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Accumulating evidence supports the role of leukemic stem
cells (LSCs) in the high relapse rate of acute myeloid leukemia
(AML) patients. The clinical relevance of LSCs, which were
originally characterized in xenograft models, has recently been
confirmed by the finding that stem cell-like gene expression
signatures can predict the clinical outcome of AML patients.
The targeted elimination of LSCs might hence constitute
an efficient therapeutic approach to AML. Here, we review
immunotherapeutic strategies that target LSC-associated
antigens, including T cell-mediated and monoclonal antibody-
based regimens. Attention is given to the issue of antigen
specificity because thisis relevant to the therapeuticwindow and
determines the superiority of LSC-targeting immunotherapy.

Introduction

Acute myeloid leukemia (AML) is a heterogenous clonal disorder
of hematopoietic progenitor cells (“blasts”) that is characterized
by maturation arrest, uncontrolled proliferation, and resistance
to apoptosis.' Although 65 to 75% of AML patients younger
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than 60 reach a complete hematological remission in response
to currently available therapies, the five year overall survival is
less than 30%, owing to a high relapse rate.! Accumulating evi-
dence supports a prominent role for leukemic stem cells (LSCs)
-6 LSCs possess bio-
logical properties that render them resistant to chemotherapy and

in such a high rate of therapeutic failures.

radiotherapy and hence are probably responsible for the minimal
residual disease (MRD) of AML patients, eventually leading to
relapse. Therefore, the targeted elimination of LSCs may con-
stitute a very efficient way to achieve durable remissions in the

absence of prominent side effects.>>’

Leukemic Stem Cells: Definition

Most AML cells are unable to proliferate extensively, and only a
subset of these cells preserves clonogenic properties, suggesting
that, similar to normal hematopoiesis, leukemia may be main-
tained by a small population of stem cells.**"! In 1994, Dick
and colleagues identified, based on transplantation experiments
in severe combined immunodeficient (SCID) mice, AML-
initiating cells as residing within the CD34*CD38" population,
similar to normal hematopoietic stem cells (HSCs). These AML-
initiating cells were called leukemic stem cells (LSCs). In this
model, the CD34*CD38* or CD34~ AML cell fractions were
not capable of generating a leukemic graft.’ In 1997, the same
group reported (in the non-obese diabetic (NOD)/SCID mouse
model) that LSCs exhibited a CD34*CD38- phenotype in every
patient tested, regardless of the French-American-British (FAB)
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Table 1. Definition of leukemic stem cells in immunodeficient mouse models

AML Immunophenotype Mouse model
Ref. h isti Solikce Type (age, mouse strain Serial
CLEIEE CD34* (CD34'CD38- (CD34'CD38* (D34~ YP€'39% mouss " Engraftment
administration) transplant
3 M1/M2/MA4(FAB) PB Yes Yes No No Adult, SCID, i.v. 30-45d No
10 M1/N(l§/{\f\él)4/M5 PB Yes Yes No No Adult, NOD/SCID, i.v. 4-8 wk Yes
M1/M2/M3/M4/ Newborn,
12 M7 (FAB) BM ves ves No No NOD/SCID/Ii2rg ™", i. 16wk ves
Adult, NOD/SCID and
15 NPM + and - NA Yes Yes Yes NA NOD/SCID/B2m~- and 6 wk No
NOD/SCID/II2rg™-, i.v.
All NPM+, M1/ Adult/NOD-SCID B2m~"~
16 M2/ M4/M5 PB Yes NA Na Yes Adult/NOD-SCID Il2rg~~ 9-15 wk Yes
(FAB) IBM and i.v.
NPM+ and -M1/ 6,5-15 wk
14 M2/M4/M5 (FAB) PB Yes Yes Yes Yes Adult, NOD/SCID, IF (mean 10 wk) Yes

Abbreviations: AML, acute myeloid leukemia; BM, bone marrow; FAB, French-American-British; IBM, intra-bone marrow; IF, intrafemoral; LSC, leukemic
stem cell; NA, not addressed; NPM+, nucleophosmin-mutated; NPM -, nucleophosmin non-mutated; PB, peripheral blood. Source indicates the source
of cells (peripheral blood or bone marrow) from AML patients used for in vivo assays. Immunophenotype addresses the question whether LSCs are
contained within the specified populations (yes or no). The characteristics of the mouse model are shown in type (age, strain and administration route)

and the interval between transplantation and analysis in engraftment.

