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Immunotherapy in cancer takes advantage of the
exquisite specificity, potency, and flexibility of the
immune system to eliminate alien tumor cells. It
involves strategies to activate the entire immune
defense, by unlocking mechanisms developed by
tumor cells to escape from surrounding immune
cells, as well as engineered antibody and cellular
therapies. What is important to note is that these
are therapeutics with curative potential.

The earliest example of immune therapy is allo-
geneic stem cell transplantation, introduced in
1957, which is still an important modality in

hematology, most notably in myeloid malignancies.
In this review, we discuss developmental trends
of immunotherapy in hematological malignancies,
focusing on some of the strategies that we believe
will have the most impact on future clinical prac-
tice in this field. In particular, we delineate novel
developments for therapies that have already been
introduced into the clinic, such as immune check-
point inhibition and chimeric antigen receptor T-
cell therapies. Finally, we discuss the therapeu-
tic potential of emerging strategies based on T-cell
receptors and adoptive transfer of allogeneic natu-
ral killer cells.
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Introduction

Immunotherapy in cancer is a vast and rapidly
expanding field and involves several different
therapeutic modalities. It includes targeted mono-
clonal antibodies, either in its pure form, or further
engineered to carry toxins or radioisotopes. Anti-
body technology has enabled the development
of even more advanced antibody-based agents,
engaging multiple targets, including bi-or multi-
specific T-cell-engaging antibodies. Another area
of immunotherapy is that of adoptive cell ther-
apy, which includes chimeric antigen receptor
(CAR) T-cell therapy, where autologous or allo-
geneic T cells are modified and equipped with
receptors known as CARs, as well as strategies
for modification of natural killer cells (NKs) and

tumor infiltrating lymphocytes (TILs). Oncolytic
virus therapy involves viruses that are modified
to infect tumor cells and cause cellular lysis and
secondary immune activation against tumor anti-
gens. Cancer vaccines are designed to elicit an
immune response against tumor-specific antigens,
to induce tumor regression, eradicate minimal
residual disease, and establish a lasting antitumor
memory. Immunomodulators regulate the activity
of other elements of the immune system to unleash
immune responses. These may be antagonists,
that suppress immune pathways, as well as ago-
nists, that stimulate the activation of immune
cells. This group of agents includes checkpoint
inhibitors and cytokines. In this review, we will
focus on some of the areas of immunotherapy
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Fig. 1 Cell based therapies for haematological malignan-
cies. (A) Patient with a tumor, infiltrated by normal T-
cells. Chimeric antigen receptor (CAR) and T-cell receptor
(TCR). (B) Patient undergoing autologous CAR-T cell ther-
apy. After leukapheresis, the T-cells are transfected with
a vector to express the CAR. The tumor is then infiltrated
by the autologous CAR-T cells, targeting the tumor cells.
(C) Patient undergoing allogeneic CAR-T cell therapy. After
leukapheresis from a healthy donor, the T-cells are trans-
fected with a vector to express the CAR. The tumor is
then infiltrated by the allogeneic CAR-T cells. (D) Induced
pluripotent stem cells (iPSC) are differentiated into T-cells,
that are then transfected with a vector to express the CAR.

that we expect will be of particular clinical impor-
tance for hematological malignancies—checkpoint
inhibitors, CAR T-cell therapy, and therapies based
on T-cell receptors (TCRs) and NK cells (Fig. 1).

