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Outcomes with intensive chemotherapy and 
hematopoietic cell transplantation have grad-
ually improved over time in acute myeloid 
leukemia (AML), but therapeutic failure 
remains common, and most patients still 
die from consequences of persistent or recur-
rent disease or from treatment-related toxici-
ties [1]. Interest in antigen-directed therapies 
as a means of overcoming these inadequacies 
had first arisen over 40 years ago [2] and has 
been sustained ever since. Success so far has 
been modest  [3]. Not for the lack of trying: 
efforts have spanned multiple target antigens 
and involved diverse classes of therapeutics 
including unconjugated antibodies, antibod-
ies armed with anticancer effectors (toxins, 
small molecule drugs or radionuclides) and 
vaccines. A large number of agents have 
shown antileukemic properties in preclini-
cal studies and have subsequently entered the 
clinic. In some cases, investigations are ongo-
ing, and the drug’s value has yet to be defined. 
In many cases, however, the development 
has been abandoned based on disappointing 
patient results. Testing was often short-lived 
and did not go beyond uncontrolled early 
phase trials, but two unconjugated antibod-
ies – one targeting CD33 (lintuzumab, also 
known as SGN-33 or HuM195) and one 
targeting VEGF (bevacizumab) – failed only 
at the stage of randomized trials [4–6]. Thus, 
rather than proving effective, most agents 
tested to date have highlighted the challenges 
of using antigen-directed therapies in AML.

Nonetheless, one of the only new AML 
drugs to improve survival in randomized tri-
als in the last three decades is the CD33 anti-
body–drug conjugate (ADC) gemtuzumab 
ozogamicin (GO)  [7–9]. The clinical experi-
ence with GO unequivocally demonstrates 
that antigen-directed therapies can be effec-
tive for a disease as diverse as AML as long as 
suitable patient subsets are identified. In light 
of the many immunotherapeutics that have 
failed, this success is particularly remark-
able since GO is by no means a perfect drug. 
Besides concerns over the stability of the 
linker, the conjugation technology of this 
first-generation ADC was not yet optimized, 
and roughly half of the antibody molecules 
remained unlabeled. Perhaps more signifi-
cantly, the calicheamicin derivative utilized 
as toxic payload in GO – while highly potent 
– is an excellent substrate for drug transporter 
proteins, in particular P-glycoprotein  [10]. 
These transporters have long been recog-
nized as an important resistance mechanism 
for AML cells [11] and likely contribute to the 
cross-resistance observed between GO and 
conventional AML chemotherapeutics.

Correlative analyses from randomized tri-
als have also clarified cellular determinants 
for the clinical activity of GO, including 
target antigen expression levels on leukemic 
blasts and, at least in adults, cytogenetic and 
molecular characteristics  [7,12,13]. Although 
it is not entirely surprising that GO is more 
effective in certain patients, while it is less 
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useful or even ineffective or hurtful in others, such 
interindividual differences have largely been ignored 
throughout much of the drug’s clinical development. 
To some degree, this may have occurred inadvertently. 
For instance, the restriction to patients in first relapse 
with a first remission duration of 3 months or longer 
in the early Phase II monotherapy trials [14] may have 
been useful to ‘homogenize’ the study population and 
simplify data interpretation, but may have led to an 
underappreciation of the impact of genetic or molec-
ular disease features. Still, there were early hints, for 
example from X chromosome inactivation studies, 
pointing at differences in the stem and progenitor cell 
composition between individual patients  [15]. These 
analyses directly suggested that long-term benefit 
from CD33-targeted therapy may be limited to dis-
tinct patient subsets. The early recognition of the asso-
ciation between P-glycoprotein and clinical resistance 
to GO  [16] was another early clue that some patients 
would be better candidates for GO therapy than oth-
ers. In retrospect, one could argue that the conduct of 
clinical trials with designs that reflect the believe that 
GO would be a drug that fits all – rather than consid-
ering the biologic diversity of AML – is a ‘self-inflicted’ 
reason why not only did it take many years following 
accelerated marketing approval by the US FDA before 
the value of GO became apparent, but also why this 
drug is currently no longer available in most commer-
cial markets around the globe. Specifically, the con-
firmatory Phase III trial (SWOG S0106), mandated 
under FDA’s Accelerated Approval regulations, was 
designed – and failed – to demonstrate a survival ben-
efit with GO across all cytogenetic risk groups [17]. It is 
conceivable that earlier attention to response biomark-
ers would have led to an alternative design of the piv-
otal Phase III trial and, plausibly, the confirmation of 
patient benefit. It can only be hoped that GO finds its 
way back into the armamentarium of AML therapeu-
tics. At the minimum, however, we need to use insight 
from the lessons learned during the development of 
this ADC as they inform on principles that should be 
pertinent to the evaluation of other antigen-directed 
therapies and may help avoid mistakes during the test-
ing of new agents that have far-reaching consequences. 
GO’s fate is a solemn reminder of how shortcomings 
during clinical development can deprive patients from 
active drugs.

