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Over the past 15 years: 

• A major goal is to maximize T cell effects--less intense 
chemotherapy is often used 

• Older patients are commonly transplanted (to 75 vs. 60) 

• Peripheral blood (vs. marrow) is commonly used as a stem cell 
source 

• 100-day mortality has decreased dramatically with nonmyeloablative 
or reduced-intensity conditioning 

• More graft sources and donors (NMDP, worldwide registries)

The evolution of allogeneic SCT



• Risk stratification for most diseases (e.g., acute myeloid leukemia, the 
primary indication for allo SCT) has evolved very little, despite the 
‘omics’ revolution 

• In most cases, we still infuse donor grafts as collected, without 
enrichment or manipulation of cell subsets 

• Strategies to prevent and/or treat GVHD have not significantly evolved in 
over 25 years, despite many attempts and the advent of targeted and 
biologic therapies 

• Beyond conditioning, no therapies have typically been used to reduce 
relapse risk

What hasn’t changed much?
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report that it is possible to segregate 
donors into those likely to cause GVHD 
and those who are relatively safe [11]. 
If this ability to discriminate between 
strong and weak alloresponders is 
verifi ed in further studies, these 
fi ndings could have important 
implications for donor selection.

Donor Graft Manipulation
Stem cell grafts contain distinct 
functional and phenotypic subsets of T 
cells, including antigen-inexperienced 
naïve T cells (TN), antigen-experienced 
memory T cells, (TM), and regulatory 
T cells (TREG). Recent studies have 
begun to dissect the contribution of 
these individual T cell subsets to GVHD 
and have identifi ed opportunities 
for more refi ned manipulation of 
the T cell content of stem cell grafts 
that may reduce GVHD without the 
severe T cell defi ciency associated 
with complete depletion (Figure 3). 
For example, the selective depletion 
of TN from allogeneic stem cell 
grafts abrogated GVHD in both 
CD4- and CD8-dependent multiple 

minor histocompatibility antigen–
mismatched mouse models, and the 
remaining TM provided reconstitution 
of immunity to pathogens [12,13]. 
Human TN and TM can also be 
distinguished based on phenotype—
TN are CD45RA+ and CD62L+, 
while TM are CD45RO+ and either 
CD62L+ or CD62L-, and emerging 
data suggest that alloreactivity for 
minor histocompatibility antigens is 
predominantly contained in the TN 
subset [14]. The human TM repertoire 
comprises less than 1% of the overall 
T cell receptor diversity and consists 
of large numbers of T cells specifi c 
for cytomegalovirus, Epstein Barr 
virus, and other pathogens that cause 
opportunistic infections in HCT 
recipients [15]. Thus, unless the 
donor has been previously sensitized 
to recipient minor histocompatibility 
antigens (which would convert 
alloreactive naïve T cells to the 
memory pool), transplants using stem 
cells depleted of naïve T cells could 
reduce or eliminate GVHD while 
preserving the transfer of memory T 

cells to common infectious agents. 
Such transplants would overcome a 
major limitation of transplantation 
using complete T cell depletion. The 
recognition that donor CD4+ CD25+ 
Foxp3+ TREG cells suppress T cell 
responses in vitro and in vivo suggests 
another attractive approach to donor 
graft manipulation for preventing 
GVHD. The importance of TREG in 
GVHD is supported by murine studies 
showing that their depletion from stem 
cell grafts exacerbates GVHD and that 
the infusion of additional TREG at the 
time of HCT reduces lethal GVHD, 
apparently by limiting the initial 
activation of alloreactive T cells in 
lymph nodes [16,17]. Clinical studies 
have suggested that stem cell grafts 
from donors with higher numbers of 
TREG confer a lower risk of GVHD [18], 
and efforts are in progress to isolate 
and expand populations of human TREG 
that might be used to supplement stem 
cell grafts and abrogate GVHD [19].

Segregation of GVHD from GVT
Although these new approaches to 
allogeneic HCT are likely to reduce 
the severity of GVHD, an important 
concern for patients undergoing HCT 
for a malignant disease is whether 
reducing GVHD might increase the risk 
of tumor recurrence. Like GVHD, GVT 
is the result of donor T cells reacting 
with disparate minor histocompatibility 
antigens, and elimination of GVHD 
would seem almost certain to diminish 
the GVT effect. Elucidation of the 
molecular structure, HLA restriction, 
and tissue expression of human minor 
histocompatibility antigens, and the 
identifi cation of non-polymorphic 
leukemia-associated antigens that 
can be recognized by T lymphocytes 
offers the exciting prospect that 
targeted T cell therapy after HCT 
might selectively augment GVT activity 
[20]. An increasing number of minor 
histocompatibility antigens have now 
been molecularly characterized, and 
novel mechanisms of polypeptide 
processing have been uncovered 
[21]. Several minor histocompatibility 
antigens are expressed in both normal 
and malignant hematopoietic cells of 
the recipient, but not in epithelium 
[22]. Thus, donor T cells reactive with 
such tissue-restricted antigens will 
target recipient hematopoietic and 
leukemic cells without damaging non-
hematopoietic tissues or engrafting 

doi:10.1371/journal.pmed.0040198.g003 

Figure 3. Selective Manipulation of T Cell Subsets in Allogeneic Stem Cell Grafts to Reduce 
GVHD while Retaining GVT and Pathogen-Specifi c Immunity
Strategies being developed to modify the T cell content of allogeneic stem cell grafts include: 
a) depletion of the TN subset of cells that contain the repertoire of T cells capable of recognizing 
minor histocompatibility antigens expressed on skin, gastrointestinal, and hepatic tissues; b) 
expanding TREG cells that interfere with activation of alloreactive T cells to augment the stem cell 
graft; c) isolation and expansion of tumor-reactive T cells from naïve T cell progenitors for adoptive 
immunotherapy to augment the GVT effect; and d) retention of TM cells in the graft to restore 
protective T cell immunity to pathogens.
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Introduction
This year approximately 20,000 
individuals will receive an allogeneic 
hematopoietic cell transplant (HCT) 
as treatment for a malignant, or 
life-threatening non-malignant, 
hematopoietic disease. The process 
of HCT generally begins with 
administration of a preparative regimen 
to eradicate the underlying disease 
and immunosuppress the patient 
in order to prevent rejection of the 
subsequently transfused hematopoietic 
stem cells. Following HCT, donor T 
cells transplanted with or developing 
from the hematopoietic stem cells 
react with cells of the human leukocyte 
antigen (HLA)-matched but genetically 
non-identical host, providing a 
benefi cial graft-versus-tumor (GVT) 
response but also resulting in possibly 
life-threatening graft-versus-host 
disease (GVHD). The manifestations 
of GVHD vary over its course. Acute 
GVHD usually appears within several 
weeks of HCT and is characterized 
by a diffuse maculopapular rash, 
mucosal infl ammation causing crampy 
abdominal pain and diarrhea, and 
elevated liver function tests (Figure 
1). GVHD that fi rst appears or 
persists more than three months after 
allogeneic HCT is termed chronic 
GVHD and resembles a chronic 
autoimmune disorder. Patients 
frequently develop lichen planus 
skin lesions, ocular and oral sicca, 
obliterative bronchiolitis, and hepatic 
abnormalities resembling primary 
biliary sclerosis.