subtype of disease (with the exception of AML-M3) and lin-
eage markers expressed by the bulk of leukemic blasts.”® In addi-
tion, serial transplantation experiments performed by Shultz et
al. in xenotransplant-permissive NOD/SCID///2rg~ (NSG)
mice, demonstrated that long-term engraftment and the self-
renewal capacity of human AML cells resided exclusively in the
CD34*CD38" population. This was illustrated by the mainte-
nance of human AML for over 1 year in vivo, using serial trans-
plants.’> LSCs were shown to be mainly in the G phase of the
cell cycle, confirming their quiescent nature.!*"> The estimated
frequency of LSCs in the different in vivo stem cell assays per-
formed varied between 1 x 107 to 1 x 10~ of the total leukemic
population'3,8,l[),12,l4

Despite these studies, controversy about the immunopheno-
type of the LSC arose (Table 1). Taussigand colleagues stated that,
when grafted into NOD/SCID mice, the CD34*CD38* fraction
of certain AML samples contained all, or at least most, LSCs.
However, this was evaluated by the percentage of engraftment
only 6 weeks after transplantation and no serial transplants were
performed. Taussig et al. explained the discrepancy between their
observations and previous findings®'® by suggesting an inhibitory
effect on the engraftment of CD38* AML cells that would have
resulted from the anti-CD38 antibody used in prior studies.”
The same group demonstrated by means of serial transplantation
experiments that LSCs were contained in the CD34"" fraction
of 15/15 AML samples obtained from patients with nucleo-
phosmin (NPM)-mutated disease, whereas the CD34* fraction
engrafted only in half of the samples.'® Recently, Dick and col-
leagues reported—by means of an optimized NOD/SCID model
based on intrafemoral injections—that LSCs could be detected
in the CD34*CD38" fraction of each investigated case but one.
However, although LSCs were enriched in the CD34*CD38-
compartment, they could also be detected in the CD34*CD38*
cell population in about half of the patients, and in some patients
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LSCs were found in the CD34- fraction, suggesting a heteroge-
neity of cell surface marker expression and LSC activity among
individual samples."

Despite accumulating evidence in support of the LSC-
concept,>!*!M7 there is still some controversy about whether
LSCs can really be considered as stem cells. To answer this ques-
tion, one needs to verify whether all minimal criteria for stem
cell-ness are fulfilled. So far, the challenge of demonstrating
the coexistence of both self-renewal and differentiation within
a single cell remains, and therefore the LSC concept is not yet
definitive.'

Leukemic Stem Cells:
Artifacts of Xenotransplantation
or Clinically Relevant?

If LSCs, as defined in mouse models, were also relevant for AML
patients, they may constitute the main targets for consolida-
tion therapy against MRD."” Van Rhenen et al. demonstrated
in 2005 that a high frequency of CD34*CD38- LSCs at AML
diagnosis predicts high frequencies of MRD after chemotherapy
and poor overall, disease-free and relapse-free survival, both in
an in vivo model and in correlation studies in patients.® Another
study reported that the relative ability of AML cells to success-
fully engraft in immunodeficient mice (a property associated
with LSCs) correlated with adverse clinical features.?® Recently,
two groups have independently demonstrated that HSC- and
LSC-enriched populations share very similar transcriptional
“stem cell-like” or “self-renewal” gene expression signatures
that reflect stem cell function in vivo and that are predictive
of adverse clinical outcome in individuals with AML."?' The
predictive value of this LSC score appeared to be independent of
other risk factors in multivariate Cox regression analysis, which

further supports the clinical relevance of LSCs."*?!

Volume 2 Issue 2



Leukemic Stem Cells:
Toward A More Refined Inmunophenotype

In order to determine the number of LSCs surviving therapy and
to design LSC-targeted therapies, many attempts have been made
to refine the cytofluorometric CD34*CD38- phenotype of LSCs
with markers for discriminating between LSCs and normal HSCs,
which are also contained within the CD34*CD38" fraction and
can be present in (especially bone marrow) patient samples. Both
LSCs and HSCs are PKH""" (PKH is fluorescent dye diluting
upon cell division) and aldehyde dehydrogenase (ALDH) right, 2223
Similarly, both LSCs and HSCs are believed to reside in the so-
called “side population,” which has a very efficient capacity of
effluxing the chromatinophylic dye Hoechst 33342.% Aberrant
cross-lineage marker expression of antigens such as CD7, CD19
and CD56 can, in some cases, suggest the malignant nature of
the CD34*CD38" cells, as can do the asynchronous, decreased or
increased expression of classical progenitor markers. These aber-
rant antigen expression sets can be determined at diagnosis, and
can be useful to estimate the frequency of the MRD/LSCs more
accurately after chemotherapy, but their therapeutic applications
are not obvious.*** However, surface markers such as C-type
lectin-like 1 (CLL-1/MICL/CLEC12A), CDI123, CD44, CD47,
CD96 and CD25 were shown to be differentially expressed in
LSCs vs. HSCs. These potential (immuno)therapeutic targets

