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•  Major cause of morbidity and mortality 

•  After allogeneic transplantation 

•  Not in autologous type 
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•  Autologous bone marrow transplant 

•  = self 

•  Remove before treatment 

 

•  Allogeneic bone marrow transplant 

•  = other 

•  Good match between donor and recipient 

 

•  Umbilical cord blood transplant 

•  Type of allogeneic transplant 

•  Less need for perfect matching 
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•  Major cause of morbidity and mortality 

•  After allogeneic transplantation 

•  Not in autologous type 

•  Recipient has tissue antigens that are not present in the 

transplant donor 

•  Donor T cells recognize and respond to proteins on host cell 

•  Less occurrence when match is close 

•  30-40% in relatives 

•  60-80% in non relatives 
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•  Acute GVHD (aGVHD) 

•  Before day 100 post-transplant  

•  Chronic GVHD (cGVHD) 

•  After day 100 post-transplant 
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•  Symptoms include three main organs 

•  Skin 

•  Liver  

•  Gastrointestinal tract 

•  Overall grades 

•  I – mild 

•  II – moderate 

•  III – severe 

•  IV – very severe  



Chronic GVHD 
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•  Major cause death after BMT 

•  Development can be progressive, quiescent or de novo 

•  Risk factors: age and history of aGVHD 

 

•  Symptoms 

•  Dry mouth 

•  Dry eyes, vision changes 

•  Fatigue, muscle weakness 

•  Skin rash with raised, discolored areas 

•  Lung damage 

•  Weight loss 

•  Resemble autoimmune syndromes 
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Three sequential steps 

(1)  Activation of APCs 

(2)  Donor T-cell actvation, proliferation, differentiation and 

migration 

(3)  Target tissue destruction  
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The third eff ector phase of the graft-versus-host process 
(fi gure 3) is a complex cascade of cellular mediators (such 
as cytotoxic T lymphocytes and natural killer cells) and 
soluble infl ammatory agents (eg, TNFα, interferon γ, 
interleukin 1, and nitric oxide).2,29 These molecules work 
synergetically to amplify local tissue injury and further 
promote infl ammation and target tissue destruction.

The cellular eff ectors of acute GVHD are mainly 
cytotoxic T lymphocytes and natural killer cells.49 Cytotoxic 
T lymphocytes that prefer to use the Fas and FasL pathway 
of target lysis seem to predominate in GVHD liver 
damage (hepatocytes express large amounts of Fas) 
whereas cells that use the perforin and granzyme 
pathways are more important in the gastrointestinal tract 
and skin.2,74 Chemokines direct migration of donor T cells 
from lymphoid tissues to the target organs in which they 
cause damage. Macrophage infl ammatory protein 1α and 
other chemokines (such as CCL2–CCL5, CXCL2, CXCL9, 
CXCL10, CXCL11, CCL17, and CCL27) are overexpressed 
and enhance homing of cellular eff ectors to target organs 
during experimental GVHD.75 Expression of integrins, 
such as α4β7 and its ligand MADCAM1, is also important 

for homing of donor T cells to Peyer’s patches during 
intestinal GVHD.52,76,77

Microbial products such as lipopolysaccharide, which 
leak through damaged intestinal mucosa or skin, can 
stimulate secretion of infl ammatory cytokines through 
Toll-like receptors.49,78 The gastrointestinal tract is 
especially susceptible to damage from TNFα, and the 
gastrointestinal tract has a major role in amplifi cation 
and propagation of the cytokine storm characteristic of 
acute GVHD.49 TNFα can be produced by both donor and 
host cells and it acts in three diff erent ways: (1) it activates 
APCs and enhances alloantigen presentation; (2) it 
recruits eff ector cells to target organs via induction of 
infl ammatory chemokines; and (3) it directly causes 
tissue necrosis (as its name suggests).79–81

Prevention of GVHD
On the basis of evidence from animal models for the 
central role of T cells in initiation of GVHD, many clinical 
studies of T-cell depletion as prophylaxis for the disease 
were undertaken in the 1980s and 1990s. Three main 
depletion strategies were studied: (1) negative selection 
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Figure 3: Pathophysiology of acute GVHD
IL 1=interleukin 1. IFN γ=interferon γ. LPS=lipopolysaccharide. Treg=regulatory T cell. Th1=T-helper 1 cell. CTL=cytotoxic T lymphocyte. Figure 3: Pathophysiology of acute GVHD, Lancet 2009; 373: 1550–61  

IL 1=interleukin 1. IFN γ=interferon γ. LPS=lipopolysaccharide. Treg=regulatory T cell. Th1=T-helper 1 cell. 
CTL=cytotoxic T lymphocyte. 
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•  T-cell subsets 

•  CD4+ Tcells & CD8+ Tcells 

•  T-regulatory cells (CD4+/CD25+ Treg) 

•  Essential role in immune suppression following ECP 

•  Antigen presenting cells (APCs) 

•  Main types: dendritic cells (DCs), macrophages, B cells 

•  Initiation phase of aGVHD 

•  Natural killer cells 

•  Mediated cell death by Fas-Fas-ligand-mediated apoptosis and perforin-

granzime-B-mediated cytolyses 

•  NF-kB 

•  Important for immune and inflammatory responses  

•  Produce by activation of IL-1 and TNF-α 
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•  Focus primarily on the effector phase 

•  Immunosupressive drugs 

•  Significant toxicity 

•  Risk for opportunistic infections 

•  Donor T-cell depletion 

•  Increase of regulatory T cells (Tregs) 

•  Targeting antigen-presenting cells (APCs), especially 

Dendritic cells (DCs)  

•  Extracorporeal photopheresis (ECP) 



Potential targets for cellular immunotherapies in GVHD 
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Extracorporeal photopheresis in GVHD 
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•  Induction of immunotolerance without general 

immunosuppression  

•  No increase of opportunistic infections 

•  Low risk of side effects 

•  Procedure: Cells exposure with 8-Methoxypsoralen (8-MOP) 

and UV-A light 

•  Process causes cellular apoptosis  

•  Maintain of T- and B-cell responses to novel and recall 

antigens  
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•  BALB/c mice 

•  BM transplantation  

•  ECP treatment 

•  Cell isolation and flow cytometry reagents 

•  Phospho flow 

•  In vitro mixed lymphocyte reaction (MLR) culture 

•  In vivo Bioluminescent imaging (BLI)  

•  CFSE labeling and pulsed in vivo BrdU labeling 

•  Cytokine analysis 

•  Cytotoxicity assay and in vivo tumor model 

•  In vivo Bcl1 tumor model 
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Fig. 1 Host-type apoptotic cells infused prior to 
transplantation prolong survival  
 

Journal Club - 30.01.2017 

Mai Quyen Nguyen  

17 

Results

Host-type apoptotic cells infused prior to transplantation

prolong survival

To investigatewhether the tolerance-inducingeffectof apoptotic cells can
be exploited to reduce GVHD, BALB/c recipients received 107 ECP-
treated BALB/c splenocytes, accounting for 5% to 10% of the whole
splenic pool. Lower cell numbers (2 3 106) showed similar effects
(data not shown). When apoptotic cells were cleared from recipients
(supplemental Figure 1A, see supplemental Data available at the Blood
Web site) and DCs have captured and processed apoptotic cells after
48 hours recipient mice underwent BMT. ECP-treated mice had im-
proved survival (median survival 59 vs 26 days) with a delayed onset
of GVHD compared with control mice treated with only TCD-BM,
Tcons, and 8MOP (Figure 1A). Administration of ECP-treated cells prior
to BMT at day 22 and 25 resulted in similar survival benefit with-
out further improvement (data not shown). In contrast, administration
of ECP-treated cells following BMT at day 12 or 14 showed no
improvement in survival (Figure 1B). To exclude strain-specific effects,
we performed additional experiments across minor histocompatibility
barriers (AKR/j→BALB.K). The ECP-treated group similarly showed
a significant improvement in survival (median survival 37 vs 8 days) with
surviving mice showing no signs of GVHD (Figure 1C). To exclude
a specific effect of splenocytes as opposed to peripheral blood cells we
performed anMLR using peripheral blood cells as the apoptotic source.
T-cell proliferation was significantly reduced (supplemental Figure 1B).

For comparative purposes, we injected donor-type ECP-treated
cells 2 days prior to BMT that resulted in equivalent improvement in
survival and in vitro suppression (supplemental Figure 2).

Uptake of apoptotic cells during steady state reduces NF-kB

activation and costimulatory molecule expression in host DCs

and diminishes trogocytosis in donor T cells

Because nuclear factor-kB (NF-kB) plays an important role in APC
maturation,27 we assessed NF-kB activation by phospho-flow analysis
and observed a significantly lower expression in hostDCs inECP-treated
miceascomparedwithuntreatedmice (Figure2A).Furthermore, both the
expressionof thecostimulatorymoleculesCD80/CD86asacharacteristic
of mature DCs and the frequency of DCs were significantly reduced. In
contrast, when mice received LPS injections simultaneously with ECP
treatment, DC maturation was restored with similar CD80/CD86
expression in ECP-treated and nontreated animals (Figure 2B-C,
CD86, data not shown). The expression of CD40, CD80, and major
histocompatibility complex II (MHCII) on host-type DCs remained
significantly lower 3 days post-BMT in ECP-treated mice (Figure 2D).
Together, the exposure to apoptotic cells favored TOL-DCs17 with low
NF-kB activation and costimulatory molecule expression.