If no immunosuppression is given 
after allogeneic HCT, life-threatening 
or fatal GVHD inevitably develops. The 
fi rst successful application of allogeneic 
HCT to treat human leukemia in the 
early 1970s was made possible by the 
use of methotrexate, administered early 
after transplantation as prophylaxis 

against GVHD [1]. In the mid-1980s, 
prospective randomized trials were 
performed demonstrating that a 
combination of a calcineurin inhibitor 
(cyclosporin or tacrolimus) plus 
methotrexate was superior to either 
agent alone in preventing acute GVHD 
[2,3], and such combinations remain 
the standard of care today. Despite 
such prophylaxis, approximately 50% 
of patients receiving HCT will develop 
acute GVHD suffi ciently severe to 
require additional immunosuppression, 
usually in the form of a corticosteroid, 
and approximately 50% of patients 
will develop chronic GVHD requiring 
continued immunosuppression for 
up to several years. The majority of 
patients eventually develop tolerance, 
and immunosuppression can be 
completely withdrawn in these cases, 
but 10%–20% of recipients of HLA-
matched hematopoietic cell transplants 
will die of refractory GVHD or of 
opportunistic infections associated with 
its prevention or treatment, and the 
mortality rate increases with increasing 
donor–recipient HLA disparity.

An elusive goal of research has 
been to fi nd ways to prevent GVHD 
without dramatically increasing other 
transplant complications. Most clinical 
studies to date have focused on the 
use of alternative immunosuppressants 
or removal of T cells from the donor 

stem cell source. More intensive 
post-transplant immunosuppressive 
regimens and T cell depletion are 
both capable of dramatically reducing 
the incidence and severity of GVHD, 
but do so at the cost of an increased 
incidence of fatal post-transplant 
infections and tumor recurrence. 
Increased graft rejection may also 
occur if donor T cells are removed 
from the donor stem cell graft, because 
the reaction of these cells against 
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Figure 1. Clinical Appearance of Acute Graft-Versus-Host Disease Involving the Skin and the 
Upper Intestinal Mucosa
Left panel: The diffuse erythematous maculopapular rash typical of acute GVHD. Right panel: an 
endoscopic view of the edematous, reddened, friable gastrointestinal mucosa seen in a patient 
with acute GVHD.
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verifi ed in further studies, these 
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that may reduce GVHD without the 
severe T cell defi ciency associated 
with complete depletion (Figure 3). 
For example, the selective depletion 
of TN from allogeneic stem cell 
grafts abrogated GVHD in both 
CD4- and CD8-dependent multiple 

minor histocompatibility antigen–
mismatched mouse models, and the 
remaining TM provided reconstitution 
of immunity to pathogens [12,13]. 
Human TN and TM can also be 
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alloreactive naïve T cells to the 
memory pool), transplants using stem 
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Figure 3. Selective Manipulation of T Cell Subsets in Allogeneic Stem Cell Grafts to Reduce 
GVHD while Retaining GVT and Pathogen-Specifi c Immunity
Strategies being developed to modify the T cell content of allogeneic stem cell grafts include: 
a) depletion of the TN subset of cells that contain the repertoire of T cells capable of recognizing 
minor histocompatibility antigens expressed on skin, gastrointestinal, and hepatic tissues; b) 
expanding TREG cells that interfere with activation of alloreactive T cells to augment the stem cell 
graft; c) isolation and expansion of tumor-reactive T cells from naïve T cell progenitors for adoptive 
immunotherapy to augment the GVT effect; and d) retention of TM cells in the graft to restore 
protective T cell immunity to pathogens.

July 2007  |  Volume 4  |  Issue 7  |  e198

PLoS Medicine  |  www.plosmedicine.org 1174

Research in Translation

July 2007  |  Volume 4  |  Issue 7  |  e198

Graft-Versus-Host Disease: 
A Surge of Developments 
Stanley R. Riddell, Frederick R. Appelbaum*

Introduction
This year approximately 20,000 
individuals will receive an allogeneic 
hematopoietic cell transplant (HCT) 
as treatment for a malignant, or 
life-threatening non-malignant, 
hematopoietic disease. The process 
of HCT generally begins with 
administration of a preparative regimen 
to eradicate the underlying disease 
and immunosuppress the patient 
in order to prevent rejection of the 
subsequently transfused hematopoietic 
stem cells. Following HCT, donor T 
cells transplanted with or developing 
from the hematopoietic stem cells 
react with cells of the human leukocyte 
antigen (HLA)-matched but genetically 
non-identical host, providing a 
benefi cial graft-versus-tumor (GVT) 
response but also resulting in possibly 
life-threatening graft-versus-host 
disease (GVHD). The manifestations 
of GVHD vary over its course. Acute 
GVHD usually appears within several 
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abdominal pain and diarrhea, and 
elevated liver function tests (Figure 
1). GVHD that fi rst appears or 
persists more than three months after 
allogeneic HCT is termed chronic 
GVHD and resembles a chronic 
autoimmune disorder. Patients 
frequently develop lichen planus 
skin lesions, ocular and oral sicca, 
obliterative bronchiolitis, and hepatic 
abnormalities resembling primary 
biliary sclerosis.

If no immunosuppression is given 
after allogeneic HCT, life-threatening 
or fatal GVHD inevitably develops. The 
fi rst successful application of allogeneic 
HCT to treat human leukemia in the 
early 1970s was made possible by the 
use of methotrexate, administered early 
after transplantation as prophylaxis 

against GVHD [1]. In the mid-1980s, 
prospective randomized trials were 
performed demonstrating that a 
combination of a calcineurin inhibitor 
(cyclosporin or tacrolimus) plus 
methotrexate was superior to either 
agent alone in preventing acute GVHD 
[2,3], and such combinations remain 
the standard of care today. Despite 
such prophylaxis, approximately 50% 
of patients receiving HCT will develop 
acute GVHD suffi ciently severe to 
require additional immunosuppression, 
usually in the form of a corticosteroid, 
and approximately 50% of patients 
will develop chronic GVHD requiring 
continued immunosuppression for 
up to several years. The majority of 
patients eventually develop tolerance, 
and immunosuppression can be 
completely withdrawn in these cases, 
but 10%–20% of recipients of HLA-
matched hematopoietic cell transplants 
will die of refractory GVHD or of 
opportunistic infections associated with 
its prevention or treatment, and the 
mortality rate increases with increasing 
donor–recipient HLA disparity.

An elusive goal of research has 
been to fi nd ways to prevent GVHD 
without dramatically increasing other 
transplant complications. Most clinical 
studies to date have focused on the 
use of alternative immunosuppressants 
or removal of T cells from the donor 

stem cell source. More intensive 
post-transplant immunosuppressive 
regimens and T cell depletion are 
both capable of dramatically reducing 
the incidence and severity of GVHD, 
but do so at the cost of an increased 
incidence of fatal post-transplant 
infections and tumor recurrence. 
Increased graft rejection may also 
occur if donor T cells are removed 
from the donor stem cell graft, because 
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Figure 1. Clinical Appearance of Acute Graft-Versus-Host Disease Involving the Skin and the 
Upper Intestinal Mucosa
Left panel: The diffuse erythematous maculopapular rash typical of acute GVHD. Right panel: an 
endoscopic view of the edematous, reddened, friable gastrointestinal mucosa seen in a patient 
with acute GVHD.
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Data analysis workflow

• Pathogen-specific T cell responses could not rise above 
frequencies of 0.5-1% of the overall repertoire 

• CMV reactivation most likely occurred in the absence of 
pathogen-specific T cells 

• Steroids are lympholytic and therefore eliminate CMV-
specific T cells from the circulation

Widely held assumptions about CMV immunity in 1997



Data analysis workflow20 years ago T cell measurements were semi-quantitative

Walter, Riddell, et al N Engl J Med 1995;333:1038-1044.



Data analysis workflowCMV reactivation still matters 
2016 CIBMTR Infection Working Committee analysis

Teira, et al., CIBMTR Infection & Immune Recovery WC, Blood 2016
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Key Points

• Cytomegalovirus after bone
marrow transplantation
remains associated with lower
survival but not prevention of
leukemia relapse.