Novel developments in immune checkpoint inhibitors

“Classical" immune checkpoint inhibitors (ICI)
include agents targeting the two key inhibitory sig-
naling pathways that regulate T lymphocyte activa-
tion: the “early” CD28-CTLA4 axis and the “late,”
exhaustion-associated, PDL1-PD1 axis. Besides
classical ICIs, a plethora of next-generation
immune modulators (NGIMs) have been developed
in recent years, generating unprecedented interest
by the pharma industry [1,2]. The field has been
driven by progress made in solid tumors that for
decades had not seen any significant improvement
in clinical activity, such as metastatic melanoma
or non small cell lung cancer (NSCLC). As it is well
known, the conventional mechanism of action of
ICIs and immune modulators in general is indirect
(i.e., the tumor cell is not the direct target of the
pharmacological agent) through the reactivation or
enhancement of an antitumoral response from the
host [3]. In hematological malignances, additional
layers of complexity must be considered. First,
cells of the myeloid and lymphoid compartments
are themselves key players of the immune system.
In fact, some lymphomas directly inhibit T-cell-
mediated responses by upregulating PD1 ligands
PDL1/2 through gene amplification [4,5], partic-
ularly in primary mediastinal lymphomas [6]. In
some cases, the mechanism of action of presum-
ably immune-modulating drugs is in fact partly
mediated by direct tumor depletion, exemplified by
classical agents like rituximab. Second, immune
modulating drugs are often employed in the context
of allogeneic transplantation, in which the under-
lying graft–host antigenic mismatch creates con-
ditions for potentialadded efficacy but also toxi-
city, manifesting as conventional immune-related
adverse events (IrAE) or full-blown graft versus
host disease (GVHD).

“Classical” ICIs: anti-PD1/PDL1 and anti-CTLA4

Lymphoid malignancies

ICIs have achieved an established role in the
management of Hodgkin’s lymphoma (HL), coher-
ent with the high relevance for HL biology. Both
nivolumab and pembrolizumab are approved for
relapsed/refractory (R/R) HL, with slightly differ-
ent specifications based on the characteristics of
the populations in the approval studies (Table 1),
either after auto-hematopoietic stem-cell trans-
plantation (HSCT) and post-transplantation bren-
tuximab vedotin therapy, or after three or more
lines of systemic therapy.
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Table 1. Summary of US approved indications for immune checkpoint inhibitors and next generation immune modulators

Drug
Date of FDA
approval Indication Relevant study Key findings

Nivolumab May 2016 R/R Hodgkin’s lymphoma
that has progressed or
relapsed after auto-HSCT
and post-transplantation
brentuximab vedotin
therapy, or three or more
lines of systemic therapy
that includes auto-HSCT

CheckMate-
205 and
CheckMate-
039
(11–12)

Phase 2. ORR 69%

Pembrolizumab March 2017 Refractory adult and
pediatric classical
Hodgkin’s lymphoma

Keynote-087
(7)

Phase 2. ORR 69% with
22% CR

Pembrolizumab June 2018 Refractory or relapsed
PMBCL

Keynote-013
and
Keynote-170
(110)

Phase 2. Objective
response rate 45%–48%

Mogamulizumab
(anti-CCR4)

August 2018 R/R mycosis fungoides or
Sézary syndrome after at
least one prior systemic
therapy

MAVORIC trial
(31)

PFS of 7.6 months (95%
CI, 5.6–10.2) compared
with 3.1 months (95%
CI, 2.8–4.0) in the
vorinostat arm (HR =
0.53; 95% CI,
0.41–0.69). The
confirmed ORR was 28%
and 5%, respectively (P
< 0.001)

Magrolimab with
azacytidone

September
2020 (break-
through)

Previously untreated
intermediate, high and
very high-risk MDS

NCT03248479
(38)

Phase 1b. In 25 efficacy
evaluable pts, CR rate
53% in untreated
AML/MDS

Abbreviations: AML, acute myeloid leukemia; CI, confidence interval; CR, complete response; FDA, Food and Drug Admin-
istration; HSCT, hematopoietic stem-cell transplantation; ORR, overall response rate; PMBCL, primary mediastinal large
B-cell lymphoma ; R/R, relapsed or refractory.

Pembrolizumab was approved for refractory adult
and pediatric classical HL (cHL) on March 14,
2017. This approval was given via an accelerated
process based on the single-arm phase 2 Keynote-
087 trial that showed an overall response rate
(ORR) of 69%, of which 22% had complete remis-
sion and the median duration of response was 11
months [7].

Pembrolizumab approval was recently extended by
FDA to include adult patients with R/R cHL and
pediatric patients with refractory cHL, or cHL that
has relapsed after two or more lines of therapy
based on Keynote-204 [8].