We next examined trogocytosis, a phenomenon characterized by
inflammation-dependent incorporation of cell surface proteins
including MHCII by T cells.28 The MHCII uptake on T cells in
ECP-treated mice was significantly reduced compared with T cells
from non-ECP-treated mice after allogeneic and syngeneic BMT
(Figure 2E). Interestingly, allogeneic donor T cells showed a specific
uptake of host MHCII (IAd) but not donor MHCII (IAb).

Reduced T-cell activation and proliferation rather than

peripheral T-cell deletion is responsible for improved survival

Splenocytes were cultured with or without syngeneic apoptotic cells
and served as stimulators in an MLR. Allogeneic T-cell response to

these stimulators was significantly reduced in cultures contain-
ing apoptotic cells (Figure 3A). BALB/c mice treated with ECP
showed significantly lower T-cell proliferation as assessed by
BLI 4 days after transplantation with C57Bl6 luc1 T cells
compared with untreated mice (Figure 3B). ECP-treated mice
had less weight loss associated with GVHD and a significantly

Figure 1. Exposure to host-type apoptotic cells 48 hours prior, but not after
BMT improves survival in GVHD models. (A) ECP treatment 48 hours prior to

BMT in C57BL/6→BALB/c mice improves survival. BALB/c mice injected with
C57BL/6 TCD-BM plus Tcon only (s, n 5 29) or with prior injection of ECP-treated
BALB/c cells (4, n 5 32) or with prior injection of 8MOP but no UV light-treated

BALB/c cells (n, n 5 9). s vs 4, P , .0001 (median survival, 26 vs 59 days). (B)
ECP treatment 2 or 4 days after BMT does not improve survival. BALB/c with TCD-

BM plus Tcon only (d, n 5 10) or followed by ECP treatment with C57BL/6 cells at
day 12 (,, n 5 10) or day 14 (N, n 5 10). (C) ECP treatment 48 hours prior to BMT
across minor histocompatibility barriers in AKR/J→BALB.K improves outcome.

BALB.K injected with purified AKR/J HSC and Tcon alone (s, n 5 10) or with prior
injection of ECP-treated BALB.K cells (4, n 5 10). s vs 4, P 5 .0002 (median
survival, 8 vs 37 days). Significance was assessed using the log-rank test.
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prolonged overall survival. Interestingly, the BLI proliferation
signals in ECP and untreated mice became the same at day 17
after BMT during the effector phase (Figure 3B). We confirmed
the BLI results using CFSE-labeled donor Tcons. We found
significantly lower T-cell proliferation in ECP-treated mice
especially among CD41 T cells (Figure 3C). The diminished
proliferation could be due to decreased survival or reduced
activation of donor Tcon cells. Because ECP-treated and
untreated mice had the same level of apoptosis in donor T cells
as assessed by equivalent Annexin V staining (data not shown), it
is probable that decreased proliferation is the result of reduced
activation rather than peripheral deletion. We further observed
lower expression of activation markers CD69 and CD44, skin-
homing marker p-selectin and gut-homing marker a4b7 in
spleen, peripheral lymph nodes (pLNs), and mesenteric lymph
nodes (mLNs) in ECP-treated animals (Figure 4). Reduced
activation and slower trafficking of allogeneic T cells to target
organs during the GVHD initiation phase contributed to the
delayed onset of GVHD.

Uptake of apoptotic cells reduces proinflammatory

cytokine secretion

To determinewhether ECP treatment had an impact on proinflammatory
cytokine profiles, we evaluated supernatants from MLR cultures of
T cells coincubated with or without ECP-treated cells and found that
coincubation with apoptotic cells resulted in a highly significant reduction
of INFg, TNFa, interleukin-6 (IL-6), IL-1b, and IL-2 (Figure 5A).Next,
we compared cytokine profiles in serum of transplanted mice 5 days post-
BMT and found a significant reduction in the levels of INFg and IL-2 in
the ECP group with a similar trend in TNFa, IL-6, and IL-1b (Figure 5B).
Intracellular INFg production was reduced in CD4 T cells and DCs
indicating the impact of ECP not only on T cells but also on APCs
(Figure5C)whereasTNFa reductionwasonlyobserved inTcells inLNs
during this early time point after BMT (supplemental Figure 3).

Host IL-10 is required for effective ECP treatment

IL-10 has been shown to play a key role in conventional ECP
treatment but the role of IL-10 in preemptive ECP treatment is

Figure 2. Uptake of apoptotic cells reduces NF-kB
activation and costimulatory molecule expression
in host DCs and diminishes MHCII uptake in donor
T cells. (A) NF-kB activation in LPS-challenged BM-

DCs is reduced in ECP-treated mice. Non-ECP-treated
(n) or ECP-treated mice (:) were challenged with LPS
(10 mg/mouse IV) 48 hours after ECP treatment and

NF-kB activation was measured by phospho-flow
staining. BM cells from unchallenged nontreated mice

served as baseline control (d). MFI, Non-ECP-treated
(n) vs ECP-treated (:), P 5 .04. (B) CD80 expression
of DCs is reduced after ECP treatment but restored in

the presence of danger signals during ECP treatment.
Left, DCs in non-ECP-treated (n) or ECP-treated (:)
mice were activated with LPS (10 mg/mouse IV) 48 hours

after ECP treatment and harvested 18 hours after ac-
tivation. MFI of CD80: (n) vs (:) in BM, P , .0001, or

pLN: P 5 .0006. Right, Non-ECP-treated (n) or ECP-
treated (:) mice received additional LPS (10 mg/mouse
IV) at time of ECP treatment 48 hours prior to harvest.

CD80 expression is restored in BM and pLNs. Un-
challenged BM cells from untreated mice served as
baseline control in both experiments (d). (C) DC fre-

quency is reduced after ECP treatment but restored in
the presence of additional danger signals during time
of ECP treatment. Proportional contributions to cellular

content of BM-DCs and pLN DCs from mice in panel B
are shown. (D) Expression of costimulatory molecules

in host-type DCs (H2d) is reduced at day 13 after BMT
in ECP-treated mice. Histograms with MFI of CD40,
CD80, and MHCII on host-type DCs (H2d) from repre-

sentative animals are shown. (E) Trogocytosis is lower
in ECP-treated mice. CD41 T cells were isolated from
pLN at day 15 post-BMT from untreated mice (WT),

syngeneic BMT (BALB/c CD45.1→BALB/c, CD45.2;
Syn) and allogeneic BMT (C57BL/6, H2b→BALB/c, H2d)

with Tcon alone (Tcon) or plus ECP treatment (ECP)
and analyzed for uptake of host MHCII-IAd (H2d) or
donor MHCII-IAb (H2b). pLN: Tcon vs ECP, P 5 .001.

WT represents MHCII expression on CD41 T cells during
steady state in untreated mice. (A-E) One representa-
tive experiment with at least 4 mice per group of 2

independent experiments is shown. Error bars indicate
mean 6 SEM and significance was assessed by 2-

tailed Student t test. MFI, mean fluorescence intensity;
SEM, standard error of the mean.
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Figure 2. Uptake of apoptotic cells reduces NF-kB activation and 
costimulatory molecule expression in host DCs and diminishes MHCII 
uptake in donor T cells.  
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nodes (mLNs) in ECP-treated animals (Figure 4). Reduced
activation and slower trafficking of allogeneic T cells to target
organs during the GVHD initiation phase contributed to the
delayed onset of GVHD.

Uptake of apoptotic cells reduces proinflammatory

cytokine secretion

To determinewhether ECP treatment had an impact on proinflammatory
cytokine profiles, we evaluated supernatants from MLR cultures of
T cells coincubated with or without ECP-treated cells and found that
coincubation with apoptotic cells resulted in a highly significant reduction
of INFg, TNFa, interleukin-6 (IL-6), IL-1b, and IL-2 (Figure 5A).Next,
we compared cytokine profiles in serum of transplanted mice 5 days post-
BMT and found a significant reduction in the levels of INFg and IL-2 in
the ECP group with a similar trend in TNFa, IL-6, and IL-1b (Figure 5B).
Intracellular INFg production was reduced in CD4 T cells and DCs
indicating the impact of ECP not only on T cells but also on APCs
(Figure5C)whereasTNFa reductionwasonlyobserved inTcells inLNs
during this early time point after BMT (supplemental Figure 3).

