
cells. In co-cultures set up with cells that had been exposed to a standard dose of MC 540
(15 ug mi~1) and a light dose of 189 ki m=2, cell yields at the end of the co-culture period
typically amounted to <20% of the initial inoculum. About 50% of cells were trypan blue-
positive immediately following MC540-mediated PDT. The percentage of trypan blue
positive cells rose to =80% when trypan blue exclusion assays were repeated 1 or 2 days
later.
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3.2. MC540-mediated PDT for the prophylaxis of GVHD in murine models of allogeneic
bone marrow transplantation

The potential utility of MC540-mediated PDT for the prophylaxis of GVHD was evaluated
in several murine models of allogeneic bone marrow transplantation in which donors and
recipients were mismatched at minor or major histocompatibility antigens. Since murine
bone marrow cells contain too few lymphocytes to cause lethal GVHD in mismatched
recipients, we used - as is common practice - mixtures of bone marrow and spleen cells as
allografts in most of our experiments.

When mixtures of 107 bone marrow cells and 5 x 107 spleen cells from C57BL/6J (H-2°)
mice were injected into irradiated (11 Gy) LP/J (H-2°°) mice, all recipients developed
typical signs of severe GVHD: dermatitis, chronic diarrhea, alopecia, and weight loss.
Ninety percent of recipients died during the 17-week observation period. As Fig. 6 shows,
all animals lost about 20% of their body weights during the week immediately following
TBI regardless of the origin of the graft. Recipients of syngeneic grafts subsequently
returned to normal body weights relatively quickly. By contrast, recipients of allogeneic
grafts that developed GVHD did not regain normal body weights for the duration of the
experiment.

Treating allogeneic marrow grafts with MC540 (15 pg mi~1) and light (189 kJ m=2) prior to
infusion improved median survival times but had no beneficial effect on long-term survival
(Fig. 6). In this particular case, the statistical analysis of early survival was complicated by
the fact that the survival curves of interest crossed each other twice. Comparisons of mean
body weights suggested that GVHD in recipients of MC540-treated grafts was more severe
than in recipients of non-treated grafts. However, the comparison of body weights was
mostly based on the body weights of very small numbers of survivors. In contrast to
MC540-mediated PDT, treatment with anti-Thy 1.2 antibody and complement was highly
effective in preventing GVHD as indicated by high (90%) survival rates and a rapid
recovery of body weights (Fig. 6).

The experiment shown in Fig. 6 was repeated using a slightly reduced (10.75 Gy instead of
11 Gy) dose of TBI. With this less intensive conditioning regimen, survival of radiation
controls increased from 0% to 30%, indicating that 10.75 Gy of TBI was not marrow-
ablative in this mouse strain (Fig. 7). Long-term (4-month) survival of recipients of non-
manipulated allogeneic grafts increased from 10% to 50%, and long-term survival of
recipients of MC540-treated allogeneic grafts increased from 0% to 80%. Under this
particular set of experimental conditions, MC540-PDT had a beneficial effect on survival
(increase from 50% to 80%) but the difference did not reach statistical significance (p=0.09).
Comparisons of body weights showed no difference between recipients of non-manipulated
allografts and recipients of MC540-treated allografts (Fig. 7).

Results similar to the ones shown in Fig. 6 were obtained when mixtures of bone marrow
cells (107) and spleen cells (5 x 107) from B10.BR/SgSNJ (H-2X) mice were injected into
irradiated (11 Gy) AKR/J (H-2X) mice (Fig. 8). All recipients of MC540-treated allografts
developed signs of severe GVHD. Survival among recipients of MC540-treated allografts
was worse than among recipients of non-treated grafts, but the difference was not
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statistically significant. Comparisons of body weights showed no statistically significant
differences. By contrast, treatment of the same allografts with anti-Thy 1.2-antibody and
complement reliably prevented GVVHD as indicated by a 100% survival rate and a rapid
recovery of body weights that matched that seen in recipients of syngeneic grafts (Fig. 8).