More recently, trials have demonstrated efficacy
of nivolumab as first-line therapy for patients
with early-stage unfavorable cHL in the German
Hodgkin Study Group phase 2 NIVAHL trial. This
study provides an interesting insight into the pecu-
liar mechanism of action of nivolumab in HL, char-
acterized by a withdrawal of prosurvival factors,
rather than induction of an adaptive antitumor
immune response [3].

Besides HL, PD1 blockade has shown high effi-
cacy in primary mediastinal and gray zone lym-
phomas [6,9] and in Richter’s transformation of
chronic lymphocytic leukemia (CLL) [10]. Despite
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the relevant response rates in the short-term trial
endpoints, anti-PD1 agents are clearly not cura-
tive, as in most responding patients, the disease
progresses within 1–2 years [11,12]. Other types
of lymphoma, most notably diffuse large B-cell
lymphoma (DLBCL) in both relapsed transplant-
ineligible patients and as posttransplant con-
solidation, and follicular lymphoma (FL) have
shown very limited benefits (reviewed in [13]). ICIs
have not shown significant benefit in multiple
myeloma, neither alone nor in combination with
immunomodulatory agents such as lenalidomide
[14].

Agents targeting PDL1 have lagged behind; tri-
als with avelumab [15] and durvalumab, alone
or in combination with other established agents
like ibrutinib [4], are ongoing. Atezolizumab did
not provide significant improvements in pediatric
malignances in the iMATRIX trial [16], and devel-
opment in the lymphoma space was arrested due
to business considerations.

The CTLA4-targeting ipilimumab has been investi-
gated relatively little in the context of lymphomas.
A small phase 1 study tested its addition to
rituximab in multiple subtypes, obtaining over-
all modest response rates except for the follic-
ular subtype [17]; no follow-up to this study is
available. Ipilimumab may significantly enhance
the rate of response when used in combination
with other agents, as recently explored in the
CTEP phase 1–2 trial testing various combina-
tions of ipilimumab, nivolumab, and brentuximab
vedotin in HL [18]. Predictably, ipilimumab and
the combinations thereof were associated with
increased severe toxicity, but the combinations
showed very interesting efficacy, with complete
response rate up to 73% in the triplet therapy
group. The nivo + brentuximab and the triplet
are being pursued in a randomized phase 2 trial
(NCT01896999).

Myeloid malignances

In myeloid malignances, PD1-targeting agents in
monotherapy have not shown notable efficacy
[19]. Considering their known immune-modulatory
potential, demethylating agents have been pro-
posed in combination with ICIs. The combination
of azacytidine and nivolumab produced interest-
ing ORRs in R/R acute myeloid leukemia (AML),
predictably higher in demethylating-naïve patients

(58%) but detectable also in demethylating-
pretreated patients (22%) [20].

ICI + transplant: a deadly combination

The ICI-associated enhancement of GVHD and
other IrAEs in patients undergoing allo-HSCT is
a double-edged sword across hematological dis-
eases. Studies converge in showing significant
efficacy but also relevant immune-related toxic-
ity and/or GVHD when ICIs are employed either
before or after allo-HSCT. As expected, most data
have been collected in the context of HL, in which
two retrospective studies on HL patients treated
with PD1 blockade after relapsing after allo-HSCT
showed ORRs of 77%–95% yet with rates of severe
GVHD between 55% and 30%, with several GVHD-
induced deaths [21,22]. These results were also
confirmed outside the HL population; in a phase
1 trial with nivolumab on a cohort that included
28 patients with both lymphoid and myeloid dis-
eases relapsing after allo-HSCT, ORR in efficacy-
evaluable patients was 32% (8/25), but rates of
severe IrAEs or GVHD were high: 11 patients (39%)
developed new or worsening a/c-GVHD [23].

Ipilimumab is associated with significant toxic-
ity, as shown by one of the first studies in this
context [24]. This setting, as noted previously
[25], is a highly selected one with no prior G3-4
GVHD, long after allogeneic hematopoietic stem-
cell transplantation (allo-HSCT) (1–2 years) and
mostly with full chimerism, and ipilimumab dose
was at 10 mg/kg, higher than the usual dosage
in solid tumors for a drug that is associated with
IrAE in a dose-dependent manner. Herbaux et al.
[26] have proposed a series of recommendations for
managing ICI-associated toxicities in transplanted
patients.