Single-center studies have reported an association between early (before day 100)

cytomegalovirus (CMV) reactivation and decreased incidence of relapse for acute myeloid

leukemia (AML) followingallogeneichematopoietic cell transplantation.Tosubstantiate

these preliminary findings, the Center for International Blood and Marrow Transplant

Research (CIBMTR)Databasewas interrogated toanalyze the impactofCMVreactivationon

hematologic disease relapse in the current era. Data from 9469 patients transplanted

with bonemarrow or peripheral blood between 2003 and 2010were analyzed according to 4

diseasecategories:AML (n5 5310); acute lymphoblastic leukemia (ALL, n5 1883); chronic

myeloid leukemia (CML, n5 1079); andmyelodysplastic syndrome (MDS, n5 1197). Median time to initial CMV reactivation was 41 days

(range, 1-362 days). CMV reactivation had no preventive effect on hematologic disease relapse irrespective of diagnosis.Moreover, CMV

reactivation was associated with higher nonrelapse mortality [relative risk [RR] among disease categories ranged from 1.61 to 1.95 and

P values from .0002 to <.0001; 95% confidence interval [CI], 1.14-2.61). As a result, CMV reactivation was associated with lower overall

survival for AML (RR5 1.27; 95%CI, 1.17-1.38;P <.0001), ALL (RR5 1.46; 95%CI, 1.25-1.71;P<.0001), CML (RR5 1.49; 95%CI, 1.19-1.88;

P5 .0005), and MDS (RR5 1.31; 95% CI, 1.09-1.57; P5 .003). In conclusion, CMV reactivation continues to remain a risk factor for poor

posttransplant outcomes and does not seem to confer protection against hematologic disease relapse. (Blood. 2016;127(20):2427-2438)

Introduction

Recipients of allogeneic hematopoietic transplant (HCT) who have
positive cytomegalovirus (CMV) serology are at increased risk for
CMV reactivation and early and late nonrelapse mortality (NRM).1

Current viral surveillance through polymerase chain reaction (PCR)
and preemptive antiviral therapy for CMV reactivation have reduced
the risk of death from CMV disease to,10%.2-6 However, the need
for novel therapies remain, as current antiviral therapy is associated
with significant side effects including renal insufficiency and bone

marrow suppression, and certain viral infections in HCT patients,
like CMV pneumonia,7 are associated with high mortality rates.

Some single-center studies have noted an unexpected associ-
ation of positive CMV serology or early (before 100 days after HCT
[D100]) CMV reactivation with decreased incidence of hemato-
logic disease relapse following allogeneic HCT.8-13 Although
initially described in preventing acute myelogenous leukemia
(AML) relapse, this putative protective effect of CMV reactivation
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was associated with an increased risk of disease relapse. Overall,
CMV reactivation was not associated with attenuation in risk for
AML,ALL,CML, orMDS relapse following initial allogeneicHCT.

Lonnqvist et al first reported the potential effects of CMV
infection in reducing leukemia relapse following allogeneic
HCT.19 Recent studies have also suggested that positive CMV
serology or reactivation may prevent leukemia relapse, mostly in

patients with AML. For example, positive D/R CMV serology was
associatedwith lower risk for acute leukemia relapse and higher DFS
in 140 pediatric patients.8 In 266 adults, patients with early CMV
reactivation (prior to D100) experienced decreases in AML relapse
(relapse rate in patients with and without CMV reactivation, 9% vs
42%, respectively), but without increases in NRM.9 In 264 adult
AML patients, CMV reactivation attenuated leukemia relapse and
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Figure 3. Multivariable analysis of risk factors for outcomes depending on CMV donor/recipient serology or CMV reactivation. (A) Relapse, (B) NRM, (C) aGVHD,
(D) cGVHD, (E) DFS, and (F) OS. For multivariate analysis, D2/R2 = 1, and no CMV reactivation = 1.

2434 TEIRA et al BLOOD, 19 MAY 2016 x VOLUME 127, NUMBER 20

For personal use only.on January 13, 2017. by guest  www.bloodjournal.orgFrom 

was associated with an increased risk of disease relapse. Overall,
CMV reactivation was not associated with attenuation in risk for
AML,ALL,CML, orMDS relapse following initial allogeneicHCT.

Lonnqvist et al first reported the potential effects of CMV
infection in reducing leukemia relapse following allogeneic
HCT.19 Recent studies have also suggested that positive CMV
serology or reactivation may prevent leukemia relapse, mostly in

patients with AML. For example, positive D/R CMV serology was
associatedwith lower risk for acute leukemia relapse and higher DFS
in 140 pediatric patients.8 In 266 adults, patients with early CMV
reactivation (prior to D100) experienced decreases in AML relapse
(relapse rate in patients with and without CMV reactivation, 9% vs
42%, respectively), but without increases in NRM.9 In 264 adult
AML patients, CMV reactivation attenuated leukemia relapse and
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Figure 3. Multivariable analysis of risk factors for outcomes depending on CMV donor/recipient serology or CMV reactivation. (A) Relapse, (B) NRM, (C) aGVHD,
(D) cGVHD, (E) DFS, and (F) OS. For multivariate analysis, D2/R2 = 1, and no CMV reactivation = 1.
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The first description of immunologic memory

“the sick and the dying were tended by the pitying care of those 
who had recovered, because they knew the course of the 
disease and were themselves free from apprehensions. For no 

one was ever attacked a second time, or not with a fatal result”  

Thucydides, 430 B.C.



Data analysis workflowMeasurement of Ag-specific CD8+ T cells with tetramers

From R. Schwartz, NEJM 10/8/98 (original J.Exp. Med 187:9, 1998)



CD4+ CFC 
(Functional)

CD8+  Tetramer 
(Specificity)

CD8+ CFC 
(Functional)

Komanduri, et al., Virology, 2001



Komanduri, et al., Virology, 2001



CMV Retinitis in a patient with AIDS



Komanduri,  McCune, et al., Nat Medicine 4:153-7, 1998

Slightly Less Ancient History



Komanduri,  et al., J Inf Diseases, 2001



Data analysis workflow

269 subjects transplanted 1998-2000 (alive at day 100) 

144/269 with early reactivation (54%); 84 with late 
reactivation (31%) 

65 of 144 (45%) with early reactivation had late reactivation; 
15 of 125 (15%) isolated late 

Multivariate analyses of subjects with early reactivation

Risk factors for late CMV reactivation in SCT

Ozdemir, et al, Bone Marrow Transplantation 2007



Data analysis workflowRisk factors for late CMV reactivation

Early CMV
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Figure 2

Ozdemir, Komanduri, et al.,  ASH, 2004



Data analysis workflowLate CMV reactivation:  risk stratification

31

Table  4.  Risk Groups for Late CMV Reactivation

Risk
Classification

Clinical Factors CI (%)   HR          P

Low Patients with no antecedent early reactivation

MR, no aGVHD and Myeloid

15          Ref.

15          0.97           0.96

Intermediate MUD/MMR/MR+aGVHD and Myeloid/P+D+

MR, no aGVHD and Lymphoid

29          2.3          0.045

39          2.6          0.03

High MUD/MMR/MR+aGVHD and Lymphoid/P+D+

MUD/MMR/MR+aGVHD and Lymphoid/P+D–

MUD/MMR/MR+aGVHD and Myeloid/P+D–

63         6.5         <0.001

67         10.8       <0.001

67         6.6         <0.001

Ozdemir, et al, Bone Marrow Transplantation 2007

34



Data analysis workflowQuantitation of CMV-specific CD8+ T cells in SCT recipients
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Sampling vs. Reactivation

0 100

“Late” Reactivation“Early” Reactivation



Data analysis workflow~Day +90 Increased CMV-specific CD8+ T cells  
in patients with reactivation

Ozdemir, Komanduri et al., Blood, 2002



Sampling vs. Reactivation

0 100

“Late” Reactivation“D100” Reactivation



Data analysis workflow~Day +90 Increased CMV-specific CD8+ T cells  
in patients with early reactivation

