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Introduction

The approval of the anti-CD19 chimeric antigen receptor (CAR) T-cell product
tisagenlecleucel (Kymriah®) by the US Food and Drug Administration (FDA) and
the European Medicines Agency (EMA) for relapsed pediatric B-lineage acute lym-
phoblastic leukemia (B-ALL) was a landmark event in acute leukemia therapy. The
approval was based on data from a phase II global trial in which 75 pediatric and
young adult B-ALL patients received tisagenlecleucel, demonstrating safety, feasi-
bility and biological response, with complete remissions (CR) at three months in
81% of patients, and event-free survival rates of 73% and 50% at six and 12
months, respectively.1 A detailed summary of the design and basic biology of CAR
T cells was recently published, providing an excellent summary of the history and
the current state of the field of CAR T-cell therapy for the treatment of malignant
diseases.2 Unfortunately, the successes of CAR T cells in treating B-ALL have not
yet been translated to the treatment of acute myeloid leukemia (AML), where
progress has been delayed by the lack of a suitable targetable surface antigen. In B-
ALL and other B-cell malignancies, elimination of malignant B cells occurs along-
side that of normal B cells/B-cell progenitors. B-cell depletion has been clinically
tolerated for years, since the ensuing hypogammaglobulinemia is easily corrected.
In stark contrast, elimination of normal myeloid cells/progenitors is unlikely to be
tolerated for long, as the targeted AML antigen is frequently co-expressed on
healthy hematopoietic stem/progenitor cells (HSPC), leading to ablation of all
myeloid progeny. Creative solutions are being sought to overcome these obstacles
in order to make CART therapy a viable option for patients with AML.

The current state of play: anti-acute myeloid leukemia chimeric antigen 
receptor T cells in the clinic 
Thirteen CART trials for patients with AML are currently enrolling patients

(Table 1), though none have yet yielded mature published data. The first trial
demonstrating biological activity for CART in AML was published in 2013, eval-
uating a second-generation (CD28 co-stimulatory domain) retrovirally transduced
anti-Lewis Y CAR T-cell.3 Four of five enrolled patients with relapsed/refractory
(RR) AML received a mean 4.46x106/kg CAR-positive T cells after lymphodeplet-
ing chemotherapy. The best responses achieved for each patient were: stable dis-
ease in two patients (for 49 days and 23 months respectively), reduction in blasts
in one patient, and a cytogenetic remission in a patient with abnormal cytogenet-
ics as the sole abnormality (i.e. blast count not elevated). Although all patients
eventually progressed, this study was important as it demonstrated biological
activity of CAR T cells against AML without significant hematopoietic toxicity,
and the possibility of targeting a non-protein antigen.4

Two attractive targets for CART therapy in AML are CD33 and CD123. Both
antigens are almost ubiquitous on AML blasts, though both are also present on
normal HSPC.5,6 Published data for CART33 are limited; a case report from 2015
describes a 41-year old patient who had a transient response to CART33,7 and two
patients who demonstrated a clinical response to a combined CD33-CLL1 CART
(CLL1=C-type lectin molecule-1) were reported at the American Society of
Hematology (ASH) annual meeting in 2018,8 though no data have been presented
to date for the rest of this cohort (clinicaltrials.gov identifier: 03795779). 
CD123 is a particularly attractive antigen due to both its expression on other

hematologic malignancies,9 and its credentials as a potential marker of leukemia-
initiating cells (LIC).10 Given the shared expression of CD123 on both healthy and
malignant blasts, it is anticipated that patients responding to CART123 are likely
to require a rescue allogeneic stem cell transplant (alloHSCT), a hypothesis sup-
ported by our pre-clinical data indicating myeloablation and AML eradication by
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Table 1. Chimeric antigen receptor (CAR) T-cell therapy trials for patients with acute myeloid leukemia open for enrollment.
Disease and key inclusion/ exclusion criteria                  Location                 Trial number            Intervention             Strategy to mitigate potential adverse
                                                                                                                                                                                            events including myeloablation