Host IL-10 is required for effective ECP treatment

IL-10 has been shown to play a key role in conventional ECP
treatment but the role of IL-10 in preemptive ECP treatment is

Figure 2. Uptake of apoptotic cells reduces NF-kB
activation and costimulatory molecule expression
in host DCs and diminishes MHCII uptake in donor
T cells. (A) NF-kB activation in LPS-challenged BM-

DCs is reduced in ECP-treated mice. Non-ECP-treated
(n) or ECP-treated mice (:) were challenged with LPS
(10 mg/mouse IV) 48 hours after ECP treatment and

NF-kB activation was measured by phospho-flow
staining. BM cells from unchallenged nontreated mice

served as baseline control (d). MFI, Non-ECP-treated
(n) vs ECP-treated (:), P 5 .04. (B) CD80 expression
of DCs is reduced after ECP treatment but restored in

the presence of danger signals during ECP treatment.
Left, DCs in non-ECP-treated (n) or ECP-treated (:)
mice were activated with LPS (10 mg/mouse IV) 48 hours

after ECP treatment and harvested 18 hours after ac-
tivation. MFI of CD80: (n) vs (:) in BM, P , .0001, or

pLN: P 5 .0006. Right, Non-ECP-treated (n) or ECP-
treated (:) mice received additional LPS (10 mg/mouse
IV) at time of ECP treatment 48 hours prior to harvest.

CD80 expression is restored in BM and pLNs. Un-
challenged BM cells from untreated mice served as
baseline control in both experiments (d). (C) DC fre-

quency is reduced after ECP treatment but restored in
the presence of additional danger signals during time
of ECP treatment. Proportional contributions to cellular

content of BM-DCs and pLN DCs from mice in panel B
are shown. (D) Expression of costimulatory molecules

in host-type DCs (H2d) is reduced at day 13 after BMT
in ECP-treated mice. Histograms with MFI of CD40,
CD80, and MHCII on host-type DCs (H2d) from repre-

sentative animals are shown. (E) Trogocytosis is lower
in ECP-treated mice. CD41 T cells were isolated from
pLN at day 15 post-BMT from untreated mice (WT),

syngeneic BMT (BALB/c CD45.1→BALB/c, CD45.2;
Syn) and allogeneic BMT (C57BL/6, H2b→BALB/c, H2d)

with Tcon alone (Tcon) or plus ECP treatment (ECP)
and analyzed for uptake of host MHCII-IAd (H2d) or
donor MHCII-IAb (H2b). pLN: Tcon vs ECP, P 5 .001.

WT represents MHCII expression on CD41 T cells during
steady state in untreated mice. (A-E) One representa-
tive experiment with at least 4 mice per group of 2

independent experiments is shown. Error bars indicate
mean 6 SEM and significance was assessed by 2-

tailed Student t test. MFI, mean fluorescence intensity;
SEM, standard error of the mean.
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prolonged overall survival. Interestingly, the BLI proliferation
signals in ECP and untreated mice became the same at day 17
after BMT during the effector phase (Figure 3B). We confirmed
the BLI results using CFSE-labeled donor Tcons. We found
significantly lower T-cell proliferation in ECP-treated mice
especially among CD41 T cells (Figure 3C). The diminished
proliferation could be due to decreased survival or reduced
activation of donor Tcon cells. Because ECP-treated and
untreated mice had the same level of apoptosis in donor T cells
as assessed by equivalent Annexin V staining (data not shown), it
is probable that decreased proliferation is the result of reduced
activation rather than peripheral deletion. We further observed
lower expression of activation markers CD69 and CD44, skin-
homing marker p-selectin and gut-homing marker a4b7 in
spleen, peripheral lymph nodes (pLNs), and mesenteric lymph
nodes (mLNs) in ECP-treated animals (Figure 4). Reduced
activation and slower trafficking of allogeneic T cells to target
organs during the GVHD initiation phase contributed to the
delayed onset of GVHD.

Uptake of apoptotic cells reduces proinflammatory

cytokine secretion

To determinewhether ECP treatment had an impact on proinflammatory
cytokine profiles, we evaluated supernatants from MLR cultures of
T cells coincubated with or without ECP-treated cells and found that
coincubation with apoptotic cells resulted in a highly significant reduction
of INFg, TNFa, interleukin-6 (IL-6), IL-1b, and IL-2 (Figure 5A).Next,
we compared cytokine profiles in serum of transplanted mice 5 days post-
BMT and found a significant reduction in the levels of INFg and IL-2 in
the ECP group with a similar trend in TNFa, IL-6, and IL-1b (Figure 5B).
Intracellular INFg production was reduced in CD4 T cells and DCs
indicating the impact of ECP not only on T cells but also on APCs
(Figure5C)whereasTNFa reductionwasonlyobserved inTcells inLNs
during this early time point after BMT (supplemental Figure 3).

Host IL-10 is required for effective ECP treatment

IL-10 has been shown to play a key role in conventional ECP
treatment but the role of IL-10 in preemptive ECP treatment is

Figure 2. Uptake of apoptotic cells reduces NF-kB
activation and costimulatory molecule expression
in host DCs and diminishes MHCII uptake in donor
T cells. (A) NF-kB activation in LPS-challenged BM-

DCs is reduced in ECP-treated mice. Non-ECP-treated
(n) or ECP-treated mice (:) were challenged with LPS
(10 mg/mouse IV) 48 hours after ECP treatment and

NF-kB activation was measured by phospho-flow
staining. BM cells from unchallenged nontreated mice

served as baseline control (d). MFI, Non-ECP-treated
(n) vs ECP-treated (:), P 5 .04. (B) CD80 expression
of DCs is reduced after ECP treatment but restored in

the presence of danger signals during ECP treatment.
Left, DCs in non-ECP-treated (n) or ECP-treated (:)
mice were activated with LPS (10 mg/mouse IV) 48 hours

after ECP treatment and harvested 18 hours after ac-
tivation. MFI of CD80: (n) vs (:) in BM, P , .0001, or

pLN: P 5 .0006. Right, Non-ECP-treated (n) or ECP-
treated (:) mice received additional LPS (10 mg/mouse
IV) at time of ECP treatment 48 hours prior to harvest.

CD80 expression is restored in BM and pLNs. Un-
challenged BM cells from untreated mice served as
baseline control in both experiments (d). (C) DC fre-

quency is reduced after ECP treatment but restored in
the presence of additional danger signals during time
of ECP treatment. Proportional contributions to cellular

content of BM-DCs and pLN DCs from mice in panel B
are shown. (D) Expression of costimulatory molecules

in host-type DCs (H2d) is reduced at day 13 after BMT
in ECP-treated mice. Histograms with MFI of CD40,
CD80, and MHCII on host-type DCs (H2d) from repre-

sentative animals are shown. (E) Trogocytosis is lower
in ECP-treated mice. CD41 T cells were isolated from
pLN at day 15 post-BMT from untreated mice (WT),

syngeneic BMT (BALB/c CD45.1→BALB/c, CD45.2;
Syn) and allogeneic BMT (C57BL/6, H2b→BALB/c, H2d)

with Tcon alone (Tcon) or plus ECP treatment (ECP)
and analyzed for uptake of host MHCII-IAd (H2d) or
donor MHCII-IAb (H2b). pLN: Tcon vs ECP, P 5 .001.

WT represents MHCII expression on CD41 T cells during
steady state in untreated mice. (A-E) One representa-
tive experiment with at least 4 mice per group of 2

independent experiments is shown. Error bars indicate
mean 6 SEM and significance was assessed by 2-

tailed Student t test. MFI, mean fluorescence intensity;
SEM, standard error of the mean.
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prolonged overall survival. Interestingly, the BLI proliferation
signals in ECP and untreated mice became the same at day 17
after BMT during the effector phase (Figure 3B). We confirmed
the BLI results using CFSE-labeled donor Tcons. We found
significantly lower T-cell proliferation in ECP-treated mice
especially among CD41 T cells (Figure 3C). The diminished
proliferation could be due to decreased survival or reduced
activation of donor Tcon cells. Because ECP-treated and
untreated mice had the same level of apoptosis in donor T cells
as assessed by equivalent Annexin V staining (data not shown), it
is probable that decreased proliferation is the result of reduced
activation rather than peripheral deletion. We further observed
lower expression of activation markers CD69 and CD44, skin-
homing marker p-selectin and gut-homing marker a4b7 in
spleen, peripheral lymph nodes (pLNs), and mesenteric lymph
nodes (mLNs) in ECP-treated animals (Figure 4). Reduced
activation and slower trafficking of allogeneic T cells to target
organs during the GVHD initiation phase contributed to the
delayed onset of GVHD.

Uptake of apoptotic cells reduces proinflammatory

cytokine secretion

To determinewhether ECP treatment had an impact on proinflammatory
cytokine profiles, we evaluated supernatants from MLR cultures of
T cells coincubated with or without ECP-treated cells and found that
coincubation with apoptotic cells resulted in a highly significant reduction
of INFg, TNFa, interleukin-6 (IL-6), IL-1b, and IL-2 (Figure 5A).Next,
we compared cytokine profiles in serum of transplanted mice 5 days post-
BMT and found a significant reduction in the levels of INFg and IL-2 in
the ECP group with a similar trend in TNFa, IL-6, and IL-1b (Figure 5B).
Intracellular INFg production was reduced in CD4 T cells and DCs
indicating the impact of ECP not only on T cells but also on APCs
(Figure5C)whereasTNFa reductionwasonlyobserved inTcells inLNs
during this early time point after BMT (supplemental Figure 3).