Ozdemir, Komanduri et al., Blood, 2002



Data analysis workflow

Ozdemir, Komanduri et al., Blood, 2002

High frequencies of CMV-specific CD8+ T cells in patients assessed proximate to CMV antigenemia 
(4/10 on day of sampling:  40.5%, 1.6%, 10.2%, 0.7%)



Data analysis workflow

Ozdemir, Komanduri et al., Blood, 2002

Combined tetramer/cytokine flow cytometry analysis  
function within Ag-specific CD8+ T cells



Data analysis workflow

Ozdemir, Komanduri et al., Blood, 2002

Dysfunction of CD8+ T cells is associated with CMV reactivation

≥



Data analysis workflow

Ozdemir, Komanduri et al., Blood, 2002

Dysfunction not number of CMV-specific CD8+ T cells  
is associated with acute GVHD



Data analysis workflow

Ozdemir, Komanduri et al., Blood, 2002

Dysfunction (not number) of CD8+ T cells is associated with steroid use



Data analysis workflowSometimes the problem is quantitative 
(Double CBT recipient with multiple life-threatening infections)

de Lima and Komanduri, Br J Hematol 2002



CBT recipients have profound immune deficits, 
but few studies have detailed immune recovery 

12/2007:  Reported results of longitudinal immune 
recovery studies from a group of 32 subjects 

Last interim update in 2009 (47 patients)
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Data analysis workflow 

Naïve Thymic Emigrant 
CD4+ or CD8+ T Cell 

 
Effector T cell 
CD4+ or CD8+  

 

Memory T cell 
CD4+ or CD8+  

 
 
 

Antigenic Stimulation 
 

Thymus 

Repeat Exposure 
to Antigen 

The thymus generates a naive T cell pool  
from which the memory repertoire is derived



Data analysis workflowThymopoiesis can be measured, and is impaired after adult CBT 

0.1
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p<0.0001 p=0.0007
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Data analysis workflow

• Earlier studies were cross-sectional and not prospective 

• Better understanding of function and better technology 

• Looking at CD4+ and CD8+ responses to CMV pp65 and IE1, and 
at naive/memory/Tscm responses 

• Looking at combinations of IL-2/IFN/TNF/MIP-1beta 

• Correlating above more precisely with patterns of reactivation

Why bother looking again at CMV responses in 2017?



Data analysis workflowSchema for sample collection for translational research

!

!
!
Figure 1: Testing Schema for ZIKV: Patients will be approached during evaluation for allo-HCT for informed consent. Blood and 
urine samples will be collected from the donor at time of initial evaluation and on day of HPC collection. Recipients will have samples 
taken on day of initial evaluation, at the time of hospitalization for HCT, and at days +30 and +100 post-HCT. Patients will be followed 
for a minimum of 12 months post-transplant for the occurrence of ZIKV-associated syndromes and HCT outcomes. 



Data analysis workflowPatterns of CMV reactivation

• Three groups 
– Group 1 (EC): Elite Controller:  at risk but never reactivated 

– Group 2 (SC) : Spontaneous control: reactivated but control w/o 

therapy

– Group 3 (treated): reactivated and received anti-CMV therapy 

• Here we report for the first time group 1 EC (n=10) and 
compare the results to groups 2 and 3 (n=8, 9) 

•  First day of reactivation: 
– Group 2: 3, 12, 14, 25, 33, 35, 60, 65 (median= 29) 
– Group 3: 1, 6, 13, 15, 22, 28, 32, 35, 37 (median = 22)
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Data analysis workflowLongitudinal CD8+ response to CMV pp65 in one patient

 
Figure 4: Detailed analysis of CD8 pp65 response in a single patient: We used Boolean combination gating to determine the 
cytokine signature over time for each combination of cytokines.  In this patient, the majority of the functional cells were producing 
IFN-γ, TNF-α, and MIP1-β in combination, or MIP1-β alone.  This particular patient was able to control their early CMV reactivation 
(day 12 post transplant) without requiring medication. 
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Data analysis workflow

• Differentiation status of responders?  Tscm? 

• Functional focusing of the response?  Clonal diversity? 

• Virological? 

• Perhaps driven mostly by dysfunction?  GVHD?  Steroid? 

• Lots of work ahead

What is the key to immunologic control of CMV?



Data analysis workflowSurface phenotypic markers identify naive and memory T cells

Adapted from McMichael AJ & Rowland-Jones SL, Nature 2001
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Data analysis workflowCMV reactivation is associated with an abundance  
of late effector CD57+ CMV-specific CD8+ T cells
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Data analysis workflowImpact of CMV Reactivation on TCR Repertoire 
CMV-driven Exhaustion (PD1-/CD57+ CD8+ T cells)

Suessmuth, Kean et al., Blood Plenary Paper, 2016

expanded Tem TCRb clones were also tetramer1. Taken together,
these data provide strong molecular evidence that the expansion of
CD81 Tem in 1CMV patients was driven by the clonal expansion

of CMV-specific T cells. Moreover, the TCRb sequences of the
expanded and shared Tem and Tetramer1 T-cell clones from each
patient (Table 3), identified 17 novel TCRb sequences for which this

Figure 2. Longitudinal analysis of CD8 naive and memory T-cell subpopulation reconstitution in 1CMV and 2CMV patients. (A) Representative flow cytometry
analysis of memory subset marker expression in CD81 T cells. Cells were gated as follows: lymphocytes were identified by FSC and SSC, CD142CD31 T lymphocytes were

identified, further distinguished into CD81 and CD41 T cells, and analyzed for their expression of CCR7 and CD45RA memory markers. Tnaive were identified as CCR71

/CD45RA1, TCM: CCR71/CD45RA2, TEM: CCR72/CD45RA2, TEMRA: CCR72/CD45RA1. (B-C) Longitudinal analysis of CD81 naive and Tem subsets depicted in
percentage frequency (B) or absolute cell numbers (C). Data are mean6 SEM in1CMV patients (n5 7),2CMV patients (n5 10), and healthy controls (n5 10). Also shown

is the mean day of CMV reactivation (6SEM), depicted as a purple bar. (D) Left, Representative flow cytometry analysis at day1365 shows CD28 expression (left panel) and
Granzyme B expression (right panel) on CD81 Tem. Right, Longitudinal analysis of mean 6 SEM CD282CD81 Tem (left y-axis) and Granzyme B1CD81 Tem (right y-axis).
(E) Longitudinal analysis of PD-12/CD571CD81 Tem (solid lines) and naive T cells (dotted lines) of1CMV (n5 7),2CMV (n5 10) patients, and healthy controls. All data are

mean 6 SEM. *P # .05; **P # .01 Wilcoxon rank-sum test. CCR, C-C chemokine receptor; FSC, forward scatter; SSC, side scatter; TCM, central memory T cells; TEMRA,
effector memory-RA T cells.

BLOOD, 18 JUNE 2015 x VOLUME 125, NUMBER 25 DEFECTS IN TCR REPERTOIRE AFTER CMV REACTIVATION 3841
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Data analysis workflowImpact of CMV Reactivation on TCR Repertoire 
CMV-driven Exhaustion (Repertoire Skewing in TEM but not TN cells)

Suessmuth, Kean et al., Blood Plenary Paper, 2016

Figure 3. Contraction of Tem TCR diversity but not Tnaive TCR diversity in CMV-reactivating patients. (A) Representative flow cytometry analysis illustrates the purity of

CD81 Tnaive and CD81 Tem cells before (left plot) and after (middle and right plots) cell sorting. (B) Shown are representative graphs of the CD81 naive (left column) and CD81

Tem (right column) TCR landscape (showing frequencies of V and J gene combinations detected through deep sequencing) from 1 2CMV (blue) and 1 1CMV (red) patient.