RR AML                                                                                       The University of            NCT03766126                Autologous                  -   Fractionated dosing of CART-123
-   >18 yo                                                                                         Pennsylvania,                                                        lentivirally                  -   Patient must have a suitably matched donor or 
-   alloHSCT eligible with stem cell source identified               PA, USA                                                             transduced                      stem cell source available, alloHSCT
-   if relapsed post prior alloHSCT, must be off                                                                                               anti CD123 CARTs               expected to be required in responding patients
   immune suppression and have no active GvHD                                                                                    (CD123CAR-41BB-CD3 )
   (>Gr II)                                                                                                                                                                                 
RR AML or relapsed BPDCN                                              City of Hope Medical         NCT02159495                Autologous                 -   EGFRt in CAR construct allows for in vivo
-   >12 yo                                                                                       Center, CA, USA                                                      lentivirally                       eradication of CART population if needed
-   alloHSCT eligible with stem cell source identified                                                                                      transduced anti                  with anti-EGFR mAb
-   if relapsed post prior alloHSCT, must be off                                                                                                   CD123 CARTs               -   Patient must have a suitably matched
   immune suppression                                                                                                                               (CD123CAR-CD28-CD3           donor or stem cell source available
                                                                                                                                                                                             -EGFRt)                    
RR AML or ELN adverse AML in up-front treatment         MD Anderson               NCT03190278       Universal (TCR KO)         -   TCR KO to reduce risk of GvHD from allogeneic
-   18-65 yo                                                                                      Cancer Center,                                                       allogeneic                       CARTs
-   if relapsed post prior alloHSCT, must be off                         TX, USA                                                       anti CD123 CARTs           -   Patient must have a suitably matched donor or 
   immune suppression for 6 wks, and have no                                                                                                  (UCART123)                    stem cell source available
   evidence of GvHD
-   CD123(+) blasts by standard flow 
   cytometry                                                                                                                                                                          
RR AML                                                                                   MD Anderson Cancer        NCT03126864                Autologous                  -   Incremental dosing of CART-33 (starting dose in 
-   Pediatric 1-18yo                                                                      Center, TX, USA                                                      lentivirally                       both cohorts is >1.5 x105/kg and <4.5 x105/kg)
-   Adult >18-80yo                                                                                                                                                           transduced
-   if relapsed post prior alloHSCT, must be                                                                                                       anti CD33CARTs
   at least 3 mo post alloHSCT, be off immune 
   suppression, and have no evidence of GvHD                                                                                                                                           
Relapsed AML after alloHSCT                                               Fengtai District,             NCT03114670                Allogeneic                  -   EGFRt in CAR construct allows for in vivo 
-   >18 yo                                                                                      Beijing Shi, China                                               (donor derived)                 eradication  of CART population if needed
-   CD123(+) by IHC and flow cytometry                                                                                                                   lentivirally                       with anti-EGFR mAb
-   Original alloHSCT donor available                                                                                                                        transduced 
   to donate fresh PBMC for CART                                                                                                                    anti-CD123 CARTs 
   manufacture (or sufficient cells are                                                                                                (CD123CAR-41BB-CD3 -EGFRt)
   cryopreserved)                                                                                                                              
RR AML / MDS / MPN / CML or other                              The General Hospital        NCT03795779                Lentivirally                  -   Not stated
hematologic malignancy                                                      of  Western Theater                                        transduced anti CD33
-   Child / adult / older adult (ages not stated)               Command, Chengdu,                                       and CLL1 compound 
-   if relapsed post prior alloHSCT, must be                                  China                                                                  CARTs*
   at least 6 mo post alloHSCT, be off immune 
   suppression at least 4 wks, and have no 
   evidence of GvHD                                                                                                                                                             
RR AML                                                                                         Fujian Medical               NCT03631576       Anti CD123 and CLL1         -   Not stated
-   <70 years                                                                       University Union Hospital,                                   compound CARTs*#

                                                                                                          Fujian, China                                                                
RR AML                                                                                    307 Hospital of PLA,         NCT03556982              Allogeneic or                -   Not stated
-   14 – 75 yo                                                                                    Beijing, China                                                        autologous
-   CD123(+) blasts                                                                                                                                                anti CD123 CARTs#

-   No alternative curative therapies, 
   ineligible for or declining alloHSCT
-   if relapsed post prior alloHSCT must, 
   be off immune suppression at least 4 wks, 
   and have no evidence of GvHD                                                                                                                                       
RR AML                                                                                           Hebei Yanda                NCT03796390                Autologous                  -   Not stated
-   2 – 65 yo                                                                                 Ludaopei Hospital,                                                    lentivirally
-   CD123(+) by flow cytometry of IHC,                                   Hebei, China                                                        transduced
   and >80% of blasts CD123(+)                                                                                                                         anti CD123 CARTs
RR AML                                                                                               Southern                   NCT03473457           CARTs targeting             -   Not stated
-   > 6 mo                                                                                    Medical University                                            CD33, CD38, CD56, 
-   Blasts positive for any of;                                                  Zhujiang Hospital,                                        CD117, CD123, CD34 or 
   CD33, CD38, CD56, CD117, CD123, CD34                        Guangdong, China                                                      Muc1 *#

   or Muc1 by cytology or genetic testing                                                                                                                                                           
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RR AML / ALL or MDS                                                             Southern Medical            NCT03291444          CARTs*# (antigen            -   Not stated
- 18-80 yo                                                                                          University                                                    target not stated)
- High expression of Eps8 or WT1                                      Zhujiang Hospital,                                                   followed by
- Ineligible for or declining salvage alloHSCT                 Guangdong, China                                          intradermal injection
                                                                                                                                                                                      of Eps8 or WT1 
                                                                                                                                                                                      peptide specific
                                                                                                                                                                                       dendritic cells
RR AML or ALL                                                                         Second Affiliated            NCT03672851       Anti CD123 CARTs *#         -   Not stated
- Child, adult, older adult (ages not stated                        Hospital of Xi’an
- if relapsed post prior alloHSCT must be                     Jiaotong University,
   off immune suppression at least 2 wks                             Shaanxi, China                           
RR AML                                                                                  Xian Lu, Beijing, China       NCT03585517                Anti CD123                 -   Not stated
- 3 - 80 yo                                                                                                                                                                   CARTs*# (IM23)
- CD123(+) in >90% of blasts                                                                                                      
Information available from www.clinicaltrials.gov using search term “CART” and “AML” in January 2019. *Source of cells (autologous vs. allogeneic) not stated. #Method of chimeric antigen receptor
(CAR) transduction not stated. ALL: acute lymphoblastic leukemia; alloHSCT: allogeneic hematopoietic stem cell transplantation; AML: acute myeloid leukemia; BPCDN: blastic plasmacytoid den-
dritic cell neoplasm; CML: chronic myeloid leukemia; EGFRt: epidermal growth factor receptor; ELN: European LeukemiaNet; Gr: grade; GvHD:  graft-versus-host disease; IHC:  immunohistochem-
istry; KO: knock-out; mAb: monoclonal antibody; MDS: myelodysplastic syndrome; mo: months; MPN: myeloproliferative neoplasms; PBMC: peripheral blood mononuclear cells; RR:  relapsed refrac-
tory; TCR: T-cell receptor; wks: weeks; yo: years old. 