will be discussed below.?>%-%

Leukemic Stem Cells: Gene Expression Profile

When comparing the gene expression profiles of the CD34*CD38~
and CD34*CD38* fractions of peripheral blood obtained from
AML patients, Gal et al. found that 409 genes were differen-
tially expressed.’® Proliferation-, cell cycle- and differentiation-
related genes were shown to be systematically repressed in the
LSC-enriched subpopulation, which is consistent with a tendency
toward replicative quiescence.”** However, 138 of 409 under- or
overexpressed genes in LSCs were reported to behave similatly in
normal HSCs in other data sets.*® The LSC signature described
by Gentles et al. consisted of 31 genes overexpressed in LSCs (and
normal HSCs) as compared with non-stem cell leukemic blasts.*!

Despite a considerable overlap with HSCs,%?"%
expression profiles of AML stem cells also demonstrate dys-

the gene

regulated gene expression networks and differentially expressed
markers that could become attractive targets for LSC-specific
therapies.”?®3° Majeti et al. identified 3005 genes differentially
expressed in (bone marrow or peripheral blood) CD34*CD38-
LSCs vs. (bone marrow) CD34*CD38- HSCs. The signaling
pathways that appeared to be dysregulated in LSCs included
molecular cascades involved in adherens junction, the actin cyto-
skeleton, apoptosis, MAPK signaling and WNT signaling.”

Leukemic Stem Cells:
Importance of the Microenvironment

Similar to situation of HSCs, the microenvironment seems to be
very important for the quiescence of LSCs. Homing studies have
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shown that human CD34*CD38- AML cells primarily home to
and are preferentially retained in the endosteal osteoblast-rich
region of the femur of NSG mice, where these cells remain quies-
cent and hence are protected from chemotherapy-induced apopto-
sis.'? Quiescence in this niche is probably the reason why standard
poly-chemotherapy and radiotherapy may induce remission in
AML patients but only rarely cure them. Both therapies may
affect descendent cells that are irrelevant for the persistence of the
disease, but presumably leave LSCs unperturbed. AML patients
that relapse soon after first remission typically do so while mani-
festing a chemoresistant disease. However, those who relapse later
on mostly respond to the chemotherapeutic agents that were used
to achieve first remission, suggesting the persistence of quiescent
LSCs that are unaffected by standard therapies.'®'®3! Therefore,
there is a clear need for therapeutic strategies that would ideally
target LSCs while sparing self-renewing normal HSCs, hence
securing normal long-term hematopoiesis in patients.

Leukemic Stem Cells: Ultimate Targets For Therapy?

Different therapeutic strategies to target LSCs have already been
explored, including the induction of proliferation with cyto-
kines such as granulocyte-colony stimulating factor (G-CSF) to
increase the responsiveness to standard therapy,* and the impair-
ment of their self-renewal capacity or survival by targeting—for
example—the WNT/B-catenin pathway.® In addition, strate-
gies have been tested that isolate LSCs from the stem cell niche
by interfering with ligand/receptor interactions in order to both
abolish the microenvironmental protection against apoptosis and
to obtain a higher proliferation rate.>*** Finally, immunotherapy
is expected to be successful in the setting of MRD, complemen-
tary to prior standard treatment. Immunotherapeutic strategies,
including monoclonal antibodies (mAbs) and T cell-mediated
approaches, that target leukemia-associated antigens (LAAs)
expressed by LSCs, will be discussed below in more detail.

Immunotherapy: Therapeutic Monoclonal Antibodies

mAbs, usually in combination with chemotherapy, have been
demonstrated to constitute effective targeted therapies for the
treatment of a number of hematological and non-hematolog-
ical malignancies. Given their antigen-specificity and minimal
toxicity, they may be an excellent LSC-targeting therapy. This
immunotherapeutic strategy is hypothesized to function through
several mechanisms: antibody-dependent cellular cytotoxic-
ity, complement activation, a direct pro-apoptotic effect as well
as upon the inhibition of signal transduction cascades that are
essential for homeostasis, proliferation or interaction with the
microenvironment.*® Finally, mAbs can be conjugated to radio-
isotopes or toxins. So far, a large number of studies have aimed
to identify candidate cell surface targets that are specifically or
preferentially expressed on LSCs and not—or less so—on normal
HSCs and other vital tissues (Tables 2 and 3).