Experiments shown in Fig. 9 explored how MC540-PDT affected GVHD caused by
allografts with different bone marrow-to-spleen cell ratios. For the first set of experiments
(Fig. 9), donors and recipients were haplotype mismatched at the major histocompatibility
complex. C57BL/6 (H-2°) mice served as donors and B6D2F1/J (H-2°9) mice as recipients.
If the allografts contained 107 bone marrow cells and a large number (5 x 107) of spleen
cells, only 20% of recipients survived for the duration of the experiment. When the number
of spleen cells was reduced to 2 x 107, 40% of recipients survived, but the improved
survival was statistically not significant. Body weights were similar in long-term survivors
of both groups, suggesting similar degrees of GVHD (Fig. 9). When grafts consisted
exclusively of spleen cells, all recipients of large grafts (5 x 107 cells) died within less than
3 weeks of TBI with obvious signs of GVHD. When the graft size was reduced to 2 x 107
spleen cells, one single animal (10%) survived for the duration of the experiment but
showed no weight gain during the post-transplant period (indicative of persistent GVHD).

Exposing mixtures of bone marrow and spleen cells to MC540-PDT prior to infusion did not
result in any long-term survivors. Recipients of MC540-treated allografts containing low
numbers of spleen cells showed shorter survival times than recipients of MC540-treated
allografts containing high numbers of spleen cells (Fig. 9).

When grafts consisted exclusively of spleen cells, recipients of large grafts did not benefit
from MC540-PDT. All animals died within two weeks with obvious signs of GVHD.
However, MC540-PDT significantly improved survival among recipients of small spleen
cell grafts. Furthermore, body weights of long-term survivors of MC540-treated small
spleen cell transplants were recovering steadily and approaching normal body weights
towards the end of the observation period, suggesting relatively mild GVHD or no GVHD in
long-term survivors (Fig. 9).

In a second set of experiments, irradiated LP/J (H-2°¢) mice received allografts of 107 bone
marrow cells from C57BL/6J (H-2P) donor mice or allografts consisting of mixtures of a
fixed number (107) of C57BL/6J bone marrow cells and either high (5 x 107) or low (5 x
10°) numbers of C57BL/6J spleen cells. Spleen cells were either left untreated or exposed to
MC540-PDT prior to mixing them with bone marrow cells (Fig. 10). As expected, the two-
log reduction of spleen cells in allografts did significantly reduce the incidence of fatal
GVHD among allogeneic recipients (80% long-term survival). MC540-PDT of grafts
containing low numbers of spleen cells did not improve long-term survival beyond 80%.
However, the recovery of body weights was significantly improved and was
indistinguishable from that of recipients of syngeneic grafts (Fig. 10).
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4. Discussion

MC540-mediated PDT inhibited all in vitro T- and B-cell functions that were tested in the
context of this study. The inhibitory patterns in our mouse models were similar to those
observed previously in human peripheral blood lymphocytes [20], except that MC540-PDT
caused more cell death (as indicated by trypan blue uptake) in murine cells than in human
cells.

At the highest light dose used in our mouse models (189 kJ m=2), proliferative responses to
ConA, LPS, PHA, and IL-2 were completely abrogated. Proliferative responses of mixed
lymphocyte cultures were also completely abrogated provided responder cells were first
exposed to MC540 and light and subsequently co-cultured with stimulator cells. When the
sequence of treatments was reversed (i.e. responder cells were first co-cultured with
stimulator cells and subsequently exposed to MC540-PDT) there was a small residual
proliferative response.

At moderate doses of MC540-PDT (e.g. at fluences of 63 or 95 kJ m=2), proliferative
responses to PHA (a mature T-cell mitogen) were less suppressed than proliferative
responses to ConA, LPS, or IL-2. This indicated that not all pathways were equally sensitive
to MC540-PDT. Dye binding is a major determinant of a cell’s sensitivity to MC540-PDT,
and the binding of MC540 to lymphocytes is known to vary as a function of differentiation
and proliferative status [28]. The reduced suppression of proliferative responses to PHA was
thus consistent with the (known) reduced binding of MC540 to mature lymphocytes.

Natural killer (NK) activity and T-cell mediated cytotoxicity were strongly inhibited by
MC540-PDT, but some residual activity was usually detected even after exposure to the
highest doses of MC540-PDT when cells were cultured in the presence of IL-2.