Disease and key inclusion/ exclusion criteria                  Location                 Trial number            Intervention             Strategy to mitigate potential adverse
                                                                                                                                                                                            events including myeloablation

continued from the previous page

CART123 go hand-in-hand.11 In addition to likely
hematopoietic toxicity, we and others have detected
CD123 expression on the endothelium of small-calibre
blood vessels.12 This raises the concern for additional tox-
icity in the form of vascular leak, and indeed, the first
patient who was treated with an anti-CD123 “universal”
CART (UCART123) died from cytokine release syn-
drome (CRS) and capillary leak syndrome (CLS) on day 9
post infusion.13 It is unclear if his death was due to CD123
vascular expression, or was multi-factorial due to CRS
exacerbated by the patient’s age (78 years) and the extent
of disease burden. It is important to note that severe CRS
has clinical overlap with CLS.  The FDA allowed the trial
to re-open with a log-fold reduction in UCART123 dose,
reduced lymphodepleting chemotherapy dose, and an
upper limit for age of enrollment of 65 years old. In order
to mitigate the risk of vascular toxicity, the first CART123
trial at the University of Pennsylvania was conducted
using serial infusions of “bio-degradable” CART123 cells
(clinicaltrials.gov identifier: 02623582). Rather than being
transduced with lentivirus, which would endow the
CART population the (usually desirable) capacity of
exponential expansion in vivo, these CART123 cells were
manufactured by electroporation of mRNA encoding the
CAR. Thus, a CART123 cell stimulated by encountering
its antigen would have a finite capacity to expand, since
CAR mRNA is diluted between daughter T cells. Though
there was no measurable anti-leukemic activity responses
in this trial, evidence of CART bioactivity was manifest
by fever, CRS and transient CART detection in vivo, with-
out evidence of vascular toxicity or CLS.14 This favorable
safety data paved the way for a phase I trial of lentiviral-
ly-transduced second-generation CART123 (CD123CAR-
41BB-CD3ζ) which has begun enrollment at the
University of Pennsylvania (clinicaltrials.gov identifier:
03766126).  CART123 are infused with the intention of a
subsequent rescue alloHSCT, due to the above-men-
tioned anticipated marrow aplasia due to CD123 expres-
sion on HSPC. The conditioning for the rescue alloHSCT
could include a T-cell depleting agent (e.g. alemtuzumab)

to purge the CART123 population in vivo. 
The City of Hope National Medical Centre in

California opened a CART-123 trial in 2015, using a
lentivirally-transduced second-generation CAR
(CD123CAR-CD28-CD3ζ-EGFRt), with a flat-dosing
strategy and inter-patient dose escalation from 50x10e6
CAR+ cells (dose level 1, DL1) to 200x10e6 CAR+ cells
(dose level 2, DL2). Interim data were reported at the end
of 2018; seven patients with AML have now been
treated.15 Of the two patients treated at DL1, one
achieved a morphological leukemia-free state (MLFS) last-
ing 70 days, and at recurrence of disease received a sec-
ond CART123 infusion which reduced the blast count
(from 77.9% to 0.9% by flow cytometry). Of the five
patients treated at DL2, one patient achieved a complete
remission with incomplete count recovery (CRi) at day
28, and one had a CR at day 84. Three patients had stable
disease. No dose-limiting toxicities were reported, and all
treatment-related cytopenias resolved by 12 weeks post
treatment. No CD123-negative relapses have been
observed to date, and longer-term data are awaited from
this pioneering study.  