Increasing evidence suggests that post-transplant
cyclophosphamide (PTCy) may be useful in reduc-
ing the incidence of GVHD, both in the context
of lymphoid [27] and myeloid [28] malignances,
without clear signs of compromised efficacy. In
a recent study by De Philippis et al. [29] on 59
HL patients who received PTCy after haploidenti-
cal HSCT, the incidence of severe GVHD was the
same (7% vs. 8%) in previously ICI-treated versus
untreated patients; importantly, progression-free
survival (PFS) was superior in patients previously
treated with ICIs (HR 0.32; p = 0.037). If confirmed
in larger prospective studies, this may represent a

4 © 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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valid strategy for bridging to haplo-stem cell trans-
plantation (SCT).

Next-generation immune modulators

CCR4

CCR4 is a chemotactic receptor essential for lym-
phocyte chemotaxis to the skin and has attracted
much interest as a target for cutaneous lym-
phomas. Mogamulizumab, a defucosylated IgG1κ

antibody, was approved in 2018 for the treatment
of Sezary Syndrome and Mycosis Fungoides. Addi-
tionally, it was approved in Japan in 2012 for
the treatment of acute T-cell leukemia/lymphoma
(ATLL) [30]. In the phase 3 MAVORIC study that led
to FDA approval, mogamulizumab showed superi-
ority over vorinostat in PFS (median of 7.7 months,
95% CI 5.7–10.3 vs. 3.1 months, 95% CI 2.9–
4.1, hazard ratio 0.53, p < 0.001) [31]. Moga-
mulizumab acts predominantly through antibody-
dependent cellular cytotoxicity (ADCC)-mediated
targeting of lymphoma cells; however, as CCR4
is also expressed by regulatory T cells, treatment
results in Treg depletion and potential breaking of
peripheral tolerance. Consistently, administration
of mogamulizumab in the vicinity of allo-HSCT is
associated with increased risk of grade 3/4 GVHD
(relative risk, 1.80; p < 0.01), often steroid refrac-
tory, and worse 1-year cumulative incidence of
nonrelapse mortality (43.7% vs. 25.1%; p < 0.01),
particularly if the time interval between moga-
mulizumab and allo-HSCT is <50 days [32].

TIM3

TIM3 is a membrane glycoprotein with regulatory
function in multiple cells of the immune system,
and as such it is the object of drug development
in combination with anti-PD1 in solid tumors.
However, a key study in 2010 identified TIM3
as selectively overexpressed in myeloid leukemic
stem cells (LSC) [33], generating interest also for
its exploitation in this context. The most advanced
agent in the context is sabatolimab (MBG453), a
humanized IgG4 that blocks the binding of TIM3 to
PtdSer. Sabatolimab is being tested in combination
with demethylating agents in AML, HR myelodys-
plastic syndrome (MDS), and chronic myelomono-
cytic leukemia (CMML), showing promising results
(ND AML: ORR 41.2%, R-MDS: ORR 62.9%,
ORR 63.6%) [34]. Further studies evaluate saba-
tolimab + demethylating agent combination
with the anti-PD1 spartalizumab (NCT03066648)
and sabatolimab with venetoclax and an MDM2

inhibitor (NCT03940352). Additional anti-TIM3
agents are also being developed but mostly for
nonhematological malignances [1].

41BB/CD137

41BB is a lymphoid/NK marker that has been
investigated using agonistic antibodies; in the
context of lymphoma, a specific rationale is the
enhancement of ADCC and as such it has mostly
been tested in combination with rituximab. Two
antibodies have advanced most in the field of devel-
opment: urelumab and utomilumab. Urelumab is
generally considered a more active but less safe
option and is not being further developed after
showing low response rates in R/R lymphomas
including multiple subtypes (DLBCL, FL, and oth-
ers) [35]. Slightly better results have been obtained
with utomilumab, which showed a 21.2% ORR in
R/R lymphomas [36] and is being further pursued
in combination with chemotherapy and targeted
therapy (NCT03440567).