However, multiple leukemia-associated antigens are widely
expressed on normal tissues, albeit sometimes at comparatively
lower levels. CD44, also known as homing-associated adhesion
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Table 2. Expression of leukemia-associated antigens in AML, leukemic stem cells, normal tissues and hematopoietic stem cells

Antigen Specifications % AML* % LSC LSC/bulk LsC
; 83 ++28; ++
AURKA Aurora kinase A 37 NA NA (CML®
CD25 IL-2 receptor « NA 252 NA + (25%)%
CD33 Siglec-3 > 80% 100% 1R2 +++, M80%274*
CD44 H-CAM 100° 100° < 1° ++°
Integrin el
CcD47 associated protein 10% Srl;gh' 100% 128 RS
Ig superfamily
Tactile, Ig - 2 220
CD9%6 X 30 66 NA +++, m74%”
superfamily
CcD123 IL-3 receptor « 10082 100%2 NA +++,m98%?>782
g Cbypelectindike 924 877 NA ++ M339%
molecule
64.
Muc1 Mucin 1 67-70%%  NA 10 i (Cgff 0%
Receptor
RHAMM for hyaluronic 60-70% 0%3 < 13063 =/
mediated motility
WT1 Wilms’ tumor 1 73-100" 73-100" T ++72671

HSC

+ (BM/CB)"*°

— (BM)2

+++, m84% (BM); +++

(RBM)Z; ++, m > 80%

(CB/BM)*; ++ (BM)"—4
+ (CB)%; ++(BM)’

+ (B M)7,28,38

+,m5% (BM)"?

— (BM)%%; +, M27%
(BM)"%; 4+, M20/60%
(CB/BM)*; ++, M60%

(RBM)*

— (BM, RBM, MPB)*?

+(CB)**

—(CB)®®

+/++ (CB, BM,MPB)""7

Normal tissues other than HSC

+ Ubiquitous during mitosis®®

+ Hematopoietic cells, ++ acti-
vated T cells and Tregs?

+ Normal HPCs*

+ Ubiquitous, activated T
cells>3781

+ Ubiquitous?®

++ Activated T cells, activated
NK cells, lung, spleen, thymus; +
ubiquitous3®#

+ Normal BM: 7%%2

+ CD34CD38* HPCs, mono-
cytes, dendritic cells, granulo-
cytes?#

+ HPCs, secretory epithelial
cells, B cells, activated T cells®484

++ Activated T cells, engrafting
HPC (CD34%), thymus, testis,
placenta; + colonic and gastric
mucosa, cornea/limbus®

+ HPCs, podocytes of glomeru-

lus, Sertoli cells testis, granulosa

cells ovary, mesothelium, mam-
mary duct and lobule”!

Abbreviations: AML, acute myeloid leukemia; BM, bone marrow; CB, cord blood; HPC, hematopoietic progenitor; Ig, immunoglobulin; IL, interleukin;
LSC, leukemic stem cell; MPB, mobilized peripheral blood; NA, not addressed; NK, natural killer; PB, peripheral blood; RBM, regenerating bone marrow;
Treg, regulatory T cell. *% AML, % of positive bulk AML patient samples; % LSC, % of positive LSC patient samples; LSC/bulk: ratio of expression levels
between LSCs and bulk AML cells from the same patient. LSC and HSC: % values indicate the median (M) or mean (m) percentage of positive cells within
the leukemic and hematopoietic stem cell samples. Normal tissues other than HSC indicates the expression level in normal tissues. Expression level: —,
no expression; +, low expression; ++, moderate expression; +++, high expression.

molecule (H-CAM), has been shown to be overexpressed on
AML cells, including CD34*CD38- LSCs, as compared with
normal hematopoietic samples. This said, CD44 is an ubiqui-
tously expressed adhesion molecule.>” Likewise, the Weissman
group found an increased expression of CD47, an immunoglob-
ulin superfamily member, on LSCs.”?*%* Unfortunately, CD47
was shown to be widely expressed by most tissues at low levels,
including normal bone marrow CD34*CD38~ HSCs.?* Similarly,
CD96, another member of the immunoglobulin superfamily also
known as T-cell activation increased late expression (Tactile), was
put forward as a LSC-specific marker in AML.?’ However, CD96
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expression was also detected in about 5% of normal HSCs and
in multiple non-hematopoietic tissues.”** Monoclonal antibod-
ies targeting CD44 or CD47 but not CD96 have been tested
in NOD/SCID and newborn NOD/Shi-SCID/1/2rg"~ (NOG)
mice, and showed promising results against AML cells includ-
ing LSCs,>*® but potential toxic effects due to unspecific target
expression could not be evaluated in these models. No clinical
trials have been conducted using mAbs directed against CD44,
CD47 or CD96, but considering their unspecific expression pat-
tern, important hematological and non-hematological toxicity
may be expected.
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Table 3. Efficacy and toxicity of immunotherapeutic strategies targeting leukemia-associated antigens