New paradigms of chimeric antigen receptor T
cells in acute myeloid leukemia 

NKG2D ligand chimeric antigen receptor T cells
Given the paucity of suitable ‘traditional’ cell surface

antigens in AML, alternative strategies to harness the
potential of CART therapy for AML are needed. Natural
killer group 2D (NKG2D) ligands are expressed on malig-
nant cells and have a role in stimulating anti-tumor
immunity, but have limited expression on healthy tissues,
providing a potential target for CART therapy.16,17
However, many different types of cellular stress (includ-
ing inflammation) can up-regulate NKG2D ligands on
normal tissues,18-20 potentially reducing specificity of
NKG2D-CARs for malignant tissues due to CART-
induced CRS.   Investigators at the Dana-Farber Cancer
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Institute reported a phase I clinical trial of autologous
NKG2D-CAR T-cells in seven patients with AML.21 Their
first-generation construct (CAR-NKG2D-CD3ζ) uses the
naturally-occurring NKG2D receptor as the antigen-bind-
ing domain, with endogenous DAP10 expression provid-
ing co-stimulation.21 CART-NKG2D cells were successful-
ly manufactured in all seven patients, and median infused
CAR+ cells varied across four dose levels (1x106, 3x106,
1x107, 3x107) without preceding lymphodepletion. No
dose-limiting toxicities were observed. Biological activity
in vivo was manifest by cytokine perturbations and CAR-
transgene detection, though persistence of the CART
population was limited and no objective clinical respons-
es were observed, with all patients requiring subsequent
therapies for AML progression. In a follow-up phase I
trial of CART-NKG2D for AML and myelodysplastic syn-
drome (MDS), higher doses of CART-NKG2D are being
infused (3x108, 1x109 and 3x109)21 and of the two AML
patients reported to date, one achieved an objective clini-
cal response.  This patient initially achieved a morpholog-
ical leukemia-free state (MLFS) and was subsequently
able to proceed to alloHSCT and at the time of reporting
remains in CR with 100% donor chimerism.22 The same
group is planning a related phase I study evaluating the
safety and efficacy of combining their anti-NKG2D
CART with azacytidine in treatment-naïve patients with
AML/MDS who are ineligible for alloHSCT or intensive
therapy (clinicaltrials.gov identifier: 03612739). Azacytidine
has been shown to enhance expression of NKG2D lig-
ands on AML blasts by reversing hypermethylation.23 It
remains to be seen if azacytidine will also cause upregu-
lation of NKG2D ligands on healthy tissues, which could
lead to unforeseen toxicity. This trial was not open to
enrollment at the time of writing.

Identifying new target antigens
The lack of ideal antigens for CART therapy in AML

spurred a search for new ones. Investigators from the
Memorial Sloan-Kettering Cancer (MSKCC) sought to
identify sets of antigens suitable for targeting with a com-
binatorial CART strategy,24 by which CAR T cells express
a dual-specific CAR (or 2 different CAR transduced into
the same cell) directed against two different target anti-
gens with non-overlapping expression in normal tissues.
When both antigens are encountered by the dual-specific
CART, the potency of cell killing is increased relative to
that seen if only one antigen is present; the design of the
combinatorial CART must therefore comprise two target
antigens that are specifically co-expressed in malignant
cells. The MSKCC group identified four promising tar-
gets, ADGRE2, CCR1, CD70 and LILRB2, which satisfied
their criteria for suitable off-tumor expression that also
demonstrated AML cell killing in vitro when two targets
were present on the same cells, and are thus potentially
amenable to a combinatorial CAR approach.24
The antigen CLL-1, which was targeted in the above-

mentioned combinatorial approach in combination with
CD33 by Liu et al.8 also has potential utility as a stand-
alone antigen, with pre-clinical data suggesting that dif-
ferential expression between malignant and healthy
blasts may be sufficient to preserve hematopoeisis.25,26 No
clinical CAR T-cell trials targeting CLL-1 alone are cur-
rently open, though a phase I trial evaluating a CLL1-CD3
bi-specific antibody (clinicaltrials.gov identifier: 03038230)
may be informative as to the feasibility of this approach.

Bone marrow transplant with a gene-edited allograft
followed by chimeric antigen receptor T cells
The provision of a rescue alloHSCT after in vivo deple-

tion of the CART population is a potential solution to the
problem of hematopoietic toxicity, though it may create
a new problem, which is placing a limit on the duration
of in vivo persistence of the CART population. The
accrued experience with CART-19 in B-ALL suggests that
the optimal period of time for CART persistence for dis-
ease response is at least 2-3 months,27 or potentially as
long as 8-10 months.1 A new approach to allow long-term
CART against myeloid antigens, such as CD33, is to edit
out the antigen from allogeneic donor HSPC, which are
then transplanted into the patient with AML. Following
engraftment, the patient may then be treated with
CART33 manufactured from the same allogeneic donor.
Our research group has demonstrated that CD33 can be
removed from HSPC using CRISPR/Cas9 without impair-
ment of hematopoietic or immunological function, and
that the CD33 knock-out HSPC (and their progeny) are
impervious to attack by CART33 both in vitro and in vivo
in murine and non-human primate models.28 This treat-
ment approach, currently under development at the
University of Pennsylvania (see Figure 1 for a summary)
would allow for long-term CART persistence while also
protecting normal hematopoiesis. It remains to be seen if
this approach is feasible from both a manufacturing and a
clinical perspective, and indeed what the clinical conse-
quences of CD33 depletion would be in the bone marrow
compartment, and by the depletion of CD33+ tissue resi-
dent macrophages. Several publications have demonstrat-
ed that donor-derived cells eventually repopulate the vis-
ceral resident macrophage niche; specifically, Kupffer
cells,29 pulmonary alveolar cells,30 and microglia.31 Data
are limited as to the time taken for repopulation of these
cells, with published data in the lung suggesting this may
take 2-3 months after alloHSCT alone.30 It is noted that
the main toxicities associated with gemtuzumab
ozogamcicin (Mylotarg®, an anti-CD33 antibody-drug
conjugate) have been the expected hematopoietic toxici-
ty, and also hepatotoxicity and veno-occlusive disease,
with both being likely attributable to the calicheamicin
component of the therapy, rather than due to targeting of
CD33+ hepatic cells.32 There is evidence to suggest that
CD33 has a role in the modulation of inflammatory and
immune response,33 and the potential for this to impact
the incidence of severity of CRS response when CART33
are administered after engraftment with CD33KO-HSPC
will be actively considered during the conduct of the trial. 