CD47-SIRPa

CD47-SIRPa constitute a “don’t eat me” signal
essential for self-recognition, key to avoid elim-
ination of circulating hematopoietic stem cells.
Although traditionally considered a “checkpoint”
of exquisitely innate functions, recent data suggest
that the adaptive immunity may be involved in
the anticancer activity of CD47-targeting agents
[37]. In the attempt to limit scavenging of normal
hematopoietic cells, agents able with reduced
ADCC-inducing ability have been developed,
mostly antibodies against CD47, but also recom-
binant polypeptides and bispecific molecules [1].
A key advancement in the field is the recent FDA
breakthrough designation for previously untreated
HR MDS of magrolimab (Hu5F9-G4), an anti-CD47
antibody, which in combination with azacytidine,
showed >50% complete response (CR) rates in
chemo-ineligible, previously untreated AMLs or
HR MDS [38].

The spectrum of diseases that may benefit from
CD47 blockade includes several other hematolog-
ical diseases and FDA-granted fast-track designa-
tion to magrolimab in MDS, AML, DLBCL, and FL.
In DLBCL and FL, in particular, the combination
of magrolimab with rituximab showed encourag-
ing response rates of 40%–71% in DLBCL and FL,
respectively, with CRs in 33%–43% of the cases
[39].

© 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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CAR T-cell immunotherapy in hematological malignancies

CAR T cells have emerged as one of the most
promising new immunotherapies for cancer along-
side checkpoint blockade. CAR T cells are geneti-
cally modified autologous T cells where a chimeric
TCR has been introduced via a virus vector.
The construct is composed of the TCR fused to
a single-chain antibody fragment scFV and co-
stimulatory molecules. CAR T cells have been
developed predominantly toward CD19 expressed
on almost all B-cell lymphomas and leukemias.
Co-stimulatory molecules, CD28 or 4-1BB, have
been used in most trials [40–43]. Also, other targets
in hematological malignancies are currently being
explored, for example, B-cell maturation antigen
(BCMA) in myeloma, CD22 in acute lymphoblastic
leukemia (ALL), CD30 in HL, and CD33 and CD123
in AML.

CAR T cells have shown astonishing clinical
effects in patients with R/R lymphomas, ALL, and
myelomas. Almost half of patients with no other
remaining treatment option have achieved long-
term remissions and probably cure. Five CAR T-
cell products have been approved by FDA, all
approvals based on phase II studies; tisagenle-
cleucel (tiso-cel), axicabtagen ciloleucel (axi-cel),
and lisocabtagene maraleucel (liso-cel) for relapsed
and refractory DLBCL, tisagenlecleucel (tiso-cel)
for ALL in children and young adults [41], brex-
ucabtagene autoleucel for relapsed and refrac-
tory mantle cell lymphoma [43], and idecabta-
gene vidleucel (ide-cel) for relapsed and refractory
myeloma [44].

Treatment with CAR T cells have considerable tox-
icity. A relatively high proportion of patients expe-
rience cytokine release syndrome (CRS) and cen-
tral nervous system (CNS) toxicity, both related to
an intense immune activation. The CRS can be
treated with tocilizumab, an anti-IL6R antibody,
and for the CNS toxicity corticosteroids are com-
monly used. Fatal toxicity has occurred in a few
cases in most studies [45]. Also, prolonged cytope-
nias after CAR T-cell treatment is seen quite fre-
quently, probably caused by a combination of pre-
vious chemotherapy and a suppressive effect of the
immune activation on the bone marrow. Lastly,
patients with persisting CAR T cells often face
Ig depletion due to an ongoing eradication of all
CD19 expressing B cells. Recommendations of the
management of CAR T-cell toxicities was recently
updated by Lee et al. [46].

Mechanisms of treatment failure

Resistance to CAR T-cells is multifactorial and
differ between patients and products. Previous
chemotherapy might affect the T-cell quality of the
product and the persistence of the CAR T-cells in
vivo. The ability of the CAR T-cells to proliferate and
act in the tissue can be influenced by immunosup-
pressive cytokines and immune suppressive cells
[47]. Recently, tonic signaling of the CAR T-cells
leading to exhaustion was described as a possible
mechanism behind failure [48]. Another resistance
mechanism is loss of or reduction of CD19 expres-
sion, mostly studied in ALL but also present in lym-
phoma. The mechanisms behind include alterna-
tive splicing or in ALL a lineage switch to AML.