(C) Clonality of PBMC, CD81 Tnaive, and CD81 Tem are shown for 2CMV and 1CMV patients as measured by the inverse of the normalized Shannon entropy number. All data
are mean6 SEM. *P# .05; Wilcoxon rank-sum test. (D) The clonality of Tnaive and Tem CD81 cells for each patient is compared with the percentage of Tem CD81 cells detected
via flow cytometry in each patient. Linear regression (R2 5 0.506) shows a correlation between expansion of Tem and increased Tem clonality in 1CMV patients (red). No such

relationship could be detected in 2CMV patients (blue). (E) TCR diversity of CD81 Tnaive and CD81 Tem are shown for 2CMV and 1CMV patients as measured by the Gini
coefficient.44 All data are mean 6 SEM. *P # .05; Wilcoxon rank-sum test. #Sorting purity of Tnaive from patient 001-008 could not be confirmed due to low yield.

3842 SUESSMUTH et al BLOOD, 18 JUNE 2015 x VOLUME 125, NUMBER 25
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Data analysis workflowHuman CMV and other virus-specific T cells are highly differentiated

following SEB and PMA/ionomycin stimulation, reinforcing the no-
tion that differentiation stage, rather than the nature of the activating
stimulus, determines the functional signature. Furthermore, these data
suggest that skewing of the memory response to M3 results in func-
tional T cells that produce abundant MIP-1!, but lack the ability to
produce IL-2, a characteristic associated with pathogen clearance.

Discussion
Recent technological advances, including “polychromatic” flow
cytometry using mAbs recognizing intracellular proteins, has led
to the recognition that there is dramatic phenotypic and functional
heterogeneity of the peripheral T cell repertoire. To better charac-
terize the relationship between CD8! T cell maturation stages and
their cytokine signatures, we examined peripheral human CD8! T
cells in PBMC, stimulated with polyclonal activators and viral
Ags, and systematically characterized the production of IL-2,
IFN-", TNF-#, and MIP-1!. Our results confirm the following: 1)
late memory (M3) CD8! T cells produce little IL-2 (including
IL-2/IFN-" coproduction), but are prolific producers of MIP-1!,
MIP-1#, and RANTES; 2) MIP-1! is the most abundant cytokine
produced by CMV-specific CD8! T cells; 3) nearly all IL-2 pro-
duction occurs in N, M1, and M2 CD8! T cells, whereas nearly all
IL-2/IFN-" coproduction occurs at the M1 and M2 stage; and 4)
functional cytokine signature is strongly associated with T cell
maturation stage in CD8! T lineage and is largely independent of
the type of stimulus initiating activation.

Using both TCR-dependent stimulation (e.g., CMV Ags) and
stimuli that bypass the TCR, requirements for costimulation and
proximal signaling events (PMA/ionomycin) we found that matu-
ration stage was closely tied to cytokine signature. Although we
observed complexity in the various combinations of cytokines/che-
mokines produced by early and late memory CD8! T cells, rela-
tively simple rules could be used to model the effects of maturation
on cytokine signature: 1) early stage CD8! T cells, including naive
cells, were more likely to be monofunctional with respect to cy-
tokine/chemokine production, with IL-2 and TNF-# production
defining their cytokine signature; 2) differentiation from naive to
the M1/M2 stages of CD8! T cells is associated with increasing
polyfunctionality, including coproduction of IL-2 and IFN-",
whereas progression to the M3 stage is again associated with
monofunctionality; and 3) M3 CD8! T cells are characterized by
the production of abundant amounts of MIP-1! (often in concert
with other cytokines) and other CC chemokines (MIP-1# and
RANTES) and little, if any, IL-2. These results are consistent with
the results of Hamann et al. (9) and Sandberg et al. (47), who also
found that CD27"CD8! T cells rarely produce IL-2, although
these cells produce perforin following polyclonal stimulation.
They also confirm the findings of Duvall et al. (23), who demon-
strated that subsets of HIV-2-specific CD8! T cells making
MIP-1! were more likely to express markers associated with more
differentiated maturation states.

Our analysis of CMV-specific T cells confirmed the results of
other studies demonstrating the abundance of later memory cells
(i.e., M2 and M3 cells) within this Ag-specific population. In con-
trast to our expectation that the most abundant product of CMV-
specific T cells would be either IFN-" or TNF-#, which have been

FIGURE 5. Cytokine production signatures of CMV specific CD8! T
cells. A, Functional assessment shows CMV-specific CD8! T cells across
the maturation spectrum in a representative donor. B, MIP-1! is the dom-
inant cytokine/chemokine produced by CMV-specific CD8! T cells. Cy-
tokine production profiles across the CD8! T cell maturation spectrum in
CMV pp65-stimulated PBMC from n # 8 healthy CMV-seropositive do-
nors. By far the most dominant functional subset following CMV Ag stim-
ulation was a monofunctional MIP-1!-producing subset containing mostly
M2 and M3 cells. Results depict the naive/memory distribution of the
functional CMV-specific CD8! T cell population in N (!), M1 (u),
M2 ( ), and M3 (f). C, As for PMA/ionomycin-stimulated cells, IL-2/
IFN-" coproducing CD8! T cells are primarily present within M1 and M2
stages (mean ! SD, M1: 44.3 $ 10.3%, M2: 35.0 $ 14.5%, and M3:
14.2 $ 5.4%). !, p % 0.01, for negligible cytokine production in CMV-
stimulated naive cells excluded.

Table I. Dominant cytokine signatures by CD8! T cell maturation stagea

N (CD27!CD45RA!) M1 (CD27!CD45RA") M2 (CD27"CD45RA") M3 (CD27"CD45RA!)

IL-2 TNF-! IFN-"/TNF-#/MIP-1! TNF-!/MIP-1"
TNF-! IFN-# IL-2/IFN-"/TNF-#/MIP-1! MIP-1"
IFN-" IL-2/TNF-! IL-2/IFN-"/TNF-# IFN-#/TNF-!

IL-2/IFN-#/TNF-! IL-2/TNF-# IFN-#/TNF-!/MIP-1"
IL-2/IFN-#/TNF-!/MIP-1"
IL-2/IFN-#
IFN-#/TNF-!

a For each possible cytokine/chemokine permutation shows the maturation stage that is the dominant producer of the given combination (bold); when
appropriate the stage producing the second highest amount of the combination is also shown. For example, cells producing IFN-" alone are found most
commonly in the M1 compartment, followed by the naive (N) compartment.
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Data analysis workflowTCR activation and the RAS/MEK/ERK pathway
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T cell signaling differs in “naive” and more mature T cells
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Key Points

• RAS/MEK/ERK signaling is
memory stage-dependent in
human T cells, conferring
susceptibility to alloreactive
T-cell selective inhibition.

• MEK inhibitors selectively
inhibit alloreactive but not
herpesvirus-specific human
T cells and inhibit murine
GVHD.