In several experiments, the MC540-mediated inhibition of lymphocyte functions displayed
pronounced threshold effects. That is, lymphocyte functions were not affected by MC540-
PDT unless fluences exceeded a certain critical value (e.g. 95 kJ m=2 in the experiments
shown in Fig. 4b or Fig. 6¢). Threshold effects were probably the result of a competition
between photodynamic damage and cellular repair mechanisms. That is, no net reductions of
function were observed as long as photodynamic damage was inflicted at a rate that did not
exceed the cells’ capacity to repair such damage. A remarkable capacity for repairing
MC540-mediated photodynamic damage has previously been reported for experiments with
tumor cell lines and freshly explanted granulocyte/macrophage progenitors [29-31].

Lymphocyte preparations that had been exposed to MC540 and high doses of light contained
large numbers of trypan blue-positive cells, suggesting that the observed loss of lymphocyte
functions was at least in part the result of a cytotoxic effect of MC540-PDT. While the
explanation is plausible, a direct proof is difficult to obtain, 1) because splenocyte
preparations are heterogeneous, and 2) because some lethally damaged MC540-treated cells
are known to continue to exclude trypan blue for several hours or even a few days [32]. As a
result, trypan blue exclusion assays tend to underestimate the cytotoxic effects of MC540-
PDT, which makes quantitative correlations between trypan blue exclusion and loss of
function problematic [32].
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The same combinations of dye and light that were used in this study to inhibit lymphocyte
functions have been used previously in murine models of autologous bone marrow
transplantation for the inactivation of tumor cells in simulated autologous remission marrow
grafts [23, 25, 26]. As these purging studies have shown, MC540-mediated PDT does not
jeopardize hematopoietic rescue after marrow-ablative therapy as long as normal-sized
grafts (about 5 x 106 nucleated bone marrow cells) are used [23, 25, 26]. However, a
reduced capacity to rescue lethally irradiated recipients becomes obvious when recipients
are transplanted with limiting numbers of bone marrow cells [23]. In other words, the dye
and light combinations used to inhibit lymphocyte functions in this study are not entirely
innocuous to hematopoietic stem cells, but they are reasonably safe under most
circumstances.

The strong inhibition of a broad range of lymphocyte function by an apparently safe
combination of MC540 and light raised the question whether MC540-PDT could be used to
prevent GVHD in allogeneic hematopoietic stem cell transplantation. The second part of this
study addressed this question in several mouse models of allogeneic transplantation.

Since murine bone marrow contains too few T cells to cause severe GVHD when
transplanted into mismatched recipients, it is common practice to use spleen cells or — as we
did — mixtures of bone marrow and spleen cells as allografts. For the majority of our
experiments, we used mismatched grafts that consisted of 1:5 mixtures of bone marrow and
spleen cells. The high spleen cell content of these grafts caused severe GVHD. Unlike
treatment with anti-Thy 1.2-antibody and complement, treatment of such grafts with
MC540-PDT had little or no beneficial effect. Neither the incidence nor the severity of
GVHD was significantly reduced. However, when the spleen cell concentration was reduced
100-fold, most recipients survived with only mild symptoms of GVHD. When such grafts
were exposed to MC540-PDT prior to infusion, there was no evidence of GVHD as
indicated by a normal recovery of body weights after TBI. In other words, the MC540-PDT
intervention was beneficial in situations that would typically lead to mild or moderate
GVHD, but was of little or no benefit in situations that would typically lead to severe
GVHD.

Lum et al. [33] also used MC540-PDT to prevent GVHD in a mouse model that typically
caused severe GVHD. When they transplanted spleen cells from C3D2F1 (H-29/H-29) mice
into B6D2F1 (H-2P/H-29) mice, only one of 15 recipients of non-treated allografts survived.
The remaining animals died with obvious signs of GVHD. However, when the mismatched
allografts were treated with MC540 and light prior to infusion, 7 of 15 animals survived
without developing obvious signs of GVHD. It is not clear what made MC540-PDT more
effective for the prophylaxis of GVHD in this particular experimental setting. The transplant
model was obviously different in the sense that Lum et al. [33] used a donor strain that was
not included in our series. Furthermore, Lum et al. [33] used spleen cells rather than
mixtures of bone marrow and spleen cells as allografts. On the other hand, photodynamic
therapy regimens were identical using identical reagents and light sources. One potentially
important difference, however, was the radiation dose used to condition recipients. We used
a single dose of 11 Gy, whereas Lum et al. [33] used a single dose of only 9 Gy. Autologous
recovery combined with graft rejection is more likely to occur after low doses of TBI.
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Mixed chimerism, which favors the development of tolerance, is also more likely to occur
after low doses of TBI [34]. The identification of cells expressing donor-type antigens in
randomly selected long-term survivors argued against autologous recovery and graft
rejection being the main reason for the low incidence of fatal GVHD in Lum’s study [33].
However, mixed chimerism was not ruled out.