Patients who achieve a rapid complete remission
after CAR T-cell therapy seem to maintain the
remission and have a high likelihood of cure. High
tumor burden or rapidly progressive disease in
patients with high serum lactate dehydrogenase (S-
LDH) before CAR T-cell treatment has been asso-
ciated with low response [49]. Tumor burden can
be measured with metabolic tumor volume (MTV)
based on FDG-PET. The threshold for a higher
response has varied between patient materials but
is often around 100–150 ml [50]. One way of reduc-
ing the MTV is to treat the patient vigorously
before CAR T-cells are manufactured but some
chemotherapy used in that situation might pre-
clude the production of CAR T-cells due to T-cell
toxicity, for example, bendamustine.

Another option is to treat the patient during manu-
facturing with bridging therapy. The role of bridg-
ing therapy is, however, not clear. Many studies
have not permitted bridging therapy or have had
long delivery times of CAR T-cells thus excluding
the patients with the most rapidly progressing dis-
ease. In real life, however, bridging therapy is often
used to maintain the patient during manufactur-
ing time and the results of CAR T-cell treatment
seem to be similar to the pivotal studies [51]. Radio-
therapy as bridging therapy might be an option
in localized disease with promising results, prob-
ably acting as an effective debulking agent but
also possibly by influencing an immunosuppres-
sive microenvironment [52].

Factors associated with toxicity are in many cases
the same as those associated with poor response
with high tumor burden being the most impor-
tant. Recently, endothelial activation was reported

6 © 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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as one major mechanism behind CNS toxicity [53].
In summary, both tumor biological and microenvi-
ronmental factors as well as pre-CAR T-cell therapy
treatment, host immune status and tumor burden
influence the results and toxicity.

Future development

The future development of CAR T-cells in hema-
tological malignancies aims to increase efficacy,
reduce toxicity, and explore new indications. The
commercially available CAR T-cells are all second-
generation CAR T cells with one co-stimulatory
molecule, CD28 or 4-1BB. Attempts to improve
the efficacy by including both CD28 and 4-1BB
in the construct (third generation) have so far
not led to improved results [54]. Fourth gen-
eration CAR T-cells include T cells redirected
for universal cytokine killing (TRUCKs), secreting
immunomodulatory cytokines upon CAR signaling,
with inducible interleukin-12 expression. Another
line of development is tandem CAR T-cells target-
ing two different antigens, for example, CD19 and
CD20 where promising results have been shown in
small studies [55].

To reduce the toxicity of CAR T-cells, constructs
with suicide genes expressing a gene into the CAR
T cells, which can be activated by administering
a specific drug if the toxicity is too high. Also,
constructs that can be sequentially activated by
drugs are under development, that is, constructs
in which the antigen binding and the intracellular
signaling components are separated. The assembly
only starts after treatment with a small molecule.
Thus, the CAR T cells can be controlled in vivo,
and the magnitude of responses can be adjusted
by changing the dosage of the small molecule
[56].

Off-the-shelf allogeneic CAR T cells that utilize T
cells from healthy donors is another promising
possibility with cryo-preserved CAR T-cells imme-
diately available. It also enables standardization
and modifications of the product, but the down-
side is risk of GVHD and less persistence due to
CAR T-cell failure/elimination by the patient’s own
immune system [57]. As we will discuss in more
detail below, NK cells are another potential source
of CAR cells. NK cells target tumors without human
leukocyte antigen (HLA) recognition, thus also
providing an opportunity for allogeneic cell ther-
apy. The risk of GVHD is less for allogeneic CAR
T cells.

Combination therapy with CAR T-cells and check-
point inhibitors to overcome the immune suppres-
sion have been performed in small studies with
promising effects and without increased toxicity
[58] and larger studies are on-going. Combination
trials with compounds aiming at reducing the T-
cell exhaustion are also proposed [48] but so far
combination strategies have been quite rare.