Efficient drug testing has never been as important 
as today, with early clinical findings suggesting anti-
AML activity of several unconjugated and conjugated 
antibodies and, perhaps, vaccines and adoptive immu-
notherapies with cells expressing modified T-cell recep-
tors [3]. In patients with acute lymphoblastic leukemia 
and other lymphoid malignancies, impressive activity 

has been observed with new classes of immunothera-
peutics, most notably small bispecific antibodies and 
chimeric antigen receptor-modified immune effector 
cells  [18]. First-in-human trials of such therapies for 
AML have been initiated over the last year and others 
will soon follow. This exploration of a wide range of 
therapeutics is paralleled by efforts to target an expand-
ing variety of antigens on, in or around AML cells [3] 
– a reflection of the antigenic heterogeneity that con-
stitutes a considerable hurdle for all antigen-directed 
therapeutics. In a disease as diverse as AML, there 
may be no single optimal antigen, and for any particu-
lar antigen, only a subset of patients may be suitable. 
Maximal treatment benefit may even require targeting 
of more than one antigen, in addition to integration of 
conventional chemotherapeutics or immune-stimulat-
ing drugs. To complicate matters further, the choice of 
target antigen(s) – or sequence of use – may depend 
on the main therapy purpose (e.g., gross reduction of 
tumor burden vs eradication of small amounts of resid-
ual leukemia vs deletion of the very rare underlying 
malignant stem cells). With an increasing number of 
experimental therapeutics at our disposal, timely iden-
tification of the critical determinants for the antileuke-
mic activity of each of them will be critical to optimize 
their use for patients and facilitate an eventual path to 
regulatory approval. While perhaps perceived as ‘low-
hanging fruit’, centering drug-development strategies 
on relatively unselected patient populations, such as 
older adults with medical comorbidities and intoler-
ance to intensive conventional chemotherapies, may 
prove less than ideal to unravel a targeted drug’s true 
benefit.

GO also serves as a reminder that the intricate bal-
ance between efficacy and toxicity applies to antigen-
directed therapies as well  [19,20]. This is particularly 
important now that we enter an era of highly potent 
therapeutics. Life-threatening toxicities with novel 
immunotherapies such as small bispecific antibodies 
and gene-modified immune effector cells are well rec-
ognized in other cancers [18]. While the toxicity profiles 
of similar drugs have yet to be established for AML, 
substantial side effects have to be anticipated, as none 
of the currently pursued antigens are leukemia specific. 
All are found on normal mature and/or immature cells, 
particularly within the hematopoietic system. More 
potent drugs may adversely affect a larger array of nor-
mal cells as they may hit hematopoietic cells that were 
protected from less potent drugs through low target 
antigen expression, drug transporter proteins or other 
mechanisms. More extensive ‘on-target, off AML’ 
effects may then cause longer and more severe cyto-
penias and put patients at higher risk for life-threaten-
ing complications, especially bleeding and infections. 
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Therefore, it remains to be tested whether more potent 
drugs will indeed provide a useful therapeutic win-
dow and greater benefit than less potent agents. They 
may not, and it is conceivable that some highly potent 
therapeutics targeting CD33 or other AML-associated 
antigens may require autologous or allogeneic stem cell 
rescue for safe administration to abrogate their effects 
on normal hematopoietic cells and/or immune effector 
cells – therapies with their own risks that may curtail 
or nullify any benefit of the novel therapeutic. With 
differing requirements for support care, the ideal for-
mat of immunotherapy may not only depend on target 
antigen but also exact treatment situation, for example, 
disease stage and patient characteristics.

Undoubtedly, we are entering an exciting time. 
With many antigen-specific therapies currently under 
development for AML, there should be optimism that 
we can soon expand the array of treatment options 
for our patients. GO was a good start – it not only 
yielded a strong glimpse of the potential value of 

antigen‑directed therapies but also provided important 
insight into the do’s and don’ts of testing of such drugs 
that are likely pertinent to the evaluation of the new 
generation of AML immunotherapeutics as well.
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