Host IL-10 is required for effective ECP treatment

IL-10 has been shown to play a key role in conventional ECP
treatment but the role of IL-10 in preemptive ECP treatment is

Figure 2. Uptake of apoptotic cells reduces NF-kB
activation and costimulatory molecule expression
in host DCs and diminishes MHCII uptake in donor
T cells. (A) NF-kB activation in LPS-challenged BM-

DCs is reduced in ECP-treated mice. Non-ECP-treated
(n) or ECP-treated mice (:) were challenged with LPS
(10 mg/mouse IV) 48 hours after ECP treatment and

NF-kB activation was measured by phospho-flow
staining. BM cells from unchallenged nontreated mice

served as baseline control (d). MFI, Non-ECP-treated
(n) vs ECP-treated (:), P 5 .04. (B) CD80 expression
of DCs is reduced after ECP treatment but restored in

the presence of danger signals during ECP treatment.
Left, DCs in non-ECP-treated (n) or ECP-treated (:)
mice were activated with LPS (10 mg/mouse IV) 48 hours

after ECP treatment and harvested 18 hours after ac-
tivation. MFI of CD80: (n) vs (:) in BM, P , .0001, or

pLN: P 5 .0006. Right, Non-ECP-treated (n) or ECP-
treated (:) mice received additional LPS (10 mg/mouse
IV) at time of ECP treatment 48 hours prior to harvest.

CD80 expression is restored in BM and pLNs. Un-
challenged BM cells from untreated mice served as
baseline control in both experiments (d). (C) DC fre-

quency is reduced after ECP treatment but restored in
the presence of additional danger signals during time
of ECP treatment. Proportional contributions to cellular

content of BM-DCs and pLN DCs from mice in panel B
are shown. (D) Expression of costimulatory molecules

in host-type DCs (H2d) is reduced at day 13 after BMT
in ECP-treated mice. Histograms with MFI of CD40,
CD80, and MHCII on host-type DCs (H2d) from repre-

sentative animals are shown. (E) Trogocytosis is lower
in ECP-treated mice. CD41 T cells were isolated from
pLN at day 15 post-BMT from untreated mice (WT),

syngeneic BMT (BALB/c CD45.1→BALB/c, CD45.2;
Syn) and allogeneic BMT (C57BL/6, H2b→BALB/c, H2d)

with Tcon alone (Tcon) or plus ECP treatment (ECP)
and analyzed for uptake of host MHCII-IAd (H2d) or
donor MHCII-IAb (H2b). pLN: Tcon vs ECP, P 5 .001.

WT represents MHCII expression on CD41 T cells during
steady state in untreated mice. (A-E) One representa-
tive experiment with at least 4 mice per group of 2

independent experiments is shown. Error bars indicate
mean 6 SEM and significance was assessed by 2-

tailed Student t test. MFI, mean fluorescence intensity;
SEM, standard error of the mean.
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prolonged overall survival. Interestingly, the BLI proliferation
signals in ECP and untreated mice became the same at day 17
after BMT during the effector phase (Figure 3B). We confirmed
the BLI results using CFSE-labeled donor Tcons. We found
significantly lower T-cell proliferation in ECP-treated mice
especially among CD41 T cells (Figure 3C). The diminished
proliferation could be due to decreased survival or reduced
activation of donor Tcon cells. Because ECP-treated and
untreated mice had the same level of apoptosis in donor T cells
as assessed by equivalent Annexin V staining (data not shown), it
is probable that decreased proliferation is the result of reduced
activation rather than peripheral deletion. We further observed
lower expression of activation markers CD69 and CD44, skin-
homing marker p-selectin and gut-homing marker a4b7 in
spleen, peripheral lymph nodes (pLNs), and mesenteric lymph
nodes (mLNs) in ECP-treated animals (Figure 4). Reduced
activation and slower trafficking of allogeneic T cells to target
organs during the GVHD initiation phase contributed to the
delayed onset of GVHD.

Uptake of apoptotic cells reduces proinflammatory

cytokine secretion

To determinewhether ECP treatment had an impact on proinflammatory
cytokine profiles, we evaluated supernatants from MLR cultures of
T cells coincubated with or without ECP-treated cells and found that
coincubation with apoptotic cells resulted in a highly significant reduction
of INFg, TNFa, interleukin-6 (IL-6), IL-1b, and IL-2 (Figure 5A).Next,
we compared cytokine profiles in serum of transplanted mice 5 days post-
BMT and found a significant reduction in the levels of INFg and IL-2 in
the ECP group with a similar trend in TNFa, IL-6, and IL-1b (Figure 5B).
Intracellular INFg production was reduced in CD4 T cells and DCs
indicating the impact of ECP not only on T cells but also on APCs
(Figure5C)whereasTNFa reductionwasonlyobserved inTcells inLNs
during this early time point after BMT (supplemental Figure 3).

Host IL-10 is required for effective ECP treatment

IL-10 has been shown to play a key role in conventional ECP
treatment but the role of IL-10 in preemptive ECP treatment is

Figure 2. Uptake of apoptotic cells reduces NF-kB
activation and costimulatory molecule expression
in host DCs and diminishes MHCII uptake in donor
T cells. (A) NF-kB activation in LPS-challenged BM-

DCs is reduced in ECP-treated mice. Non-ECP-treated
(n) or ECP-treated mice (:) were challenged with LPS
(10 mg/mouse IV) 48 hours after ECP treatment and

NF-kB activation was measured by phospho-flow
staining. BM cells from unchallenged nontreated mice

served as baseline control (d). MFI, Non-ECP-treated
(n) vs ECP-treated (:), P 5 .04. (B) CD80 expression
of DCs is reduced after ECP treatment but restored in

the presence of danger signals during ECP treatment.
Left, DCs in non-ECP-treated (n) or ECP-treated (:)
mice were activated with LPS (10 mg/mouse IV) 48 hours

after ECP treatment and harvested 18 hours after ac-
tivation. MFI of CD80: (n) vs (:) in BM, P , .0001, or

pLN: P 5 .0006. Right, Non-ECP-treated (n) or ECP-
treated (:) mice received additional LPS (10 mg/mouse
IV) at time of ECP treatment 48 hours prior to harvest.

CD80 expression is restored in BM and pLNs. Un-
challenged BM cells from untreated mice served as
baseline control in both experiments (d). (C) DC fre-

quency is reduced after ECP treatment but restored in
the presence of additional danger signals during time
of ECP treatment. Proportional contributions to cellular

content of BM-DCs and pLN DCs from mice in panel B
are shown. (D) Expression of costimulatory molecules

in host-type DCs (H2d) is reduced at day 13 after BMT
in ECP-treated mice. Histograms with MFI of CD40,
CD80, and MHCII on host-type DCs (H2d) from repre-

sentative animals are shown. (E) Trogocytosis is lower
in ECP-treated mice. CD41 T cells were isolated from
pLN at day 15 post-BMT from untreated mice (WT),

syngeneic BMT (BALB/c CD45.1→BALB/c, CD45.2;
Syn) and allogeneic BMT (C57BL/6, H2b→BALB/c, H2d)

with Tcon alone (Tcon) or plus ECP treatment (ECP)
and analyzed for uptake of host MHCII-IAd (H2d) or
donor MHCII-IAb (H2b). pLN: Tcon vs ECP, P 5 .001.

WT represents MHCII expression on CD41 T cells during
steady state in untreated mice. (A-E) One representa-
tive experiment with at least 4 mice per group of 2

independent experiments is shown. Error bars indicate
mean 6 SEM and significance was assessed by 2-

tailed Student t test. MFI, mean fluorescence intensity;
SEM, standard error of the mean.
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prolonged overall survival. Interestingly, the BLI proliferation
signals in ECP and untreated mice became the same at day 17
after BMT during the effector phase (Figure 3B). We confirmed
the BLI results using CFSE-labeled donor Tcons. We found
significantly lower T-cell proliferation in ECP-treated mice
especially among CD41 T cells (Figure 3C). The diminished
proliferation could be due to decreased survival or reduced
activation of donor Tcon cells. Because ECP-treated and
untreated mice had the same level of apoptosis in donor T cells
as assessed by equivalent Annexin V staining (data not shown), it
is probable that decreased proliferation is the result of reduced
activation rather than peripheral deletion. We further observed
lower expression of activation markers CD69 and CD44, skin-
homing marker p-selectin and gut-homing marker a4b7 in
spleen, peripheral lymph nodes (pLNs), and mesenteric lymph
nodes (mLNs) in ECP-treated animals (Figure 4). Reduced
activation and slower trafficking of allogeneic T cells to target
organs during the GVHD initiation phase contributed to the
delayed onset of GVHD.

Uptake of apoptotic cells reduces proinflammatory

cytokine secretion

To determinewhether ECP treatment had an impact on proinflammatory
cytokine profiles, we evaluated supernatants from MLR cultures of
T cells coincubated with or without ECP-treated cells and found that
coincubation with apoptotic cells resulted in a highly significant reduction
of INFg, TNFa, interleukin-6 (IL-6), IL-1b, and IL-2 (Figure 5A).Next,
we compared cytokine profiles in serum of transplanted mice 5 days post-
BMT and found a significant reduction in the levels of INFg and IL-2 in
the ECP group with a similar trend in TNFa, IL-6, and IL-1b (Figure 5B).
Intracellular INFg production was reduced in CD4 T cells and DCs
indicating the impact of ECP not only on T cells but also on APCs
(Figure5C)whereasTNFa reductionwasonlyobserved inTcells inLNs
during this early time point after BMT (supplemental Figure 3).