A comprehensive test of the hypothesis that GVHD prophylaxis with MC540-PDT works
best if used under conditions that favor mixed chimerism was beyond the scope of this
study. However, it is worth noting that one experiment performed as part of our series
offered preliminary evidence in support of such a mechanism. The experiment shown in Fig.
7 was set up as an exact duplicate of the experiment shown in Fig. 6 (cells from C57BL/6J
donors transplanted into LP/J recipients) except that the radiation dose was reduced from 11
Gy to 10.75 Gy. This minor change of the conditioning regimen had a surprisingly strong
effect on survival. Long-term (4-month) survival of radiation controls increased from 0% to
30%. Survival of recipients of non-treated allografts increased from 10% to 50%, and
survival of recipients of MC540-treated allografts increased from 0% to 80%. However,
despite improved survival, long-term survivors of non-treated and MC540-treated allografts
continued to show similar degrees of GVHD as indicated by reduced body weights. This
suggested that improved survival was the result of tolerance rather than the result of an
outright rejection of allografts followed by autologous reconstitution.

The improved survival of recipients of MC540-treated allografts is consistent with (but does
not prove) the hypothesis that prophylaxis with MC540-PDT is most effective when used in
situations that favor mixed chimerism. A more rigorous test of this hypothesis will require
an extension of experiments to additional pairs of donors and recipients, a greater range of
radiation doses, and a quantitative assessment of mixed chimerism in long-term survivors.

Mixed chimerism has become common in the clinical setting owing to the adoption of less
ablative conditioning regimens. Methods that achieve stable mixed chimerism are actively
pursued [34]. Therefore, a method that reduces the incidence and/or severity of GVHD most
effectively in transplant settings that favor mixed chimerism might be of considerable value.
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LPS lipopolysaccharide
MC540 Merocyanine 540
NK cells natural Killer cells
PDT photodynamic therapy
PHA phytohemagglutinin
TBI total body irradiation
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Highlights

»  Extracorporeal PDT with MC540 inactivates broad range of lymphocyte
functions.

e MC540-PDT does not prevent GVHD in most murine models of allogeneic
transplantation.

e MC540-PDT may prevent GVHD in transplant regimens that encourage mixed
chimerism.
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Fig. 1.
Structure of Merocyanine 540
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Fig. 2.

Proliferative responses (incorporation of 3H-thymidine) of non-treated and photoinactivated
B6D2F1/J spleen cells to Concanavalin A (ConA; 2.5 pg ml~1), phytohemagglutinin (PHA;
15 ug mi=1), lipopolysaccharide (LPS; 5 ug mI~1), and interleukin-2 (IL-2; 25 U mlI~1). Data
represent means * standard errors (SE) of 9 determinations derived from 3 independent
experiments. Background activity (incorporation of 3H-thymidine by non-stimulated cells)
was 3500 to 4500 cpm. N: Cells exposed to neither dye nor light. L: Cells exposed to light
(189 kJ m~2) but no dye. D: Cells exposed to dye (15 pug ml~1) but no light. Suppressions of
proliferative responses were statistically significant (p<0.05; 2-tailed Student's t-test) for
cells exposed to MC540 and light fluences of =63 kJ m~2 (panels a and c) and for cells
exposed to MC540 and light fluences of =32 kJ m~2) (panels b and d).
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Fig. 3.
Proliferative responses of non-treated and photoinactivated C57BL/6J (H-2°) spleen cells to