Given the extraordinary results in advanced dis-
ease, trials to bring CAR T-cells to earlier lines of
treatment have been performed, for example, the
ZUMA-7 trial and the TRANSFORM trial. They are
both phase III studies comparing the effects of CAR
T-cells to standard of care in transplant eligible
patients at first relapse of an aggressive B-cell lym-
phoma. Also, trials on other hematological malig-
nancies are on-going, as in indolent CD19-positive
lymphomas, HL, and AML.

In conclusion, CAR T-cells is a new immunother-
apy with unprecedented results in patients with
R/R aggressive hematological malignancies. The
development of CAR T-cells is only in the beginning
and new constructs, cells sources and combination
therapies are likely to find their way into the clinic
within the coming years.

Therapeutic TCRs in hematological cancer—A focus on
targets

Immune receptors that recognize targets on can-
cer cells can be utilized to arm immune cells with
new specificities by means of genetic modification
in the laboratory. Such immune cells can, upon
reinfusion, effectively find and kill cancer cells
in patients. The best example of the potency of
this therapeutic principle is the ability of CD19-
targeted CAR therapies to eradicate acute lym-
phocytic leukemia and B-cell lymphoma, as dis-
cussed above. Although some clinical efficacy has
also been demonstrated for BCMA-targeted CAR
T cells in multiple myeloma, the success of CAR
therapies has not been extended outside of B-cell
malignancies. CD19 is an almost ideal target for
immunotherapy of many B-cell malignancies, as it
is highly and homogeneously expressed, and selec-
tively expressed on B cells. Notably, it is not spe-
cific for the malignant B cells, but we can live rel-
atively well without normal B cells for prolonged
periods when immunoglobulins are substituted.
Depletion of most other cell types giving rise to
hematological cancers is, however, not compati-
ble with life. CARs are antibody-based molecules
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restricted to recognition of cell surface targets. It
has proven difficult to identify highly expressed
cell-type-specific molecules that can be safely tar-
geted in, for instance, acute leukemias arising in
the T cell or myeloid lineages, as in solid cancers,
representing a major limitation for new CAR ther-
apies.

Advantages of therapeutic TCRs

In contrast to CARs, TCRs recognize their tar-
gets independently of subcellular location, as
all cellular proteins are continuously degraded
and presented as peptides on the cell surface in
complex with MHC class I molecules. It is well
known that hematological cancers like AML and
T-cell leukemia are susceptible to cytotoxic T cells,
as AHSCT represents the only curative treatment
for many of these patients [59]. TCRs can detect
categories of targets that are unavailable to CARs,
opening the possibility to develop more effective
therapies with less side effects as compared with
AHSCT for such patient groups. As some HLA
molecules are expressed in a large fraction of
individuals of different ethnicities, targeting of
a few HLA class I molecules can cover the large
majority of patients.

TCR targets

The two main target categories that have been
exploited for development of therapeutic TCRs to
date are (i) public self-antigens, including can-
cer germline antigens (CGA) which in normal cells
mostly are confined to germ cells, and tissue-
specific differentiation antigens, and (ii) neoanti-
gens, which for the large part are unique to the
individual patient tumor, and thus private.

A major advantage to targeting of public self-
antigens in TCR T-cell therapy is that a single TCR
could be used for larger patient groups. However,
our T-cell repertoires are depleted of T cells reac-
tive to self-antigens presented on self-HLA with
high affinity. Thus, self-reactive TCRs with ability
to mediate therapeutic efficacy can normally not be
identified in the TCR repertoire of the patient. This
can be overcome by molecular engineering, result-
ing in affinity-enhanced TCRs. One of the greatest
clinical successes in TCR T-cell therapy has been
reported with an affinity-enhanced TCR reactive
to the cancer germline antigen NY-ESO-1 used for
treatment of patients with metastatic synovial sar-
coma and melanoma [60,61]. Moreover, reduced
relapse rates were found in patients treated with