Host IL-10 is required for effective ECP treatment

IL-10 has been shown to play a key role in conventional ECP
treatment but the role of IL-10 in preemptive ECP treatment is

Figure 2. Uptake of apoptotic cells reduces NF-kB
activation and costimulatory molecule expression
in host DCs and diminishes MHCII uptake in donor
T cells. (A) NF-kB activation in LPS-challenged BM-

DCs is reduced in ECP-treated mice. Non-ECP-treated
(n) or ECP-treated mice (:) were challenged with LPS
(10 mg/mouse IV) 48 hours after ECP treatment and

NF-kB activation was measured by phospho-flow
staining. BM cells from unchallenged nontreated mice

served as baseline control (d). MFI, Non-ECP-treated
(n) vs ECP-treated (:), P 5 .04. (B) CD80 expression
of DCs is reduced after ECP treatment but restored in

the presence of danger signals during ECP treatment.
Left, DCs in non-ECP-treated (n) or ECP-treated (:)
mice were activated with LPS (10 mg/mouse IV) 48 hours

after ECP treatment and harvested 18 hours after ac-
tivation. MFI of CD80: (n) vs (:) in BM, P , .0001, or

pLN: P 5 .0006. Right, Non-ECP-treated (n) or ECP-
treated (:) mice received additional LPS (10 mg/mouse
IV) at time of ECP treatment 48 hours prior to harvest.

CD80 expression is restored in BM and pLNs. Un-
challenged BM cells from untreated mice served as
baseline control in both experiments (d). (C) DC fre-

quency is reduced after ECP treatment but restored in
the presence of additional danger signals during time
of ECP treatment. Proportional contributions to cellular

content of BM-DCs and pLN DCs from mice in panel B
are shown. (D) Expression of costimulatory molecules

in host-type DCs (H2d) is reduced at day 13 after BMT
in ECP-treated mice. Histograms with MFI of CD40,
CD80, and MHCII on host-type DCs (H2d) from repre-

sentative animals are shown. (E) Trogocytosis is lower
in ECP-treated mice. CD41 T cells were isolated from
pLN at day 15 post-BMT from untreated mice (WT),

syngeneic BMT (BALB/c CD45.1→BALB/c, CD45.2;
Syn) and allogeneic BMT (C57BL/6, H2b→BALB/c, H2d)

with Tcon alone (Tcon) or plus ECP treatment (ECP)
and analyzed for uptake of host MHCII-IAd (H2d) or
donor MHCII-IAb (H2b). pLN: Tcon vs ECP, P 5 .001.

WT represents MHCII expression on CD41 T cells during
steady state in untreated mice. (A-E) One representa-
tive experiment with at least 4 mice per group of 2

independent experiments is shown. Error bars indicate
mean 6 SEM and significance was assessed by 2-

tailed Student t test. MFI, mean fluorescence intensity;
SEM, standard error of the mean.
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unclear.29,30 Although we could not detect differences in serum
levels of IL-10 in ECP-treated vs non-ECP-treated mice, possibly
due to utilization of IL-10 by Tregs (Figure 5D), the survival
benefit after ECP treatment was completely abrogated when
BALB/c IL-10-KO were used as recipients (Figure 5E). These
results evidence that host IL10 is needed in our model. We
evaluated whether IL-10 production is required by donor cells
utilizing IL10-KO animals as donors. We found that mice that
received IL-10-KO donor T cells showed equivalently accelerated
GVHD and death irrespective of ECP treatment even when
compared with the wild-type (WT) Tcon group (Figure 5E).
Although not necessary, we cannot exclude the possibility that
donor IL10 could contribute to ECP protection.

Host-type Foxp31 Treg are required to improve survival but are

not solely responsible for beneficial outcomes

Tregs are major determinants in the success of conventional ECP
treatment.30,31 In our model of preemptive ECP, we observed
a significant increase of host but not donor-type Tregs in ECP-treated
mice as comparedwith untreatedmice 5 days post-BMT (Figure 6A).
It is known that Tregs are relatively radio-resistant32 and we
hypothesized that the increase in host Tregs after BMT reflected
a persistence of Tregs that were present before irradiation because
host Tregs from ECP and untreated mice did not proliferate after

BMT, as shown by BrdU incorporation assay (Figure 6B). Indeed,
we found a significant increase in Tregs in ECP-treated mice with
significantly higher surface expression of CTLA4 as compared with
untreated control mice (Figure 6C-D). Importantly, these Tregs
displayed a higher suppressive capability thanWT Tregs in anMLR
assay (Figure 6E).

To determine the functional impact of host Tregs, we applied
specific Treg depletion, utilizing a C57BL/6-Foxp3-DTR knock-
in strain as recipients (Figure 6F), where Foxp31 Treg can
specifically be depleted by DT. We observed a significant survival
improvement in the WT-ECP as compared with the WT-Tcon
group in the FVB→C57BL/6 strain combination. In contrast, after
host-Treg depletion in C57BL/6-Foxp3DTR mice, ECP treatment
failed to improve survival as compared with the Tcon group.
Control WT-C57BL/6 recipients also treated with DT showed
accelerated death due to DT toxicity, however, the survival benefit
was maintained in the ECP group. Although induction of Tregs
using the ECP approach was associated with a clear survival
benefit throughout all experiments, we sought to clarify the role of
host Treg specifically. To do this, we infused host-type Tregs from
WT or ECP-treated mice into WT recipients prior to BMT, ex-
pecting higher Treg numbers would reduce GVHD. However,
additional host Tregs had no effect on donor T-cell proliferation
(Figure 6G).

Figure 3. Apoptotic cells reduce T-cell proliferation

in vitro and in vivo. (A) In vitro, T-cell proliferation is
significantly reduced in MLR cultures of whole spleno-
cytes, cultured with or without apoptotic cells for 48 hours,

irradiated with 30 cGy and followed by coculture with
CFSE-labeled allogeneic T cells for 96 hours at a ratio
2:1. FACS histogram of CFSE dilution profile (left) and

bar graphs displaying the proportions of unproliferated
T cells (right) are shown. (B) In vivo, Quantification of

T-cell proliferation shows significant reduction in ECP-
treated mice. BLI on day14 (left, upper panel) shows a
significant reduction in T-cell proliferation among ECP-

treated mice, no difference in BLI signal is observed at
day 17 between both groups (left, lower panel). Quan-
tification of photons per second per mouse (middle;

P 5 .001) and relative weight loss (right; P 5 .0003) of
transplanted mice at day 14 is shown. (C) Ex vivo,

Proportion of T-cell proliferation in reisolated CFSE-
labeled Tcon at day 14 is shown. CD41 and CD81

T cells show lower proliferation index in ECP-treated

mice. Results were done in triplicates (A) and repre-
sent 3 independent experiments or (B) are a composite
of 2 independent experiments or (C) are representative

for 2 individual experiments with a total of 8 to 11 mice
per group. Error bars indicate mean 6 SEM and sig-
nificance was assessed by 2-tailed Student t test.
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unclear.29,30 Although we could not detect differences in serum
levels of IL-10 in ECP-treated vs non-ECP-treated mice, possibly
due to utilization of IL-10 by Tregs (Figure 5D), the survival
benefit after ECP treatment was completely abrogated when
BALB/c IL-10-KO were used as recipients (Figure 5E). These
results evidence that host IL10 is needed in our model. We
evaluated whether IL-10 production is required by donor cells
utilizing IL10-KO animals as donors. We found that mice that
received IL-10-KO donor T cells showed equivalently accelerated
GVHD and death irrespective of ECP treatment even when
compared with the wild-type (WT) Tcon group (Figure 5E).
Although not necessary, we cannot exclude the possibility that
donor IL10 could contribute to ECP protection.

Host-type Foxp31 Treg are required to improve survival but are

not solely responsible for beneficial outcomes

Tregs are major determinants in the success of conventional ECP
treatment.30,31 In our model of preemptive ECP, we observed
a significant increase of host but not donor-type Tregs in ECP-treated
mice as comparedwith untreatedmice 5 days post-BMT (Figure 6A).
It is known that Tregs are relatively radio-resistant32 and we
hypothesized that the increase in host Tregs after BMT reflected
a persistence of Tregs that were present before irradiation because
host Tregs from ECP and untreated mice did not proliferate after

BMT, as shown by BrdU incorporation assay (Figure 6B). Indeed,
we found a significant increase in Tregs in ECP-treated mice with
significantly higher surface expression of CTLA4 as compared with
untreated control mice (Figure 6C-D). Importantly, these Tregs
displayed a higher suppressive capability thanWT Tregs in anMLR
assay (Figure 6E).