irradiated (30 Gy) DBA/2J (H-29) spleen cells. Responder cells were either exposed to
MC540-PDT and subsequently co-cultured with stimulator cells (panel a) or they were first
co-cultured with stimulator cells and subsequently exposed to MC540-PDT (panel b). Black
bars indicate the responses of cells that had been stimulated in the presence of IL-2 (50 U
ml~1). Gray bars indicate the responses of cells stimulated in the absence of IL-2. Data
represent means + SE of 3 determinations derived from one representative experiment.
Background activity (incorporation of 3H-thymidine by non-stimulated, non-photosensitized
C57BL/6J spleen cells) was <4000 cpm. N: Cells exposed to neither dye nor light. L: Cells
exposed to light (189 kJ m~2) but no dye. D: Cells exposed to dye (15 ug mI~1) but no light.
Suppressions of proliferative responses were statistically significant (p<0.01; 2-tailed
Student's t-test) for cells exposed to MC540 and light fluences of =95 kJ m~2 (panel a) and
for cells exposed to MC540 and light fluences of 189 k] m=2) (panel b).
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Natural killer (NK) cell activities of non-treated and photoinactivated B6D2F1/J (H-2P/d)
spleen cells against YAC-1 (H-22) target cells. Panel a shows data obtained with cells that
had not been stimulated with IL-2. Panels b and ¢ show data obtained with cells that had

been stimulated with IL-2 (50 U mI~1) before (b) or after (c) MC540-mediated PDT.

Effector:target cell ratios were 200:1 (black bars), 100:1 (light grey bars) and 50:1 (dark
grey bars), respectively. Data represent means + SE of =9 determinations derived from >3
independent experiments. N: Cells exposed to neither dye nor light. L: Cells exposed to light

J Photochem Photobiol B. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Traul and Sieber

Page 20

(189 kd m~2) but no dye. D: Cells exposed to dye (15 ug mI~1) but no light. Suppressions of
specific cytotoxicity were statistically significant (p<0.01; 2-tailed Student's t-test) for cells
exposed to MC540 and light fluences of =32 kJ m~2) (panels b and c).
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Fig. 5.

T cell-mediated lysis of MHC-incompatible cells. C57BL/6J) (H-2P) responder cells were
either co-cultured with irradiated (30 Gy) DBA/2J (H-29) stimulator cells in the absence
(panel a) or presence (panel ¢) of IL-2 (50 U mlI~1) and subsequently exposed to MC540-
PDT, or they were first exposed to MC540-PDT and subsequently co-cultured with
stimulator cells in the absence (panel b) or presence (panel d) of IL-2. P815 mastocytoma
cells (H-29) served as targets. Effector:target cell ratios were 200:1 (black bars), 100:1 (light
grey bars) and 50:1 (dark grey bars), respectively. Data represent means + SE of 3
determinations derived from 1 representative experiment. N: Cells exposed to neither dye
nor light. L: Cells exposed to light (189 kJ m~2) but no dye. D: Cells exposed to dye (15 pg
miI~1) but no light. Suppressions of specific cytotoxicities were statistically significant
(p<0.01; 2-tailed Student's t-test) for cells exposed to MC540 and light fluences of 189 kJ
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Fig. 6.
Survival (panel a) and mean body weights (panel b) of groups of 10 irradiated (11 Gy) LP/J

(H-2b%) mice that were transplanted with mixtures of 107 bone marrow cells and 5 x 107
spleen cells from syngeneic LP/J (B) or allogeneic C57BL/6J (H-2°) (C, D, E) mice. Grafts
transplanted into group D were exposed to MC540 (15 pg mi~1) and white light (35 W m=2)
for 90 min (fluence: 189 kJ m=2) prior to infusion. Grafts transplanted into group E were
treated with anti-Thy 1.2 antibody and complement. Radiation controls (A) received
infusions of cell-free medium. Differences between the survival curves of groups C and D
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and B and E were statistically not significant (p>0.05). The difference between groups A
and D was statistically significant (p<0.05) by the log-rank test but not significant (p>0.05)
by the Gehan-Breslow-Wilcoxon test. All other differences between survival curves were
statistically significant (p<0.05) by both tests. Differences in body weights for groups B and
E between days 18 and 88 post TBI were statistically not significant (p>0.05). Differences
between the body weights of all other groups were statistically significant (p<0.05).
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Survival (panel a) and mean body weights (panel b) of groups of 10 irradiated (10.75 Gy)
LP/J (H-2°¢) mice that were transplanted with mixtures of 107 bone marrow cells and 5 x
107 spleen cells from syngeneic LP/J (B) or allogeneic C57BL/6J (H-2°) (C, D, E) mice.
Grafts transplanted into group D were exposed to MC540 (15 pg ml~1) and white light (35
W m~2) for 90 min (fluence: 189 kJ m=2) prior to infusion. Grafts transplanted into group E
were treated with anti-Thy 1.2 antibody and complement. Radiation controls (A) received
infusions of cell-free medium. Differences between the survival curves of groups B and D,
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B and E, C and D, and D and E were statistically not significant (p>0.05). The difference
between groups A and C was statistically significant by the the Gehan-Breslow-Wilcoxon
test (p<0.05) but statistically not significant by the log-rank test (p>0.05). All other
differences were significant (p<0.05) by both tests. Differences in body weights between
days 20 and 88 post TBI were statistically not significant (p>0.05) between groups B and E
and C and E. Differences between the mean body weights of all other groups were
statistically significant (p<0.05). Body weights for radiation controls were not monitored
past day 17 post TBI.
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Fig. 8.