Other immunotherapy options for acute myeloid leukemia
Given the challenges of treating AML with CAR T cells,

as outlined above, many investigator groups are also
exploring other types of adoptive cellular therapy that
have different therapeutic mechanisms, and may be less
hampered than this issue of antigen specificity that are
currently limiting CAR T-cell therapy for AML. By trans-
ducing T cells with the a and β chains of a known speci-
ficity T-cell receptor (TCR), engineered TCR cells (TCR-
T) can be endowed with specificity to known tumor-
associated antigens (TAA) or conceivably, neoantigens.
The TCR chains may be cloned from patients or normal
donors that exhibit an immune response to the TAA, and
may be further affinity-enhanced in order to confer
enhanced reactivity to the target.34-36
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A unique advantage of TCR-T over CAR-T is their abil-
ity to recognize intracellular antigens that are presented
on the MHC of cancer cells, thus theoretically increasing
their anti-tumor specificity. While AML has a relatively
low mutational burden of AML, and thus relatively few
neoantigens that could be targeted,37 a possibly viable tar-
get is the TAA tumor-associated antigen Wilms’ tumor 1
(WT1).38 Several groups  have demonstrated safety and a
measure of efficacy in early phase trials of patients with
AML/MDS, though disease responses were transient.39,40
A new phase I/II trial evaluating WT1 TCR-T in combi-
nation with IL-2 in patients with AML/MDS was recently
completed (clinicaltrials.gov identifier: 02550535) and the
results are eagerly awaited. 
Given the enormous efforts to drug the PD/PDL1 axis

in solid cancers, interest has also turned to this approach
in AML.  PD-L1 was shown to be up-regulated on blasts
in an analysis of 55 samples selected for their high white
cell count, with the hypothesis that up-regulated PD-L1
was coupled with leukocytosis due to failure of the
immune response.41 However, PD1-inhibition in AML has
so far failed to yield convincing responses.42
Another potential avenue for controlling AML with the

immune system is by vaccination, though strong clinical
data here are also currently lacking. Vaccination against
WT1 with a leukemia-specific peptide combined with an
adjuvant failed to show any demonstrable effect of clini-
cal response in a small cohort of AML patients43 and
another similarly designed trial was stopped after the first
four patients failed to show any clinical response (clinical-
trials.gov identifier: 00433745). An alternative form of vac-
cination is a novel cell therapy involving the generation of
autologous dendritic cell / AML fusion cells ex vivo which
are then re-infused with the intention of expanding AML-
reactive T cells in vivo. Safety and tolerability were

demonstrated in a small trial of AML patients who
achieved remission after standard induction chemothera-
py (patients who did not achieve a CR were excluded
from the trial),44 and in a recent update, 12 of 17 vaccinat-
ed patients (71%) remained in remission with a median
follow up of 57 months.45 These findings suggest that vac-
cination could be a useful consolidative therapy for
patients achieving a CR, perhaps in those at high risk for
relapse. This approach is currently being evaluated in a
post-alloHSCT setting, both as single agent therapy and
in combination with decitabine (clinicaltrials.gov identifier:
03679650). Overall, however, data that vaccination can
directly mediate an anti-leukemia response in patients
with active disease are lacking. 

How will acute myeloid leukemia respond to chimeric
antigen receptor T-cell therapy?  
The potential for T-cell mediated killing of AML is

manifest in the induction of long-term remissions in some
patients after alloHSCT and donor lymphocyte infusions,
suggesting AML can indeed be susceptible to T-cell medi-
ated effects, and by extension, to CART therapy.
However, alloHSCT fails to induce a sufficient graft-ver-
sus-leukemia effect in some patients with AML having
demonstrated numerous mechanisms of resistance to
therapy over the years, including loss of HLA molecules
in relapse post alloHSCT,46,47 upregulation of anti-apoptot-
ic proteins, downregulation of antigen expression, and
changes in T-cell populations, including T-cell exhaustion
and the expansion of regulatory T cells.48 It remains to be
seen what immune evasion mechanisms AML will gener-
ate in response to CART therapy, though it is likely that
many of the mechanisms of resistance to or relapse fol-
lowing CART therapy in other diseases will also be seen
in AML, such as relapse with antigen loss,49 generation of
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Figure 1. A proposed design for a novel therapeutic platform for acute myeloid leukemia (AML), combining hematopoietic stem and progenitor cell (HSPC)-
CD33KO with CD33-directed chimeric antigen receptor-modified T cell (CART33) therapy. CART33 manufacture is performed at steady state, prior to mobilization
agents that may affect the composition of the resultant CART product. CART33 and HSPC-CD33KO will be from the same allogeneic donor. Sex difference between
donor and patient are shown only to demonstrate an allogeneic donor for the purpose of this diagram. KO: knock-out. RR AML: relapsed/refractory AML; AlloCART-
33: anti CD33 CAR T-cell, made from allogeneic donor cells; HSPC-CD33KO: hematopoietic stem/progeitor cells with  CD33 knock-out; alloHSCT: allogeneic
hematopoietic stem/progenitor cell transplant.