To determine the functional impact of host Tregs, we applied
specific Treg depletion, utilizing a C57BL/6-Foxp3-DTR knock-
in strain as recipients (Figure 6F), where Foxp31 Treg can
specifically be depleted by DT. We observed a significant survival
improvement in the WT-ECP as compared with the WT-Tcon
group in the FVB→C57BL/6 strain combination. In contrast, after
host-Treg depletion in C57BL/6-Foxp3DTR mice, ECP treatment
failed to improve survival as compared with the Tcon group.
Control WT-C57BL/6 recipients also treated with DT showed
accelerated death due to DT toxicity, however, the survival benefit
was maintained in the ECP group. Although induction of Tregs
using the ECP approach was associated with a clear survival
benefit throughout all experiments, we sought to clarify the role of
host Treg specifically. To do this, we infused host-type Tregs from
WT or ECP-treated mice into WT recipients prior to BMT, ex-
pecting higher Treg numbers would reduce GVHD. However,
additional host Tregs had no effect on donor T-cell proliferation
(Figure 6G).

Figure 3. Apoptotic cells reduce T-cell proliferation

in vitro and in vivo. (A) In vitro, T-cell proliferation is
significantly reduced in MLR cultures of whole spleno-
cytes, cultured with or without apoptotic cells for 48 hours,

irradiated with 30 cGy and followed by coculture with
CFSE-labeled allogeneic T cells for 96 hours at a ratio
2:1. FACS histogram of CFSE dilution profile (left) and

bar graphs displaying the proportions of unproliferated
T cells (right) are shown. (B) In vivo, Quantification of

T-cell proliferation shows significant reduction in ECP-
treated mice. BLI on day14 (left, upper panel) shows a
significant reduction in T-cell proliferation among ECP-

treated mice, no difference in BLI signal is observed at
day 17 between both groups (left, lower panel). Quan-
tification of photons per second per mouse (middle;

P 5 .001) and relative weight loss (right; P 5 .0003) of
transplanted mice at day 14 is shown. (C) Ex vivo,

Proportion of T-cell proliferation in reisolated CFSE-
labeled Tcon at day 14 is shown. CD41 and CD81

T cells show lower proliferation index in ECP-treated

mice. Results were done in triplicates (A) and repre-
sent 3 independent experiments or (B) are a composite
of 2 independent experiments or (C) are representative

for 2 individual experiments with a total of 8 to 11 mice
per group. Error bars indicate mean 6 SEM and sig-
nificance was assessed by 2-tailed Student t test.
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Figure 4. CD4+ T cells in ECP-treated mice show reduced expression 
of homing and activation markers.  
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GVT effect is maintained after ECP treatment

Approaches to inhibit GVHDcan sometimes reduce or prevent GVT.33

Toaddress this issue,we evaluated the impact ofECP treatment onGVT
effects. In vitro cytotoxicity assays using A20 and Bcl1 tumor cell lines
as target cells and donor CD81 T cells purified 10 days after BMT, as
effector cells demonstrated persistence of lysis in both ECP and Tcon
groups (Figure7A); however, thedegreeofkilling in theECPgroupwas
reduced against both target cell lines. To evaluate whether this killing
capacity in the ECP group is sufficient to maintain GVT in vivo, we
established theBcl1 tumor in recipientmiceprior toBMT.All recipients
ofT-cell-repletegrafts showedno recurrenceof the tumor irrespectiveof
ECP treatment, whereasmice transplantedwith TCD-BMalone died of
tumor progression (Figure 7B). Thus, ECP treatment did not impair
antitumor responses by allogeneic Tcons in this tumor model.

Discussion

Our work demonstrates that a single dose of host-type ECP-treated
cells prior to transplantation diminishes GVHD and significantly
improves survival in murine BMT models. The benefit of ECP-
treated cells depends upon immunosuppressive signals inherent to
apoptotic cells that inhibit maturation of host DCs. Such active
tolerance induction requires host IL-10 production and host Treg
cells. The effectiveness of host-type ECP-treated cells is important
because obtaining host cells is perhaps more amenable to clinical
translation than using donor-type cells.

We evaluated biological attributes of apoptotic cells to gain
insights into the mechanism(s) underlying the beneficial effect
of infusing host ECP-treated cells prior to transplantation. Apopto-
tic cells flip phosphatidylserine, normally located on the inner
membrane, to the outer bilayer and binding to MerTK receptors
on APCs induces active downregulation of NF-kB.34,35 NF-kB
activation in DCs is critical for the upregulation of proinflammatory
cytokines and costimulatory molecules, and its inhibition is a
promising approach to reduce T-cell activation in GVHD.15,36-41 In
our model, the uptake of ECP-induced apoptotic cells significantly
reduced NF-kB activation in host DCs. The inhibition of NF-kB
activation blocked the maturation of DCs in terms of upregulation of
MHC and costimulatory molecules at the time of transplantation and
resulted in significantly lower proinflammatory cytokine production.
Consequently, donor T-cell activation was significantly reduced
in these mice, which in turn contributed to the reduced secretion
of proinflammatory signals. Additionally, the frequency of recipi-
ent DCs was lower in the ECP-treated group with an increase in
apoptotic signals, thus further reducing potential sites of donor T-cell
priming.

Reducing DC antigen presentation to donor T cells is unlikely
the only mechanism to reduce GVHD in ECP-treated animals.
Shlomchik et al recently demonstrated that selective depletion of
host DCs did not ameliorate GVHD.42 It has been shown that up-
take of apoptotic cells by DCs induces Tregs, which when trig-
gered by specific antigens, can act back via a “feedback loop” on
immature DCs to further block the upregulation of costimulatory
molecules. Additionally, Tregs are able to directly inhibit T-cell
activation by inhibition of CD28 signaling.17,43,44 Previous studies
have shown that Tregs play an essential role in mediating immune
suppression following ECP. Donor Tregs were important to reverse
established GVHD in a murine model and Tregs were found to
be increased in patients with acute and chronic GVHD when suc-
cessfully treated with ECP.30,45,46 In contrast to these studies, we
observed a significant increase of host-type Tregs while leaving
donor Tregs unaffected in ECP-treated mice. More importantly,
these ECP-induced Tregs had significantly higher surface expression
of the suppressor molecule CTLA4, potentiating their suppressive
capacity.47

The impact of host Tregs was necessary because their specific
depletion abrogated the beneficial outcome of infusion of ECP-
treated cells. However, the isolated adoptive transfer of host-type
Tregs 24 hours prior to transplantation with the aim of increasing
Treg numbers failed to reduce T-cell proliferation, indicating these
cells alone are likely not sufficient for protection but require the
interplay with other immune-tolerogenic processes or require
activation for functional activity. This result shows that the benefit
of ECP treatment is not solely based on Tregs and highlights the
importance of the immunologic context of these cells.31

Figure 4. CD41 T cells in ECP-treated mice show reduced expression of homing
and activation markers. Donor CD41 T cells (H2b) were reisolated at day14 post-BMT

and fold change based on Tcon as reference group is shown. Expression of activation
markers CD69 and CD44 in spleen and pLN and gut homing marker a4b7 in mLN are

significantly reduced, with skin homing marker p-selectin in pLN showing a similar trend.
Data are pooled from 2 independent experiments with 7 mice per group. Error bars
indicate mean 6 SEM and significance was assessed by 2-tailed Student t test.
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Figure 5. ECP treatment reduces proinflammatory cytokine secretion 
in vitro and in vivo and requires host type IL-10 for its beneficial 
effect.  
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Figure 5. ECP treatment reduces proinflammatory cytokine secretion in vitro and in vivo and requires host type IL-10 for its beneficial effect. (A) Proinflammatory
cytokine secretion into supernatants of MLR cultures is reduced in cells cocultured with apoptotic cells. Purified DCs were cultured with or without apoptotic cells for 48 hours,
stimulated with LPS (2 mg/mL) and cocultured with freshly isolated allogeneic Tcons. Supernatants were harvested after 96 hours. (B) Proinflammatory cytokines are reduced

in serum of mice treated with ECP, although statistical significance was only reached for INFg and IL-2. Serum was obtained 5 days post-BMT. (C) Intracellular INFg
production is reduced in mice treated with ECP 4 days after transplantation. Single-cell suspension from LN and spleen were restimulated for 5 hours with PMA and Ionomycin
in the presence of Monensin. (D) Serum analysis of IL-10 at day 15 shows marginal increase in ECP-treated group. (E) Host-type IL-10 is required for beneficial effect

of ECP treatment. WT BALB/c recipients received either WT donor C57BL/6 Tcon (WT-Tcon, WT-ECP) or IL10-deficient donor C57BL/6 Tcon (Don IL102/2Tcon; Don
IL102/2ECP) and IL10-deficient BALB/c recipient mice received WT C57BL/6 donor Tcon (Rec IL102/2Tcon; Rec IL102/2ECP). ECP was performed with WT BALB/c
splenocytes. Rec IL102/2ECP group showed no beneficial effect of ECP as compared with WT-Tcon or Rec IL102/2Tcon group. Don IL102/2Tcon and Don IL102/2ECP

showed accelerated death as compared with all other groups. Results were done in triplicates (A) and are representative of 3 individual experiments or (B,D) are representative of
2 individual experiments with 10 mice per group or 4 mice per group (C) or are representative of 2 independent experiments with n 5 5 mice per group (E). Don, donor; Rec,

recipient.
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Figure 6. ECP treatment induces host-type Foxp31 Tregs that substantially contribute to but are not solely responsible for improved outcome. (A) Preemptive ECP
treatment specifically increases host-type Tregs in C57BL/6→BALB/c. FACS gating strategy for Tregs isolated at day 14 (left), total percentage of Treg, fold increase of host-
type Treg in spleen and pLNs based on Tcon group, and absolute numbers of host Foxp31 cells per spleen are shown (right). (B) Proliferation capacity of Treg after BMT.