Immunosuppressive strategies currently used in hematopoietic stem cell transplantation

reliably decrease graft-versus-host disease (GVHD) rates, but also impair pathogen-

specific immunity. Experimental transplant studies indicate that GVHD-initiating allo-

reactive T cells reside primarily in naive and central memory T-cell compartments. In

contrast, virus-specific T cells comprise a more differentiated memory population. After

finding that the rat sarcoma/mitogen-activatedprotein kinase kinase/extracellular receptor

kinase (RAS/MEK/ERK) pathway is preferentially activated in naive and central memory

human T cells, we hypothesized that MEK inhibitors would preferentially inhibit

alloreactive T cells, while sparing more differentiated virus-specific T cells. Confirming

our hypothesis, we found that MEK inhibitors including selumetinib preferentially

inhibited cytokine production and alloreactivity mediated by naive and central memory

human CD41 and CD81 T cells while sparing more differentiated T cells specific for the

human herpesviruses cytomegalovirus and Epstein-Barr virus. We then demonstrated

that short-term posttransplant administration of selumetinib in a major histocompati-

bility complex major- and minor-mismatched murine model significantly delayed the onset of GVHD-associated mortality without

compromising myeloid engraftment, demonstrating the in vivo potential of MEK inhibitors in the setting of hematopoietic stem cell

transplantation. These findings demonstrate that targeting memory-dependent differences in T-cell signaling is a potent and

selective approach to inhibition of alloreactivity. (Blood. 2013;121(23):4617-4626)

Introduction

Allogeneic stem cell transplantation (SCT) is the preferred treatment of
many high-risk and/or relapsed hematologic malignancies. Unfortu-
nately, graft-versus-host disease (GVHD) remains a frequent and often
life-threatening complication.1,2 GVHD arises following the activation
of alloreactive donor T cells that recognize host antigens.3,4

Calcineurin inhibitors (eg, cyclosporine and tacrolimus) have
remained the mainstay of GVHD prevention strategies for decades,
but suppress T cells indiscriminately, thereby increasing the risk of
opportunistic infections, including herpesvirus reactivation. Simi-
larly, corticosteroids, the first line of therapy for GVHD, dramatically
increase the risk of serious infections, which remain the leading cause
of death following GVHD.5,6 The development of selective immu-
nosuppressive strategies that effectively inhibit alloreactivity, while
sparing pathogen-specific immunity, remains an important and elusive
goal.

The T-cell repertoire consists of naive T cells that have not yet
encountered antigen, and progressively differentiated central memory
and effector memory T-cell subsets, each characterized by distinct
patterns of surface marker expression, homing, and effector func-
tions.7 Combinations of surface markers (eg, CD45 isoforms, CCR7,
CD27, CD62L) may discriminate memory compartments, given the

lack of distinct molecular signatures that define and distinguish
human T-cell subsets.8

In murine GVHD, increasing evidence suggests that naive and
central memory T-cell subsets are more potent at inducingGVHD than
effector memory cells.9-13 Initially, it was demonstrated that naive
T cells, but not memory cells, were essential for GVHD induc-
tion.11 Subsequent studies confirmed that effector memory cells, in
contrast to naive T cells, were poorly capable of mediating GVHD.
Relative to naive and more differentiated effector memory T cells,
central memory cells are intermediate in their ability to induce
GVHD.12-14 Thus, the potential to induce GVHD diminishes with
maturation, with little to no contribution by the most differentiated
(effector memory) cells in GVHD initiation. In contrast to the relative
immaturity of the most critical GVHD-initiating cells, we have shown
that human CMV-specific T cells are usually highly differentiated.15

Consequently, we reasoned that selective inhibition of alloreactive
T cells might be achieved by targeting a pathway that is differentially
activated in naive and progressively differentiated memory cells.

Triggering of a T-cell receptor by its cognate antigen results in
nearly immediate activation of downstream signaling cascades,
including the rat sarcoma/mitogen-activated protein kinase kinase/

Submitted December 28, 2012; accepted March 31, 2013. Prepublished online
as Blood First Edition paper, April 10, 2013; DOI 10.1182/blood-2012-12-
476218.
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marked “advertisement” in accordance with 18 USC section 1734.
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Comment on Shindo et al, page 4617

MEKing it easier to prevent GVHD
-----------------------------------------------------------------------------------------------------

Paul J. Martin1 1FRED HUTCHINSON CANCER RESEARCH CENTER

In this issue of Blood, Shindo et al show differences in signal transduction between
T cells across the stages of memory differentiation, which could be exploited
clinically in a novel approach for preventing acute graft-versus-host disease
(GVHD).1

The thymus exports newly developed
T cells in a “naive” stage characterized by

expression of both CD45RA and CD27.
After stimulation of naive T (TN) cells,
asymmetric cell division differentiates effector
and memory T-cell fates. Memory T cells can

be divided into at least 3 distinct subsets.2

The CD45RA2CD271 “central” memory
(TCM) population migrates preferentially
through lymphoid tissue and is long-lived,
whereas the CD45RA2CD272 “effector”
memory (TEM) population migrates

preferentially in nonlymphoid tissues and
is short-lived. A CD45RA1CD272 “late
effector” memory (TEMRA) population of
CD8 cells has been identified in humans and
is closely related to the TEM population.

The TN cell population contains a wide
repertoire of receptors specific for alloantigens
and pathogen-associated antigens (see figure).
Because the immune system is challenged
far more often by pathogens than by
alloantigens, the repertoire of memory
populations is enriched for receptors that
recognize pathogen-specific antigens and
contains relatively few cells that recognize
alloantigens. As compared with TN cells, TEM

cells have a reduced ability to cause GVHD in
mice. Data are mixed for TCM cells, with
some studies showing that they cause no
GVHD and others showing that they cause
less severe GVHD as compared with TN

cells.3 Recent data suggest that the reduced
capacity of TEM cells to cause GVHD relates
both to T-cell receptor repertoire-dependent
and -independent properties.4,5

T-cell receptor signaling activates rat
sarcoma, which triggers a mitogen-activated
protein kinase relay involving sequential
phosphorylation of RAF, mitogen-activated
protein kinase kinase (MEK), and
extracellular receptor kinase (ERK). In this
signal cascade, activated RAF phosphorylates
MEK, and activated MEK phosphorylates
ERK. Phosphorylated ERK then enters the
nucleus and contributes to the activation
program of T cells through interactions with
transcription factors. Shindo et al1 used MEK
inhibitors to determine the extent to which
ERK phosphorylation is required for
activation of T cells at each stage of memory
differentiation. This question was motivated
by previous studies showing that inhibition
of ERK phosphorylation blocked proliferation
of murine T cells stimulated with alloantigen
in mixed lymphocyte cultures.6

Shindo et al1 report 4 main findings. (1)
ERK was phosphorylated in progressively

MEK-mediated phosphorylation of ERK and the repertoire of antigen specificities differ according to the stage of
memory T-cell differentiation. MEK-mediated phosphorylation of ERK decreases progressively across stages of

memory differentiation after activation of TN, TCM, TEM, and TEMRA cells that express CD45RA (TEMRA). Alloantigens are
recognized more effectively by the TN cell population than by memory populations, while protection against pathogens
is mediated more effectively by memory populations than by the TN cell population. Professional illustration by Paulette

Dennis.
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T-cell receptor signaling activates rat
sarcoma, which triggers a mitogen-activated
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Shindo et al1 report 4 main findings. (1)
ERK was phosphorylated in progressively

MEK-mediated phosphorylation of ERK and the repertoire of antigen specificities differ according to the stage of
memory T-cell differentiation. MEK-mediated phosphorylation of ERK decreases progressively across stages of

memory differentiation after activation of TN, TCM, TEM, and TEMRA cells that express CD45RA (TEMRA). Alloantigens are
recognized more effectively by the TN cell population than by memory populations, while protection against pathogens
is mediated more effectively by memory populations than by the TN cell population. Professional illustration by Paulette

Dennis.
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Key Points

• RAS/MEK/ERK signaling is
memory stage-dependent in
human T cells, conferring
susceptibility to alloreactive
T-cell selective inhibition.

• MEK inhibitors selectively
inhibit alloreactive but not
herpesvirus-specific human
T cells and inhibit murine
GVHD.