an immuno-suppressive microenvironment,50 failure of
persistence of the CART population,51,52 or unacceptable
or unexpected on-target off-tumor toxicity.53 As early
results from CART trials for AML become available in the
coming years, we will gain a better understanding of their
relative role vis-à-vis that of other recently approved ther-
apies for this disease targeted against specific genetic
lesions (FLT3, IDH1/2) or survival pathways (BCL2). The
T-cell manufacturing process is complicated and time-
consuming, with the median time from enrollment to
infusion in the ELIANA trial of CART-19 being 45 days
(range 30-105 days),1 and so the availability of well-toler-
ated, targeted, non-immunosuppressive therapies may
improve the feasibility of bridging patients to potentially
curative immunotherapy by providing disease control
and clinical stability.   

How close are we … really? 
Although the first CART trials for AML are now appear-

ing in the clinical sphere, it is likely that other barriers will
need to be overcome before this therapy becomes widely
available. It remains to be seen if the ‘bridge to transplant’
approach is feasible, if it provides a sufficient duration of
CART persistence, and how the on-target off-tumor toxic-
ity of the various constructs, combinations and target anti-

gens will be tolerated.  We suspect that CART therapy will
not be suitable or efficacious for all patients with AML, for
example, frail elderly patients who are at higher risk of tox-
icity, or for those lacking access to expensive personalized
therapies, by virtue of geographic and economic factors.
However, select patients with AML are now being treated
on CART trials and in the next 1-2 years data are likely to
tell us more about the patient, disease and treatment char-
acteristics that can predict success in this arena.  We think
of the future of CART cell therapy for AML as the next
step in alloHSCT: a complex, resource-intensive but feasi-
ble approach intended to provide curative therapy to
selected patients. In addition, the lessons learned in treat-
ing AML with CAR T cells may reveal other targetable
pathways to be exploited in combination with immune-
based or pharmacological therapies. We await the impact
of CART therapy on AML with cautious optimism, noting
the recent shower of drug approvals that followed a long
dry spell in AML therapeutics. We are hopeful that the
combination of alloHSCT and CAR T-cell therapy (the old
master and new arrival in adoptive cellular therapy) may
prove to be the key to unlocking relapsed-refractory AML.
We, and many others, continue to create and develop new
solutions to make CAR T cells for AML a safe, deliverable
and effective reality. 

CAR T-cells for AML

haematologica | 2019; 104(7) 1307

References
1. Maude SL, Laetsch TW, Buechner J, et al.
Tisagenlecleucel in Children and Young
Adults with B-Cell Lymphoblastic Leukemia.
N Engl J Med. 2018;378(5):439-448.

2. June CH, O'Connor RS, Kawalekar OU, et
al. CAR T cell immunotherapy for human
cancer. Science. 2018;359(6382):1361-1365.

3. Ritchie DS, Neeson PJ, Khot A, et al.
Persistence and efficacy of second genera-
tion CAR-T cell against the LeY antigen in
acute myeloid leukemia. Mol Ther.
2013;21(11):2122-2129.

4. Brenner MK. CAR T cells for acute myeloid
leukemia: the LeY of the land. Mol Ther.
2013;21(11):1983-1984.

5. Ehninger A, Kramer M, Rollig C, et al.
Distribution and levels of cell surface expres-
sion of CD33 and CD123 in acute myeloid
leukemia. Blood Cancer J. 2014;4:e218.

6. Testa U, Pelosi E, Frankel A. CD 123 is a
membrane biomarker and a therapeutic tar-
get in hematologic malignancies. Biomark
Res. 2014;2(4).

7. Wang Q-s, Wang Y, Lv H-y, et al. Treatment
of CD33-directed Chimeric Antigen
Receptor-modified T Cells in One Patient
With Relapsed and Refractory Acute
Myeloid Leukemia. Mol Ther.
2015;23(1):184-191.

8. Liu F, Cao Y, Pinz K, et al. First-in-Human
CLL1-CD33 Compound CAR T Cell
Therapy Induces Complete Remission in
Patients with Refractory Acute Myeloid
Leukemia: Update on Phase 1 Clinical Trial.
Blood. 2018;132(Suppl 1):901.

9. Munoz L, Nomdedeu JF, Lopez O, et al.
Interleukin-3 receptor alpha chain (CD123)
is widely expressed in hematologic malig-
nancies. Haematologica. 2001;86(12):1261-
1269.