Transplanted mice received BrdU injection (1 mg per mouse per IP) every second day followed by pLN harvest at day 17. No proliferation of host-type Treg was observed in
mice transplanted with TCD-BM plus Tcon (left, middle). In mice receiving TCD-BM alone, host and donor-Treg proliferated (right). (C) ECP increases Tregs within 48 hours.
Mice with or without ECP treatment were challenged with LPS (10 mg per mouse per IV) 48 hours after injection of ECP-treated cells and Tregs were analyzed in pLNs. Mice

treated with ECP had significantly higher proportions of CD41/Foxp31 cells, compared with WT mice challenged with LPS only. Unchallenged mice served as a baseline. (D)
CD41 T cells from mice in panel C were evaluated for surface CTLA4 expression. ECP-treated mice had significantly higher levels of CTLA4 expression within the CD41

population (left) and CD41/Foxp31 subpopulation, compared with untreated mice challenged with LPS only. (E) Treg from ECP-treated mice more actively suppressed
T-cell proliferation than WT Tregs. [3H]-Thymidine incorporation of WT C57BL/6 responder Tcons (R) to Balb/c stimulators (S) in the presence of WT Tregs or ECP Tregs at
different Treg to responder ratios is shown, P 5 .035. (F) Specific depletion of host Tregs prior to BMT in FVB→Foxp3DTR-C57BL/6. WT-C57BL/6 recipients received FVB

Tcon (Tcon, :; ECP, n), as control for DT toxicity 1 group received 50 mg/kg DT at day 22 and 21 (WT Tcon1DT, ♦; WT ECP1DT, ▼). To specifically deplete host Tregs,
C57BL/6-Foxp3DTR recipients were injected with 50 mg/kg DT at day 22 and 21 and transplanted with FVB Tcon (Foxp3DTR Tcon, s; Foxp3DTR ECP, N). ECP group
showed significant survival improvement in comparison with Tcon group, n vs :, P 5 .03. Mice injected with DT showed exacerbated GVHD due to DT toxicity in all groups.

Foxp3DTR ECP had no survival benefit in comparison with Foxp3DTR Tcon whereas benefit was maintained in WT ECP 1 DT vs WT Tcon 1 DT. (G) Adoptive transfer of
host-type Tregs into untreated recipients prior to BMT failed to inhibit donor T-cell proliferation. Recipient mice received 105 sort-purified Tregs (CD41CD25high) 24 hours prior
to BMT. Tregs originated either from WT BALB/c (WT Treg) or from mice treated with ECP (ECP Treg). Recipients were transplanted with luc1Tcon and followed by BLI

imaging. Data are representative (A,B,C,F,G) of at least 2 individual experiments with 3 to 10 mice per group, or (D) are a composite of 2 experiments with 10 mice per group
or are done in triplicates with 3 independent mice (E). Error bars indicate mean 6 SEM and significance was assessed by 2-tailed Student t test and log-rank test.
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Figure 6. ECP treatment induces host-type Foxp31 Tregs that substantially contribute to but are not solely responsible for improved outcome. (A) Preemptive ECP
treatment specifically increases host-type Tregs in C57BL/6→BALB/c. FACS gating strategy for Tregs isolated at day 14 (left), total percentage of Treg, fold increase of host-
type Treg in spleen and pLNs based on Tcon group, and absolute numbers of host Foxp31 cells per spleen are shown (right). (B) Proliferation capacity of Treg after BMT.

Transplanted mice received BrdU injection (1 mg per mouse per IP) every second day followed by pLN harvest at day 17. No proliferation of host-type Treg was observed in
mice transplanted with TCD-BM plus Tcon (left, middle). In mice receiving TCD-BM alone, host and donor-Treg proliferated (right). (C) ECP increases Tregs within 48 hours.
Mice with or without ECP treatment were challenged with LPS (10 mg per mouse per IV) 48 hours after injection of ECP-treated cells and Tregs were analyzed in pLNs. Mice

treated with ECP had significantly higher proportions of CD41/Foxp31 cells, compared with WT mice challenged with LPS only. Unchallenged mice served as a baseline. (D)
CD41 T cells from mice in panel C were evaluated for surface CTLA4 expression. ECP-treated mice had significantly higher levels of CTLA4 expression within the CD41

population (left) and CD41/Foxp31 subpopulation, compared with untreated mice challenged with LPS only. (E) Treg from ECP-treated mice more actively suppressed
T-cell proliferation than WT Tregs. [3H]-Thymidine incorporation of WT C57BL/6 responder Tcons (R) to Balb/c stimulators (S) in the presence of WT Tregs or ECP Tregs at
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C57BL/6-Foxp3DTR recipients were injected with 50 mg/kg DT at day 22 and 21 and transplanted with FVB Tcon (Foxp3DTR Tcon, s; Foxp3DTR ECP, N). ECP group
showed significant survival improvement in comparison with Tcon group, n vs :, P 5 .03. Mice injected with DT showed exacerbated GVHD due to DT toxicity in all groups.

Foxp3DTR ECP had no survival benefit in comparison with Foxp3DTR Tcon whereas benefit was maintained in WT ECP 1 DT vs WT Tcon 1 DT. (G) Adoptive transfer of
host-type Tregs into untreated recipients prior to BMT failed to inhibit donor T-cell proliferation. Recipient mice received 105 sort-purified Tregs (CD41CD25high) 24 hours prior
to BMT. Tregs originated either from WT BALB/c (WT Treg) or from mice treated with ECP (ECP Treg). Recipients were transplanted with luc1Tcon and followed by BLI

imaging. Data are representative (A,B,C,F,G) of at least 2 individual experiments with 3 to 10 mice per group, or (D) are a composite of 2 experiments with 10 mice per group
or are done in triplicates with 3 independent mice (E). Error bars indicate mean 6 SEM and significance was assessed by 2-tailed Student t test and log-rank test.
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showed significant survival improvement in comparison with Tcon group, n vs :, P 5 .03. Mice injected with DT showed exacerbated GVHD due to DT toxicity in all groups.

Foxp3DTR ECP had no survival benefit in comparison with Foxp3DTR Tcon whereas benefit was maintained in WT ECP 1 DT vs WT Tcon 1 DT. (G) Adoptive transfer of
host-type Tregs into untreated recipients prior to BMT failed to inhibit donor T-cell proliferation. Recipient mice received 105 sort-purified Tregs (CD41CD25high) 24 hours prior
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Figure 6. ECP treatment induces host-type Foxp31 Tregs that substantially contribute to but are not solely responsible for improved outcome. (A) Preemptive ECP
treatment specifically increases host-type Tregs in C57BL/6→BALB/c. FACS gating strategy for Tregs isolated at day 14 (left), total percentage of Treg, fold increase of host-
type Treg in spleen and pLNs based on Tcon group, and absolute numbers of host Foxp31 cells per spleen are shown (right). (B) Proliferation capacity of Treg after BMT.

Transplanted mice received BrdU injection (1 mg per mouse per IP) every second day followed by pLN harvest at day 17. No proliferation of host-type Treg was observed in
mice transplanted with TCD-BM plus Tcon (left, middle). In mice receiving TCD-BM alone, host and donor-Treg proliferated (right). (C) ECP increases Tregs within 48 hours.
Mice with or without ECP treatment were challenged with LPS (10 mg per mouse per IV) 48 hours after injection of ECP-treated cells and Tregs were analyzed in pLNs. Mice

treated with ECP had significantly higher proportions of CD41/Foxp31 cells, compared with WT mice challenged with LPS only. Unchallenged mice served as a baseline. (D)
CD41 T cells from mice in panel C were evaluated for surface CTLA4 expression. ECP-treated mice had significantly higher levels of CTLA4 expression within the CD41

population (left) and CD41/Foxp31 subpopulation, compared with untreated mice challenged with LPS only. (E) Treg from ECP-treated mice more actively suppressed
T-cell proliferation than WT Tregs. [3H]-Thymidine incorporation of WT C57BL/6 responder Tcons (R) to Balb/c stimulators (S) in the presence of WT Tregs or ECP Tregs at
different Treg to responder ratios is shown, P 5 .035. (F) Specific depletion of host Tregs prior to BMT in FVB→Foxp3DTR-C57BL/6. WT-C57BL/6 recipients received FVB

Tcon (Tcon, :; ECP, n), as control for DT toxicity 1 group received 50 mg/kg DT at day 22 and 21 (WT Tcon1DT, ♦; WT ECP1DT, ▼). To specifically deplete host Tregs,
C57BL/6-Foxp3DTR recipients were injected with 50 mg/kg DT at day 22 and 21 and transplanted with FVB Tcon (Foxp3DTR Tcon, s; Foxp3DTR ECP, N). ECP group
showed significant survival improvement in comparison with Tcon group, n vs :, P 5 .03. Mice injected with DT showed exacerbated GVHD due to DT toxicity in all groups.