In vitro efficacy Preclinical efficacy

Antigen on bulk AML :2):;::;;0 in vivo on AML
cells or LSCs* y cells or LSCs
cD33 GO:yesiyes®  GO:no (HSQ® &5 (H"'ziie" Y
CD44 Yes/yes®! ves Yes/yes®
(myelopoiesis)®'
D47 NA/yes® No Yes/yes?®
yes (CD34* BM)® es/yes
CcD123 Yes/yes? NA Yes/yes?
WT1 Yes (cell lines)/ No (CD34 Yes/yes (ML

yes (CML)73# BM,CB,MPB)”

Preclinical toxicity

L Clinical efficacy Clinical toxicity
in vivo

IIl: GO: relapsed AML: yes

Yes: mouse (human CB (OR 26%)* II/III:.GO: hemato—
m o logical and liver
HSC engraftment) Ill: GO: post-remission toxicity®5
Yy
AML: no*>®

GO: yes: monkey/rat

(liver toxicity)® 1I/111: low-dose GO:

11/111: low-dose GO: less liver toxicity"

induction elderly: yes®'

Yes: mouse (human CB

NA NA

engraftment)®

No: mouse?® NA NA

I: CSL60: relapsed/

refractory/HR AML: I: CSL60: no serious

CSL60: no: monkey?

48
yes (1 /26 CR)* e
II: peptide: relapsed/ . .
refractory AML: yes’™ I: pfeptlde, .
NA 1 DG AML in clinical no serious a.e.
:DC: in clinica Il DC:

remission: yes (2 PR > CR;

no serious a.e.”
5 MR)™

Abbreviations, I/1l/11l, Phase I/1I/11l clinical trial; a.e., adverse events; AML, acute myeloid leukemia; BM, bone marrow; CB, cord blood; CML, chronic
myeloid leukemia; CR, complete remission; DC, dendritic cell; GO, gemtuzumab ozogamicin; HR, high risk; LSC, leukemic stem cell; MR, molecular
remission; NA, not addressed; OR, overall response rate; PR, partial remission; PR > CR, PR prior to treatment is turned into CR. *In vitro efficacy on AML
cells or LSCs indicates whether in vitro experiments have demonstrated an effect on the bulk of AML cells or LSCs in particular. In vitro toxicity and
preclinical toxicity in vivo indicates whether toxicities have been reported in vitro and in vivo in animal models, respectively. Preclinical efficacy in vivo
on AML cells or LSCs indicates whether xenograft mouse models have demonstrated an effect on the bulk of AML cells or LSCs in particular. Clinical
efficacy and clinical toxicity illustrate the efficacy and toxicity reported in Phase I/1I/1ll clinical trials.

Moreover, some potential antigens for the development of
LSC-targeting approaches are upregulated in normal tissues
under non-homeostatic conditions, such as during immune
activation or in the regenerating bone marrow. CD47 serves
as a ligand for signal regulatory protein a (SIRPa), which
is expressed on macrophages and dendritic cells. Upon the
binding of CD47 to SIRPa, the phagocytic activity of these
cells is inhibited.” Therefore, Jaiswal et al. suggested that
CD47-SIRPa interaction is one of the mechanisms used by
AML cells to escape the innate immune system.*®* However,
CD47 expression was shown to be a more universal mechanism
of ‘self” protection against phagocytosis, as illustrated by a tran-
sient upregulation on mouse HSCs upon mobilization to the
peripheral blood.*® Both CD44 and CD96 were shown to be
strongly upregulated in activated T cells, compared with rest-
ing T cells.>¥% CD25, the o chain of the interleukin-2 (IL-2)
receptor, was shown to be expressed by LSCs in 24.6% of AML
samples, yet is also expressed by activated T cells and regula-
tory T cells (Tregs).?® Clinical experience with daclizumab, an
anti-CD25 mAb, was obtained in strategies for the prevention
of organ allograft rejection, demonstrating its immunosuppres-
sive features.”* Therefore, targeting CD96, CD44 or CD25
might result in the depletion of activated T cells, which could
increase susceptibility to infections and could hamper anti-
body-dependent cell-mediated cytotoxicity. On the other hand,
the neutralization of Tregs by anti-CD25 mAbs may revert the
immunological anergy against AML.
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The expression of CDI123 (the IL-3 receptor a chain)
was detected in a median percentage of 60% of the normal
CD34*CD38" cells in the bone marrow of AML patients who
were in remission and recovering from chemotherapy.” This indi-
cates that the expression pattern of CD123 might be influenced
by external factors, and that targeting CD123 might hamper the
recovery of normal hematopoiesis. CD33 expression was dem-
onstrated on the CD34*CD38" fraction of a majority of AML
samples.””** Although generally considered as absent from nor-
mal HSCs, several groups have reported the expression of CD33
by HSCs, both in resting and in regenerating bone marrow, and
in some studies the expression levels were not significantly lower
than those of LSCs.?*4% Still, in contrast to LSCs, normal HSCs
have been shown to be insensitive in vitro to anti-CD33 treat-
ment.*4¢ CLL-1/MICL/CLECI12A is not expressed by normal
CD34*CD38" cells, even in the regenerating bone marrow or in
G-CSF-mobilized peripheral blood,>* but on part of the normal
CD34*CD38" progenitor compartment and on normal periph-
eral blood- and bone marrow-derived monocytes, dendritic cells
and granulocytes. As a consequence, targeting CLL-1 may at
least affect the granulocyte recovery of the patient.””#