Sugrvival (panel a) and mean body weights (panel b) of groups of 10 irradiated (11 Gy)
AKR/J (H-2K) mice that were transplanted with mixtures of 107 bone marrow cells and 5 x
107 spleen cells from syngeneic AKR/J (B) or allogeneic B10.BR/SgSnJ (H-2¥) (C, D, E)
mice. Grafts transplanted into group D were exposed to MC540 (15 pg mi~1) and white light
(35 W m~2) for 90 min (fluence: 189 kJ m=2) prior to infusion. Grafts transplanted into
group E were treated with anti-Thy 1.2 antibody and complement. Radiation controls (A)
received infusions of cell-free medium. Differences between the survival curves of groups B
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and E and C and D were statistically not significant (p>0.05). Differences between all other
survival curves were significant (p<0.05). Differences in body weights between days 23 and
90 post TBI were statistically not significant (p>0.05) between groups A and B, A and E,
and C and D. Differences between the mean body weights of all other groups were
statistically significant (p<0.05).
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Fig. 9.

Survival (panels a and b) and mean body weights (panels ¢ and d) of groups of 10 irradiated
(11 Gy) B6D2F1/J (H-2P/d) mice that were transplanted with spleen cells (2 x 107) from
syngeneic B6D2F1/J mice (B), 5 x 107 (E, 1) or 2 x 107 (F, J) spleen cells from haplotype
mismatched C57BL6/J (H-2P) mice, or mixtures of 107 bone marrow cells and 5 x 107 (C,
G) or 2 x 107 (D, H) spleen cells from haplotype mismatched C57BL6/J (H-2P) mice. Grafts
injected into groups G, H, | and J were exposed to MC540 (15 pg mi~1) and white light (35
W m~2) for 90 min (fluence: 189 kJ m=2) prior to infusion. Radiation controls (A) received
infusions of cell-free medium. Because of the large size of this experiment, groups A-F
(panels a and c) and groups G-J (panels b and d) had to be processed on different days.
Differences between the survival curves of groups Aand E, Aand I,Cand D,Cand G, C
andJ,Dand G,Dand J, Eand I, Fand G, and F and H were statistically not significant
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(p>0.05). Differences between groups C and F, E and F, and E and H were statistically
significant by the Gehan-Breslow-Wilcoxon test (p<0.05) test but not by the log-rank test
(p>0.05). The difference between groups G and H was significant by the log-rank test
(p<0.05) but not by the Gehan-Breslow-Wilcoxon test (p>0.05). Differences between all
other survival curves were statistically significant (p<0.05). Differences in body weights
between days 19 and 91 post TBI were statistically not significant (p>0.05) between groups
Cand D, C and J, F and J. Differences between the body weights of all other groups were
statistically significant (p<0.05).
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Fig. 10.
Survival (panel a) and mean body weights (panel b) of groups of 5 irradiated (11 Gy) LP/J

(H-2°C) mice that were transplanted with 107 bone marrow cells from allogeneic C57BL/6J
(H-2°) mice (B) or mixtures of 107 marrow cells and 5 x 107 (C, E) or 5 x 10° (D, F) spleen
cells from C57BL/6J (H-2°) mice. Spleen cells infused into groups E and F were exposed to
MC540 (15 pg mi~1) and white light (35 W m~2) for 90 min (fluence: 189 k m~2).
Radiation controls (A) received infusions of cell-free medium. Differences between the
survival curves of groups A and E, B and D, B and F, and D and F were statistically not
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significant (p>0.05). Differences between all other survival curves were significant
(p<0.05). Differences in body weights between days 18 and 90 post TBI were statistically
not significant (p>0.05) between groups B and F and C and E. Differences between the body
weights of all other groups were statistically significant (p<0.05).
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