Immunosuppressive strategies currently used in hematopoietic stem cell transplantation

reliably decrease graft-versus-host disease (GVHD) rates, but also impair pathogen-

specific immunity. Experimental transplant studies indicate that GVHD-initiating allo-

reactive T cells reside primarily in naive and central memory T-cell compartments. In

contrast, virus-specific T cells comprise a more differentiated memory population. After

finding that the rat sarcoma/mitogen-activatedprotein kinase kinase/extracellular receptor

kinase (RAS/MEK/ERK) pathway is preferentially activated in naive and central memory

human T cells, we hypothesized that MEK inhibitors would preferentially inhibit

alloreactive T cells, while sparing more differentiated virus-specific T cells. Confirming

our hypothesis, we found that MEK inhibitors including selumetinib preferentially

inhibited cytokine production and alloreactivity mediated by naive and central memory

human CD41 and CD81 T cells while sparing more differentiated T cells specific for the

human herpesviruses cytomegalovirus and Epstein-Barr virus. We then demonstrated

that short-term posttransplant administration of selumetinib in a major histocompati-

bility complex major- and minor-mismatched murine model significantly delayed the onset of GVHD-associated mortality without

compromising myeloid engraftment, demonstrating the in vivo potential of MEK inhibitors in the setting of hematopoietic stem cell

transplantation. These findings demonstrate that targeting memory-dependent differences in T-cell signaling is a potent and

selective approach to inhibition of alloreactivity. (Blood. 2013;121(23):4617-4626)

Introduction

Allogeneic stem cell transplantation (SCT) is the preferred treatment of
many high-risk and/or relapsed hematologic malignancies. Unfortu-
nately, graft-versus-host disease (GVHD) remains a frequent and often
life-threatening complication.1,2 GVHD arises following the activation
of alloreactive donor T cells that recognize host antigens.3,4

Calcineurin inhibitors (eg, cyclosporine and tacrolimus) have
remained the mainstay of GVHD prevention strategies for decades,
but suppress T cells indiscriminately, thereby increasing the risk of
opportunistic infections, including herpesvirus reactivation. Simi-
larly, corticosteroids, the first line of therapy for GVHD, dramatically
increase the risk of serious infections, which remain the leading cause
of death following GVHD.5,6 The development of selective immu-
nosuppressive strategies that effectively inhibit alloreactivity, while
sparing pathogen-specific immunity, remains an important and elusive
goal.

The T-cell repertoire consists of naive T cells that have not yet
encountered antigen, and progressively differentiated central memory
and effector memory T-cell subsets, each characterized by distinct
patterns of surface marker expression, homing, and effector func-
tions.7 Combinations of surface markers (eg, CD45 isoforms, CCR7,
CD27, CD62L) may discriminate memory compartments, given the

lack of distinct molecular signatures that define and distinguish
human T-cell subsets.8

In murine GVHD, increasing evidence suggests that naive and
central memory T-cell subsets are more potent at inducingGVHD than
effector memory cells.9-13 Initially, it was demonstrated that naive
T cells, but not memory cells, were essential for GVHD induc-
tion.11 Subsequent studies confirmed that effector memory cells, in
contrast to naive T cells, were poorly capable of mediating GVHD.
Relative to naive and more differentiated effector memory T cells,
central memory cells are intermediate in their ability to induce
GVHD.12-14 Thus, the potential to induce GVHD diminishes with
maturation, with little to no contribution by the most differentiated
(effector memory) cells in GVHD initiation. In contrast to the relative
immaturity of the most critical GVHD-initiating cells, we have shown
that human CMV-specific T cells are usually highly differentiated.15

Consequently, we reasoned that selective inhibition of alloreactive
T cells might be achieved by targeting a pathway that is differentially
activated in naive and progressively differentiated memory cells.

Triggering of a T-cell receptor by its cognate antigen results in
nearly immediate activation of downstream signaling cascades,
including the rat sarcoma/mitogen-activated protein kinase kinase/
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Data analysis workflowMEK inhibition spares CMV-specific polyfunctional T cells

Shindo, Kim, et al., Blood 2013



Data analysis workflowTrametinib also spares CMV immunity 
and inhibits GVHD in vivo

Itamura, Shindo, et al., JCI Insight 2016



• MEK inhibition may selectively target alloreactivity while sparing 
pathogen-specific immunity (CMV, EBV-specific T cells) 

• Evidence of a class effect and potential synergy with CNI 

• Immune recovery may be protected via more selective inhibition 

• RAS/MEK/ERK signaling also important in some cancers (relapse?) 

Selective immunosuppression by MEK inhibition



Data analysis workflow

• Pathogen-specific T cell responses could not rise above frequencies of 
0.5-1% of the overall repertoire 

‣ Not true (routinely massively expanded in healthy and in patients) 

• CMV reactivation most likely occurred in the absence of pathogen-
specific T cells 

‣ True after CBT and TCD, but not in most SCT recipients 

• Steroids are lympholytic and therefore eliminate CMV-specific T cells 
from the circulation 

‣ Not true (biggest issue is dysfunction of T cell responses) 

A key challenge will be to develop better and more selective 
immunosuppression to facilitate pathogen-specific immune recovery

What have we learned from 20 years of CMV immunology?



PLoS Medicine  |  www.plosmedicine.org 1176

report that it is possible to segregate 
donors into those likely to cause GVHD 
and those who are relatively safe [11]. 
If this ability to discriminate between 
strong and weak alloresponders is 
verifi ed in further studies, these 
fi ndings could have important 
implications for donor selection.

Donor Graft Manipulation
Stem cell grafts contain distinct 
functional and phenotypic subsets of T 
cells, including antigen-inexperienced 
naïve T cells (TN), antigen-experienced 
memory T cells, (TM), and regulatory 
T cells (TREG). Recent studies have 
begun to dissect the contribution of 
these individual T cell subsets to GVHD 
and have identifi ed opportunities 
for more refi ned manipulation of 
the T cell content of stem cell grafts 
that may reduce GVHD without the 
severe T cell defi ciency associated 
with complete depletion (Figure 3). 
For example, the selective depletion 
of TN from allogeneic stem cell 
grafts abrogated GVHD in both 
CD4- and CD8-dependent multiple 

minor histocompatibility antigen–
mismatched mouse models, and the 
remaining TM provided reconstitution 
of immunity to pathogens [12,13]. 
Human TN and TM can also be 
distinguished based on phenotype—
TN are CD45RA+ and CD62L+, 
while TM are CD45RO+ and either 
CD62L+ or CD62L-, and emerging 
data suggest that alloreactivity for 
minor histocompatibility antigens is 
predominantly contained in the TN 
subset [14]. The human TM repertoire 
comprises less than 1% of the overall 
T cell receptor diversity and consists 
of large numbers of T cells specifi c 
for cytomegalovirus, Epstein Barr 
virus, and other pathogens that cause 
opportunistic infections in HCT 
recipients [15]. Thus, unless the 
donor has been previously sensitized 
to recipient minor histocompatibility 
antigens (which would convert 
alloreactive naïve T cells to the 
memory pool), transplants using stem 
cells depleted of naïve T cells could 
reduce or eliminate GVHD while 
preserving the transfer of memory T 

cells to common infectious agents. 
Such transplants would overcome a 
major limitation of transplantation 
using complete T cell depletion. The 
recognition that donor CD4+ CD25+ 
Foxp3+ TREG cells suppress T cell 
responses in vitro and in vivo suggests 
another attractive approach to donor 
graft manipulation for preventing 
GVHD. The importance of TREG in 
GVHD is supported by murine studies 
showing that their depletion from stem 
cell grafts exacerbates GVHD and that 
the infusion of additional TREG at the 
time of HCT reduces lethal GVHD, 
apparently by limiting the initial 
activation of alloreactive T cells in 
lymph nodes [16,17]. Clinical studies 
have suggested that stem cell grafts 
from donors with higher numbers of 
TREG confer a lower risk of GVHD [18], 
and efforts are in progress to isolate 
and expand populations of human TREG 
that might be used to supplement stem 
cell grafts and abrogate GVHD [19].