Only a few surface antigens have been targeted by mAbs in
clinical trials. In 2008, the chimeric anti-CD123 mAb CSL360
was investigated in a Phase I clinical trial (ClinicalTrials.gov
ID NCT00401739) as a weekly treatment for 26 patients with
relapsed or refractory or high-risk AML. No treatmentrelated tox-
icities were observed other than mild infusion reactions and one
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infection, and one complete remission was reported.® Currently, a
new Phase I clinical trial (NCT01632852) with CSL362, another
chimeric anti-CD123 mADb, is recruiting patients with CD123*
AML who are in complete remission, but exhibit a high risk of
relapse. Interestingly, CD33 is internalized upon the binding of
mAbs, indicating that it is an appropriate target for toxin/chemo-
therapy conjugated mAb-based therapies. Calicheamicin, an anti-
tumor antibiotic, has been conjugated to a humanized anti-CD33
antibody to produce gemtuzumab ozogamicin (Mylotarg).®
Based on its activity and safety profile, Mylotarg was approved
in 2000 by the Food and Drug Administration (FDA) for the
treatment of CD33* AML in relapsed patients older than 60 and
unfit for conventional chemotherapy.®#’ Mainly because of severe
hepatic toxicity that became evident in post-marketing studies,”
the drug was withdrawn from the market in 2010. Subsequently,
dosing and scheduling changes were proposed in an attempt
to improve feasibility. Currently, a Phase II/III clinical trial
(NCT00091234) is ongoing that uses reduced doses of gemtu-
zumab ozogamicin as induction monotherapy in older patients
with AML who are unfit for intensive chemotherapy. The first
results are promising, with an acceptable safety profile.”!

Immunotherapy: T Cell-Mediated Therapies

The success of allogeneic hematopoietic stem cell transplantation
(allo-HSCT) in curing AML has largely been attributed to the
graft vs. leukemia (GvL) effect, especially in the context of non-
myeloablative HSCTs.* In particular, donor lymphocyte infu-
sions (DLIs) have been shown to constitute an effective salvage
therapy for up to 40% of AML patients who relapsed after HSCT,
supporting the essential role for donor T cells in eradicating resid-
ual leukemic (stem) cells."®* More specifically, the role of minor his-
tocompatibility antigen (MIHA)-specific T cells in GvL reactivity
has been demonstrated by the expansion of HA-1- and HA-2- spe-
cific T cells that preceded clinical responses after allo-HSCT and
subsequent DLI* In the past decade, there have been a lot of
efforts to characterize dominant LAAs recognized by T cells that
might also contribute to the GvL effect (Tables 2 and 3).® This
may allow the development of a specific T-cell based immunother-
apy, not only in the context of allo-HSCT and DLI, but also for
patients who are not eligible for allo-HSCT because of their age,
comorbidities or due to donor unavailability.”

Both active strategies—such as peptide, DNA or dendritic
cell-based vaccinations—and passive strategies—such as the
adoptive transfer of AML-specific T cells—can be used in order
to stimulate the patient’s cytotoxic capacity against AML cells.
However, most LAAs are self-antigens for which it is difficult to
generate high affinity T-cell responses in vivo in an autologous

60,6

setting.®®! The passive transfer of autologous or donor T cells

genetically modified to express a high affinity LAA-specific T cell
receptor (TCR) is therefore more likely to induce potent immune
responses. Such a TCR can be isolated from LAA-specific T cells
generated in vivo or in vitro in an allogeneic major histocompat-
ibility complex (MHC)-mismatched setting. ¢!