10. Vergez F, Green AS, Tamburini J, et al. High

levels of CD34+CD38low/-CD123+ blasts
are predictive of an adverse outcome in
acute myeloid leukemia: a Groupe Ouest-
Est des Leucemies Aigues et Maladies du
Sang (GOELAMS) study. Haematologica.
2011;96(12):1792-1798.

11. Gill S, Tasian SK, Ruella M, et al. Preclinical
targeting of human acute myeloid leukemia
and myeloablation using chimeric antigen
receptor–modified T cells. Blood. 2014;123
(15):2343-2354.

12. Arcangeli S, Bardelli M, Rotiroti MC, et al.
Balance of Anti-CD123 Chimeric Antigen
Receptor (CAR) Binding Affinity and
Density for the Treatment of Acute Myeloid
Leukemia. Blood. 2016;128(22):2163.

13. http://www.cellectis.com/en/press/cellectis-
reports-clinical-hold-of-ucart123-studies.
Available from: http://www.cellectis.com/
en/press/cellectis-reports-clinical-hold-of-
ucart123-studies. [Last accessed 8 February
2019]

14. Cummins KD, Frey N, Nelson AM, et al.
Treating Relapsed / Refractory (RR) AML
with Biodegradable AntiCD123 CAR
Modified T Cells. Blood. 2017;130(Suppl
1):1359.

15. Budde LE, Schuster SJ, Del Real M et al.
CD123CAR displays clinical activity in
relapsed/refractory acute myeloid leukemia
(AML) and blastic plasmcytoid dendritic cell
neoplasm (BPDCN): Safety and efficiacy
results from a phase 1 study. AACR Tumor
Immunology and Immunotherapy. Miami,
FL, USA, 2018.

16. Spear P, Wu M-R, Sentman M-L, et al.
NKG2D ligands as therapeutic targets.
Cancer Immun. 2013;13:8.

17. Spear P, Barber A, Rynda-Apple A, et al.
NKG2D CAR T-cell therapy inhibits the
growth of NKG2D ligand heterogeneous
tumors. Immunol Cell Biol. 2013;91(6):435-
440.

18. Sheppard S, Ferry A, Guedes J, et al. The

Paradoxical Role of NKG2D in Cancer
Immunity. Front Immunol. 2018;9:1808.

19. Champsaur M, Lanier LL. Effect of NKG2D
ligand expression on host immune respons-
es. Immunol Rev. 2010;235(1):267-285.

20. Chauveau A, Tonnerre P, Pabois A, et al.
Endothelial Cell Activation and Proliferation
Modulate NKG2D Activity by Regulating
MICA Expression and Shedding. J Innate
Immun. 2014;6(1):89-104.

21. Baumeister SH, Murad J, Werner L, et al.
Phase I Trial of Autologous CAR T Cells
Targeting NKG2D Ligands in Patients with
AML/MDS and Multiple Myeloma. Cancer
Immunol Res. 2019;7(1):100-112.

22. Sallman DA, Brayer JB, Poire X, et al.
Abstract CT129: The THINK clinical trial:
Preliminary evidence of clinical activity of
NKG2D chimeric antigen receptor T cell
therapy (CYAD-01) in acute myeloid
leukemia. Cancer Res. 2018;78(13
Supplement):CT129.

23. Baragano Raneros A, Martin-Palanco V,
Fernandez AF, et al. Methylation of NKG2D
ligands contributes to immune system eva-
sion in acute myeloid leukemia. Genes
Immun. 2015;16(1):71-82.

24. Perna F, Berman SH, Soni RK, et al.
Integrating Proteomics and Transcriptomics
for Systematic Combinatorial Chimeric
Antigen Receptor Therapy of AML. Cancer
Cell. 2017;32(4):506-519.e5.

25. Tashiro H, Sauer T, Shum T, et al. Treatment
of Acute Myeloid Leukemia with T Cells
Expressing Chimeric Antigen Receptors
Directed to C-type Lectin-like Molecule 1.
Mol Ther. 2017;25(9):2202-2213.

26. Wang J, Chen S, Xiao W, et al. CAR-T cells
targeting CLL-1 as an approach to treat acute
myeloid leukemia. J Hematol Oncol.
2018;11(1):7.

27. Maude SL, Frey N, Shaw PA, et al. Chimeric
antigen receptor T cells for sustained remis-
sions in leukemia. N Engl J Med. 2014;



371(16):1507-1517.
28. Kim MY, Yu KR, Kenderian SS, et al. Genetic

Inactivation of CD33 in Hematopoietic
Stem Cells to Enable CAR T Cell
Immunotherapy for Acute Myeloid
Leukemia. Cell. 2018;173(6):1439-1453.e19.

29. Gale RP, Sparkes RS, Golde DW. Bone
Marrow Origin of Hepatic Macrophages
(Kupffer Cells) in Humans. Science.
1978;201(4359):937-938.

30. Thomas ED, Ramberg RE, Sale GE, et al.
Direct Evidence for a Bone Marrow Origin
of the Alveolar Macrophage in Man.
Science. 1976;192(4243):1016-1018.