Foxp3DTR ECP had no survival benefit in comparison with Foxp3DTR Tcon whereas benefit was maintained in WT ECP 1 DT vs WT Tcon 1 DT. (G) Adoptive transfer of
host-type Tregs into untreated recipients prior to BMT failed to inhibit donor T-cell proliferation. Recipient mice received 105 sort-purified Tregs (CD41CD25high) 24 hours prior
to BMT. Tregs originated either from WT BALB/c (WT Treg) or from mice treated with ECP (ECP Treg). Recipients were transplanted with luc1Tcon and followed by BLI

imaging. Data are representative (A,B,C,F,G) of at least 2 individual experiments with 3 to 10 mice per group, or (D) are a composite of 2 experiments with 10 mice per group
or are done in triplicates with 3 independent mice (E). Error bars indicate mean 6 SEM and significance was assessed by 2-tailed Student t test and log-rank test.
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Previous reports have demonstrated the importance of donor-
derived IL-10 to augment BM engraftment by ECP.29 In our model,
mice transplanted with IL-10–deficient donor cells died rapidly
irrespective of ECP treatment, thus not allowing for an evaluation of
the impact of donor IL-10 on prophylactic ECP treatment. However,
when recipient mice were deficient in IL-10 production the beneficial
effect of ECP was completely abrogated. The effect could neither
be rescued by IL-10 released from apoptotic leukocytes nor by
transplantation of IL-10–producing donor cells 48 hours later,
indicating thenecessityof IL-10 in the recipient at the timeofECP.29,31

The role of trogocytosis has not yet been well evaluated in ECP
and BMT. Under inflammatory conditions, T cells incorporate cell
surface proteins including MHCII molecules from DCs and other
APCs that enable them to serve as APC-like cells hence driving local
inflammation.48 We observed significantly lower MHCII expression
on donor T cells in ECP-treated mice as compared with control
groups, most likely due to the repressed proinflammatory milieu in
ECP-treated mice. We hypothesize that the inhibition of trogocytosis
by ECP contributes to reduce local inflammation. Further experi-
ments to block trogocytosis are needed, however, approaches that
can be used in vivo in the setting of transplantation are lacking.

Importantly, despite the tolerogenic environment created by
ECP, GVT was not impaired in our model. This is consistent with 2

retrospective clinical studies where ECP was part of the preparative
regimen. Although overall and disease-free survival was signifi-
cantly improved and incidence of severe acute GVHD (grade III-IV)
was lower than expected in these high-risk patients, it did not appear
to increase relapse rates or the risk of opportunistic infections that
have been observed in other attempts to prevent GVHD.10,49,50

Furthermore, T- and B-cell responses to novel and recall antigens
remained intact in patients treated with ECP.51

Wehave shown for thefirst time that GVHD is reducedwhenECP
is performed prior to transplant conditioning. ECP treatment early
after transplantation (day 12 or 14) failed to protect mice from
GVHD, a finding that contrasts previous reports on the protective
function of early posttransplant ECP in mice.29 This discrepancy
could be explained by differences in model systems where posttrans-
plant ECP may be protective with less intense conditioning and
allogenicity because the tolerizing effect can be overcome by
additional danger signals in a dose-dependent manner.29,52-54 In our
model, when we injected LPS simultaneously with ECP-treated cells,
we observed restoration of CD80/86 expression on DCs as an
indicator for DC maturation, and mice treated with ECP shortly after
conditioning showed no survival benefit. These results suggest that
DCsensitivity toECP is highly contextual and themicromilieu during
DC maturation is the key variable for the functional activity of

Figure 7. GVT effect is maintained after ECP

treatment. (A) Specific killing of target (T) tumor cell
lines A20 (left) and Bcl1 (right) by effector CD81 T cells
(E) is shown. CD81 T cells were isolated from ECP-

treated (ECP) or nontreated (Tcon) mice 10 days after
BMT and were added to 51Cr-labeled target cells at an
E:T ratio of 20:1 and 5:1. Specific killing occurred in

both target cells, but with reduced efficiency in ECP-
treated mice. (B) GVT effects in vivo are maintained in

ECP-treated mice in a Bcl1 tumor model. Recipients
were injected with 5 3 103 luc1Bcl1 cells 9 days prior
to BMT. Tumor-bearing recipients were transplanted

with Tcon alone (blue, :), or additionally received
ECP-treated splenocytes from healthy mice (red, ▼)
48 hours prior to BMT. Results are done in triplicates

and are representative of 2 individual experiments (A)
or are compiled from 2 experiments with 10 mice per

group (B).
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be rescued by IL-10 released from apoptotic leukocytes nor by
transplantation of IL-10–producing donor cells 48 hours later,
indicating thenecessityof IL-10 in the recipient at the timeofECP.29,31

The role of trogocytosis has not yet been well evaluated in ECP
and BMT. Under inflammatory conditions, T cells incorporate cell
surface proteins including MHCII molecules from DCs and other
APCs that enable them to serve as APC-like cells hence driving local
inflammation.48 We observed significantly lower MHCII expression
on donor T cells in ECP-treated mice as compared with control
groups, most likely due to the repressed proinflammatory milieu in
ECP-treated mice. We hypothesize that the inhibition of trogocytosis
by ECP contributes to reduce local inflammation. Further experi-
ments to block trogocytosis are needed, however, approaches that
can be used in vivo in the setting of transplantation are lacking.

Importantly, despite the tolerogenic environment created by
ECP, GVT was not impaired in our model. This is consistent with 2

retrospective clinical studies where ECP was part of the preparative
regimen. Although overall and disease-free survival was signifi-
cantly improved and incidence of severe acute GVHD (grade III-IV)
was lower than expected in these high-risk patients, it did not appear
to increase relapse rates or the risk of opportunistic infections that
have been observed in other attempts to prevent GVHD.10,49,50

Furthermore, T- and B-cell responses to novel and recall antigens
remained intact in patients treated with ECP.51

Wehave shown for thefirst time that GVHD is reducedwhenECP
is performed prior to transplant conditioning. ECP treatment early
after transplantation (day 12 or 14) failed to protect mice from
GVHD, a finding that contrasts previous reports on the protective
function of early posttransplant ECP in mice.29 This discrepancy
could be explained by differences in model systems where posttrans-
plant ECP may be protective with less intense conditioning and
allogenicity because the tolerizing effect can be overcome by
additional danger signals in a dose-dependent manner.29,52-54 In our
model, when we injected LPS simultaneously with ECP-treated cells,
we observed restoration of CD80/86 expression on DCs as an
indicator for DC maturation, and mice treated with ECP shortly after
conditioning showed no survival benefit. These results suggest that
DCsensitivity toECP is highly contextual and themicromilieu during
DC maturation is the key variable for the functional activity of

Figure 7. GVT effect is maintained after ECP

treatment. (A) Specific killing of target (T) tumor cell
lines A20 (left) and Bcl1 (right) by effector CD81 T cells
(E) is shown. CD81 T cells were isolated from ECP-

treated (ECP) or nontreated (Tcon) mice 10 days after
BMT and were added to 51Cr-labeled target cells at an
E:T ratio of 20:1 and 5:1. Specific killing occurred in

both target cells, but with reduced efficiency in ECP-
treated mice. (B) GVT effects in vivo are maintained in

ECP-treated mice in a Bcl1 tumor model. Recipients
were injected with 5 3 103 luc1Bcl1 cells 9 days prior
to BMT. Tumor-bearing recipients were transplanted

with Tcon alone (blue, :), or additionally received
ECP-treated splenocytes from healthy mice (red, ▼)
48 hours prior to BMT. Results are done in triplicates

and are representative of 2 individual experiments (A)
or are compiled from 2 experiments with 10 mice per

group (B).
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Summary of results I 
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•  host-type ECP-treated cells prior to transplantation 

diminishes GVHD and significantly improves survival 

•  ECP treatment at day -5 did not improve outcomes  

•  Depends to apoptotic cells that reduce NF-kB and inhibit 

maturation of host DCs 

•  Inhibition of NF-kB activation in DCs reduce T-cell activation 

in GVHD 

•  Reduce donor T-cells contribute to reduce proinflamatory 

signals 



Summary of results II 
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•  Tregs increased in patients with acute GVHD when 

successfully treated with ECP 

•  Tregs inhibit T-cell activation by inhibition of CD28 signaling 

•  Increase suppressive capacity by expression of CTLA4 

•  IL10 are required in the recipient at the time of ECP 

•  lower MHCII expression on donor T cells in ECP-treated mice  

•  T- and B-cell responses to novel and recall antigens remained 

intact  

•  Prophylactic ECP delayed the induction of GVHD 



Conclusion 
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•  prophylactic ECP prior to BMT reducing transplant 

complicantions and improved survival in a murine BMT 

model  

•  ECP treatment is safer than many other immunosuppressive 

approaches  

Critical review 
•  long term impact of ECP? 

•  Exact immunological effect of ECP?  