A priority-ranked list of cancer vaccine target antigens was
published in 2009 by the Translational Research Working Group
of the National Cancer Institute (NCI), ranking cancer-associated
antigens based on predefined and pre-weighted objective criteria
determining the likelihood of efficacy in cancer therapy. These
criteria included therapeutic function in vaccine trials, immu-
nogenicity, the number of patients with antigen-positive tumors,
expression level, the percentage of positive tumor cells and cellular
location, a role for the antigen in oncogenicity, as well as a tumor-
specific expression profile and expression in cancer stem cells.®* In
the last decade, the latter criterion has become a weighty issue for
AML-directed T cell-mediated immunotherapy.

Some LAAs are highly expressed by the majority of bulk AML
samples, but the expression by LSCs may be significantly lower or
even undetectable. In particular, antigens associated with prolif-
eration are expected to be downregulated in dormant LSCs. We
and others found that receptor for hyaluronic acid mediated motil-
ity RHAMM) expression is significantly lower in CD34*CD38-
AML cells than in the comparatively more mature CD34*CD38*
fraction, indicating that LSCs may not be targeted by RHAMM-
directed immunotherapy.**®® Although listed within the top 75 of
prioritized antigens, cyclin B, cytochrome P450 1B1 (CYP1B1),
proteinase 3 and survivin exhibited a similar trend toward under-
expression in LSCs.? Data on the expression of mucin 1 (MUCI),
the second hit in the NCI ranking, by LSCs are controversial.”2¢:¢%64

Other LAAs, such as B lymphoma Mo-MLV insertion
region 1 homolog (BMI-1), are equally expressed by LSCs and
CD34*CD38* cells,” but are also expressed at similar levels by nor-
mal HSCs. A comparable expression is especially found if antigens,
like BMI-1, are involved in self-renewal® or quiescence, which are
shared characteristics of HSCs and LSCs.”"*?* Approximately 10%
of cord blood CD34* cells express MUCI. Fatrai et al. even dem-
onstrated that MUCI mRNA expression was the highest in the
CD34*CD38"" fraction of cord blood as compared with more dif-
ferentiated normal progenitor subsets.® Cyclin B1 expression levels
seem to be lower in LSCs than in normal HSCs.”

Targeting LAAs may result in important toxicities if these anti-
gens are highly expressed by HSCs or by normal tissues under non-
homeostatic conditions such as T-cell activation, tissue regeneration
and hematopoietic recovery after chemotherapy or allo-HSCT. We
showed that RHAMM, being a proliferation marker, is upregu-
lated during the engraftment of human HSCs in NOD/SCID
mice and upon T-cell activation.®® Similarly, an increased expres-

sion of survivin and MUCI was observed in activated T cells.®4¢°

Table 4. Refined criteria for specificity of the ideal leukemia-associated antigen

Expression in HSCs, including in non-homeostatic conditions such as regeneration after chemotherapy, as low as possible

Expression in T cells, especially activated T cells which are key effector cells in T cell- mediated immunotherapy, as low as possible

Favorable expression ratio between AML cells (including LSCs) and normal cells (including HSCs) resulting in a broad therapeutic-toxic range

Abbreviations: AML, acute myeloid leukemia; HSC, hematopoietic stem cell; LSC, leukemic stem cell.
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With regard to survivin, this upregulation resulted in the fratricide
of activated T cells by survivin-specific T cells.?® Likewise, Aurora
kinase A (AURKA), a serine/threonine kinase that is required for
the assembly of the mitotic spindle, has been shown to be expressed
at low levels by normal cells, in particular in dividing cells and
6768 Tn vitro, no lysis of resting cord blood CD34" cells
was seen,®”% but proliferation during engraftment may lead to the
upregulation of AURKA and potential lysis by AURKA-specific
T cells. Somewhat reassuring was the fact that activated (prolif-
erating) T cells showed only a small increase in AURKA mRNA
expression and were not lysed in vitro by AURKA-specific T cells.”’
Anti-leukemic activity was demonstrated for both AURKA- and
RHAMM- specific T cells in vivo,””® but toxicity due to non-spe-
cific expression cannot be evaluated in xenograft models.