Segregation of GVHD from GVT
Although these new approaches to 
allogeneic HCT are likely to reduce 
the severity of GVHD, an important 
concern for patients undergoing HCT 
for a malignant disease is whether 
reducing GVHD might increase the risk 
of tumor recurrence. Like GVHD, GVT 
is the result of donor T cells reacting 
with disparate minor histocompatibility 
antigens, and elimination of GVHD 
would seem almost certain to diminish 
the GVT effect. Elucidation of the 
molecular structure, HLA restriction, 
and tissue expression of human minor 
histocompatibility antigens, and the 
identifi cation of non-polymorphic 
leukemia-associated antigens that 
can be recognized by T lymphocytes 
offers the exciting prospect that 
targeted T cell therapy after HCT 
might selectively augment GVT activity 
[20]. An increasing number of minor 
histocompatibility antigens have now 
been molecularly characterized, and 
novel mechanisms of polypeptide 
processing have been uncovered 
[21]. Several minor histocompatibility 
antigens are expressed in both normal 
and malignant hematopoietic cells of 
the recipient, but not in epithelium 
[22]. Thus, donor T cells reactive with 
such tissue-restricted antigens will 
target recipient hematopoietic and 
leukemic cells without damaging non-
hematopoietic tissues or engrafting 

doi:10.1371/journal.pmed.0040198.g003 

Figure 3. Selective Manipulation of T Cell Subsets in Allogeneic Stem Cell Grafts to Reduce 
GVHD while Retaining GVT and Pathogen-Specifi c Immunity
Strategies being developed to modify the T cell content of allogeneic stem cell grafts include: 
a) depletion of the TN subset of cells that contain the repertoire of T cells capable of recognizing 
minor histocompatibility antigens expressed on skin, gastrointestinal, and hepatic tissues; b) 
expanding TREG cells that interfere with activation of alloreactive T cells to augment the stem cell 
graft; c) isolation and expansion of tumor-reactive T cells from naïve T cell progenitors for adoptive 
immunotherapy to augment the GVT effect; and d) retention of TM cells in the graft to restore 
protective T cell immunity to pathogens.
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Introduction
This year approximately 20,000 
individuals will receive an allogeneic 
hematopoietic cell transplant (HCT) 
as treatment for a malignant, or 
life-threatening non-malignant, 
hematopoietic disease. The process 
of HCT generally begins with 
administration of a preparative regimen 
to eradicate the underlying disease 
and immunosuppress the patient 
in order to prevent rejection of the 
subsequently transfused hematopoietic 
stem cells. Following HCT, donor T 
cells transplanted with or developing 
from the hematopoietic stem cells 
react with cells of the human leukocyte 
antigen (HLA)-matched but genetically 
non-identical host, providing a 
benefi cial graft-versus-tumor (GVT) 
response but also resulting in possibly 
life-threatening graft-versus-host 
disease (GVHD). The manifestations 
of GVHD vary over its course. Acute 
GVHD usually appears within several 
weeks of HCT and is characterized 
by a diffuse maculopapular rash, 
mucosal infl ammation causing crampy 
abdominal pain and diarrhea, and 
elevated liver function tests (Figure 
1). GVHD that fi rst appears or 
persists more than three months after 
allogeneic HCT is termed chronic 
GVHD and resembles a chronic 
autoimmune disorder. Patients 
frequently develop lichen planus 
skin lesions, ocular and oral sicca, 
obliterative bronchiolitis, and hepatic 
abnormalities resembling primary 
biliary sclerosis.

If no immunosuppression is given 
after allogeneic HCT, life-threatening 
or fatal GVHD inevitably develops. The 
fi rst successful application of allogeneic 
HCT to treat human leukemia in the 
early 1970s was made possible by the 
use of methotrexate, administered early 
after transplantation as prophylaxis 

against GVHD [1]. In the mid-1980s, 
prospective randomized trials were 
performed demonstrating that a 
combination of a calcineurin inhibitor 
(cyclosporin or tacrolimus) plus 
methotrexate was superior to either 
agent alone in preventing acute GVHD 
[2,3], and such combinations remain 
the standard of care today. Despite 
such prophylaxis, approximately 50% 
of patients receiving HCT will develop 
acute GVHD suffi ciently severe to 
require additional immunosuppression, 
usually in the form of a corticosteroid, 
and approximately 50% of patients 
will develop chronic GVHD requiring 
continued immunosuppression for 
up to several years. The majority of 
patients eventually develop tolerance, 
and immunosuppression can be 
completely withdrawn in these cases, 
but 10%–20% of recipients of HLA-
matched hematopoietic cell transplants 
will die of refractory GVHD or of 
opportunistic infections associated with 
its prevention or treatment, and the 
mortality rate increases with increasing 
donor–recipient HLA disparity.

An elusive goal of research has 
been to fi nd ways to prevent GVHD 
without dramatically increasing other 
transplant complications. Most clinical 
studies to date have focused on the 
use of alternative immunosuppressants 
or removal of T cells from the donor 

stem cell source. More intensive 
post-transplant immunosuppressive 
regimens and T cell depletion are 
both capable of dramatically reducing 
the incidence and severity of GVHD, 
but do so at the cost of an increased 
incidence of fatal post-transplant 
infections and tumor recurrence. 
Increased graft rejection may also 
occur if donor T cells are removed 
from the donor stem cell graft, because 
the reaction of these cells against 
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Figure 1. Clinical Appearance of Acute Graft-Versus-Host Disease Involving the Skin and the 
Upper Intestinal Mucosa
Left panel: The diffuse erythematous maculopapular rash typical of acute GVHD. Right panel: an 
endoscopic view of the edematous, reddened, friable gastrointestinal mucosa seen in a patient 
with acute GVHD.
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weeks of HCT and is characterized 
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mucosal infl ammation causing crampy 
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early 1970s was made possible by the 
use of methotrexate, administered early 
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performed demonstrating that a 
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methotrexate was superior to either 
agent alone in preventing acute GVHD 
[2,3], and such combinations remain 
the standard of care today. Despite 
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of patients receiving HCT will develop 
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and approximately 50% of patients 
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up to several years. The majority of 
patients eventually develop tolerance, 
and immunosuppression can be 
completely withdrawn in these cases, 
but 10%–20% of recipients of HLA-
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will die of refractory GVHD or of 
opportunistic infections associated with 
its prevention or treatment, and the 
mortality rate increases with increasing 
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An elusive goal of research has 
been to fi nd ways to prevent GVHD 
without dramatically increasing other 
transplant complications. Most clinical 
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or removal of T cells from the donor 
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from the donor stem cell graft, because 
the reaction of these cells against 

Funding: The authors received no specifi c funding 
for this article.

Competing Interests: The authors have declared 
that no competing interests exist.

Citation: Riddell SR, Appelbaum FR (2007) Graft-
versus-host disease: A surge of developments. PLoS 
Med 4(7): e198. doi:10.1371/journal.pmed.0040198

Copyright: © 2007 Riddell and Appelbaum. This is 
an open-access article distributed under the terms 
of the Creative Commons Attribution License, 
which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original 
author and source are credited.

Abbreviations: GVHD, graft-versus-host disease; 
GVT, graft-versus-tumor; HCT, hematopoietic cell 
transplant; HLA, human leukocyte antigen; IL, 
interleukin; TM, memory T cells; TN, naïve T cells, TREG, 
regulatory T cells 

Stanley R. Riddell and Frederick R. Appelbaum are 
with the Fred Hutchinson Cancer Research Center 
and the University of Washington School of Medicine, 
Seattle, Washington, United States of America.

* To whom correspondence should be addressed. 
E-mail: fappelba@fhcrc.org

doi:10.1371/journal.pmed.0040198.g001 

Figure 1. Clinical Appearance of Acute Graft-Versus-Host Disease Involving the Skin and the 
Upper Intestinal Mucosa
Left panel: The diffuse erythematous maculopapular rash typical of acute GVHD. Right panel: an 
endoscopic view of the edematous, reddened, friable gastrointestinal mucosa seen in a patient 
with acute GVHD.
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