31. Takahashi K, Kakuda Y, Munemoto S, et al.
Differentiation of Donor-Derived Cells Into
Microglia After Umbilical Cord Blood Stem
Cell Transplantation. J Neuropathol Exp
Neurol. 2015;74(9):862-866.

32. Godwin CD, McDonald GB, Walter RB.
Sinusoidal obstruction syndrome following
CD33-targeted therapy in acute myeloid
leukemia. Blood. 2017;129(16):2330-2332.

33. Laszlo GS, Estey EH, Walter RB. The past
and future of CD33 as therapeutic target in
acute myeloid leukemia. Blood Rev. 2014
2014;28(4):143-153.

34. Lowe KL, Mackall CL, Norry E, et al.
Fludarabine and neurotoxicity in engineered
T-cell therapy. Gene Ther. 2018
2018;25(3):176-191.

35. Morris EC, Stauss HJ. Optimizing T-cell
receptor gene therapy for hematologic
malignancies. Blood. 2016;127(26):3305.

36. Rapoport AP, Stadtmauer EA, Binder-Scholl
GK, et al. NY-ESO-1-specific TCR-engi-
neered T cells mediate sustained antigen-
specific antitumor effects in myeloma. Nat
Med. 2015;21(8):914-921.

37. Alexandrov LB, Nik-Zainal S, Wedge DC, et

al. Signatures of mutational processes in
human cancer. Nature. 2013;500(7463):415-
421.

38. Xue S, Gao L, Gillmore R, et al. WT1-target-
ed immunotherapy of leukaemia. Blood
Cells Mol Dis. 2004 2004;33(3):288-290.

39. Tawara I, Kageyama S, Miyahara Y, et al.
Safety and persistence of WT1-specific T-
cell receptor gene−transduced lymphocytes
in patients with AML and MDS. Blood.
2017;130(18):1985.

40. Chapuis AG, Ragnarsson GB, Nguyen HN,
et al. Transferred WT1-reactive CD8+ T
cells can mediate antileukemic activity and
persist in post-transplant patients. Sci Transl
Med. 2013;5(174):174ra27.

41. Brodská B, Fuchs O, Otevřelová P, et al. PD-
L1 Is Frequently Expressed in Acute Myeloid
Leukemia Patients with Leukocytosis.
Blood. 2016;128(22):5229.

42. Daver N, Basu S, Garcia-Manero G, et al.
Phase IB/II Study of Nivolumab in
Combination with Azacytidine (AZA) in
Patients (pts) with Relapsed Acute Myeloid
Leukemia (AML). Blood. 2016;128(22):763.

43. Uttenthal B, Martinez-Davila I, Ivey A, et al.
Wilms' Tumour 1 (WT1) peptide vaccina-
tion in patients with acute myeloid
leukaemia induces short-lived WT1-specific
immune responses. Br J Haematol.
2014;164(3):366-375.

44. Rosenblatt J, Stone RM, Uhl L, et al.
DC/Aml Fusion Cell Vaccination
Administered to AML Patients Who
Achieve a Complete Remission Potently
Expands Leukemia Reactive T Cells and Is
Associated with Durable Remissions. Blood.
2015;126(23):2549.

45. Rosenblatt J, Stone RM, Uhl L, et al.
Individualized vaccination of AML patients

in remission is associated with induction of
antileukemia immunity and prolonged remis-
sions. Sci Transl Med. 2016;8(368): 368ra171.

46. Vago L, Perna SK, Zanussi M, et al. Loss of
mismatched HLA in leukemia after stem-cell
transplantation. N Engl J Med. 2009;361(5):
478-488.

47. Teague RM, Kline J. Immune evasion in
acute myeloid leukemia: current concepts
and future directions. J Immunother Cancer.
2013;1(13).

48. Austin R, Smyth MJ, Lane SW. Harnessing
the immune system in acute myeloid
leukaemia. Crit Rev Oncol Hematol.
2016;103:62-77.

49. Ruella M, Maus MV. Catch me if you can:
Leukemia Escape after CD19-Directed T
Cell Immunotherapies. Comput Struct
Biotechnol J. 2016;14:357-362.

50. D’Aloia MM, Zizzari IG, Sacchetti B, et al.
CAR-T cells: the long and winding road to
solid tumors. Cell Death Dis. 2018;9(3):282.

51. Turtle CJ, Hanafi L-A, Berger C, et al.
Addition of Fludarabine to
Cyclophosphamide Lymphodepletion
Improves In Vivo Expansion of CD19
Chimeric Antigen Receptor-Modified T
Cells and Clinical Outcome in Adults with B
Cell Acute Lymphoblastic Leukemia. Blood.
2015;126(23):3773.

52. Turtle CJ, Hanafi LA, Berger C, et al. CD19
CAR-T cells of defined CD4+:CD8+ com-
position in adult B cell ALL patients. J Clin
Invest. 2016;126(6):2123-2138.

53. Morgan R, Yang J, Kitano M, et al. Case
Report of a Serious Adverse Event Following
the Administration of T Cells Transduced
With a Chimeric Antigen Receptor
Recognizing ERBB2. Mol Ther. 2010;18(4):
843-851.

K.D. Cummins et al.

1308 haematologica | 2019; 104(7)