Wilms’ tumor 1 (WT1), a zinc finger transcription factor,
was the antigen with the highest cumulative score (0.81/1) in the
NCI ranking of cancer antigens and WT1-based immunothera-
peutic approaches are advancing in (pre)clinical development.®
WT1, which is overexpressed in 73-100% of AML patients, was
identified as a promising candidate for LSC targeting, since the

in testis.

gene was overrepresented in the majority of LSC samples at lev-
els that are similar to those of comparatively more mature AML
cells.”#63%71 Moreover, WT1 expression has been demonstrated
in quiescent cells lining the endosteum of the bone marrow in a
NSG xenograft model.?® After pretreatment with WT1-specific
T cells, a virtually complete inhibition of the engraftment of
CD34* cells from chronic myeloid leukemia (CML) patients in
NOD/SCID mice was reported, suggesting a bona fide targeting
of LSCs.”* No data are available yet relative to AML LSCs.
Unfortunately, WT1 expression has also been detected in nor-
mal HSCs, even though at comparatively much lower levels.”?%7?
Anti-WT1 cytotoxic T-cell clones that were able to eliminate
CML cells in vitro did not inhibit colony formation of normal
CD34* cells. This indicates that HSCs do not express sufficient
levels of WTT1 to trigger a cytotoxic T-cell attack.”” WTT is also
expressed in the glomerular podocytes, Sertoli cells of the testes,
ovarian granulosa cells, mesothelial cells and mammary ducts and
lobules, increasing the risk for unwanted toxicities.” In Phase I/11
clinical trials (NCT00153582, NCT00834002) testing peptide
and dendritic cell-based vaccinations, no adverse events related
to unspecific expression, such as renal toxicity or profound cyto-
penias, could be observed.”*”> The specific targeting of LSCs in
vivo has not yet been investigated and overall clinical responses
in vaccination trials were rather modest up to now.”*”> Multiple
Phase I/IT studies (NCT01640301, NCT01621724) involving
the adoptive transfer of donor or autologous T cells transduced
with a WTl-specific TCR in patients with AML are ongoing.
It is not clear whether these more potent adoptive T cell-based
strategies will induce adverse effects due to unspecific cell killing.

Future Perspectives
In order to overcome the imminent immune tolerance toward
AML cells, which express mainly self antigens, a thoughtful

and personalized strategy that integrates the promising potency
of immunotherapy into the current standard treatment is
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necessary. The quest for the ideal immunogenic AML antigen,
being expressed by relapse-provoking LSCs but not by normal
hematopoietic cells nor by other vital physiological tissues, has
been ongoing for many years. Major or minor shortcomings have
been identified for every known AML antigen, with WT1 being
viewed as the closest to an ideal antigen so far.*

Some AML-specific translocations like t(8;21) and t(6;9) give
rise to fusion proteins (AML1-ETO and DEK-CAN, respectively).
These fusion proteins and other mutated proteins such as mutated
NPM1 and FLT3 can be immunogenic”® and, as they are both
genuine AML-specific targets and expressed in LSCs,”””® they are
627679 However, due to
the large diversity of mutations among AML patients, it is not clear
whether strategies targeting fusion or mutated proteins are feasible.

Recently, knowledge about the genetic expression profiles of
AML cells and LSCs has increased exponentially, but mRNA
expression does not always result in protein expression or peptide
presentation. Mainly due to the lack of suitable detection meth-

very attractive targets for immunotherapy.

ods, the cell surface proteome of AML cells, and more specifically
AML LSCs, is still largely unknown. An extensive and quan-
titative analysis of the LSC surface protein landscape by mass
spectrometry will presumably allow for the identification of new
targets for mAbs.%° Along similar lines, appropriate targets for T
cell-mediated immunotherapy can be identified by eluting and
analyzing by mass spectrometry the peptides that are presented
on MHC molecules by LSCs.

As observed in mouse models, the efficacy of immu-
notherapy against established full-blown disease is limited.
Therefore, it will be important to fine-tune the indication of
immunotherapy toward an adjuvant setting to prevent relapse.
Up to now, clinical trials have been mainly conducted in patients
with very low effector:target cell ratios in vivo and in the context

2,528

of the immunosuppressive environment that results from large
tumor burdens. As a consequence, these trials were very unlikely
to report major successes. Because LSC-targeting approaches are
an adjunct to conventional therapy, LSC markers must be stably
expressed, even after chemotherapy.

In view of the rather modest clinical benefit of immunotherapy
so far reported by clinical studies, it might be necessary to apply
adapted strategies or increase the dosing of available therapeutic
tools, resulting in more powerful lytic activity. This raises ques-
tions about the safety of such potent approaches, because the
therapeutic window of immunotherapy is correlated with the
specificity of targeted antigens. Therefore, the specificity of LAAs
will have to be monitored very closely in the future. In Table 4, we
propose refined specificity criteria for LAAs, and we believe that
these are complementary to the NCI criteria formulated in 2009.%
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