EBV-specific donor T cells equipped with an addi-
tional TCR targeting the CGA WT-1 post-AHSCT
(NCT01640301) [62]. However, although NY-ESO1
and other CGA are upregulated in many cancers,
heterogeneous expression [63] limits therapeutic
efficacy. Affinity-enhanced TCRs have not under-
gone negative selection in the thymus, and off-
target cross-reactivities of two different MAGE-A3
reactive TCRs have resulted in severe toxicities
including deaths [64,65]. This has highlighted the
need to establish a reliable and standardized pre-
clinical safety pipeline. HLA is species specific, and
it is therefore problematic to get useful safety infor-
mation about TCR reactivity in in vivo models,
although some information might be gained from
HLA-transgenic mice [66] as there is an overlap
between the human and murine proteome. Most of
the information has, however, to be collected from
a systematic mapping of TCR reactivity in in vitro
assays, including testing against peptide libraries
that allow identification of which amino acids in
the cognate peptide are essential for recognition,
combined with in silico approaches to search for
possibly cross-reactive peptides in the human pro-
teome.

Therapies using T cells equipped with TCRs reac-
tive to differentiation antigens have, on the other
hand, been limited by on-target toxicities. Although
MART-1, gp100, and CEA are highly and homoge-
neously expressed in melanoma and colon cancer,
respectively, they are also expressed in normal
cell types. Thus, it was not unexpected that TCRs
targeting MART-1 and gp100 caused severe side
effects from destruction of melanocytes in skin,
eye, and inner ear [67], and that TCRs targeting
CEA caused severe colitis [68]. This highlights the
importance of carefully selecting differentiation
antigens for targeting. The B-cell differentiation
antigens are ideal in this regard, as mentioned
above. Although cell surface B-cell differentiation
antigens can be efficiently targeted by CARs, tar-
geting by TCRs may have advantages over CARs. In
a trial targeting CD22 with CAR T cells in patients
with acute lymphocytic leukemia, patients initially
responding to treatment relapsed due to down-
regulation of surface CD22, whereas intracellular
CD22 was still present [69]. This suggests that
tumor escape might be reduced if TCRs are used to
target the molecules also that are expressed on the
cell surface. We developed a CD20-specific TCR
efficiently recognizing lymphoma and leukemia
cells [70–72]. Instead of exploiting genetic engi-
neering to achieve high affinity, we presented

8 © 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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peptides from CD20 on foreign HLA to overcome
immunological self-tolerance to “normal” proteins.
Recognition of foreign HLA is referred to as allo-
reactivity and is the basis for rejection of organ
transplants. Use of allo-restricted TCRs in cancer
immunotherapy was first suggested by Stauss and
colleagues [73], later confirmed by us [70,74] and
others [75]. To this end, we developed a technol-
ogy to identify allo-restricted T cells reactive to
naturally processed and presented self-peptides
with high throughput, demonstrating that tissue-
specific self-peptides represent a largely untapped
source of T-cell immunotherapy targets [74].

Adoptive transfer of tumor-infiltrating lymphocytes
results in clinical responses in approximately 50%
of treated patients with metastatic melanoma, and
neoantigens are likely to be important targets of
the T cells causing tumor regression. A neoantigen
is a peptide encoded by a genetic sequence con-
taining a non-synonymous point mutation, fusion,
or insertion, that is processed and presented on
an MHC molecule, and is therefore a truly tumor-
specific target. Although TIL therapy has had lit-
tle success in other cancers, the concept of tar-
geting neoantigens by specific TCRs introduced
into cytotoxic cells remains attractive. However,
among the hundreds of mutations that on average
are present in melanoma, only 1%–2% are spon-
taneously recognized by the patient T cells [76].
The challenge that it has proven difficult to à priori
select immunogenic neoantigens, adds to the chal-
lenge that the large majority of tumor mutations
are unique to the individual tumor. We demon-
strated that healthy donors can provide a rich
source of neoantigen-reactive T cells and TCRs,
that can also target many neoantigens ignored by
patient tumor-infiltrating lymphocytes [77]. More-
over, we developed a method for high-throughput
identification of such TCRs, that can be found
exclusively in the naïve T-cell repertoire of healthy
donors [78]. Although several companies are cur-
rently pursuing strategies to identify neoantigen-
reactive TCRs for each patient, it remains to been
seen whether treatments can be developed within
time frames and at costs that allow many patients
to benefit from them. An alternative strategy is to
identify shared or public neoantigens, presented in
many cancer patients. Although shared neoanti-
gens that are homogeneously expressed are scarce
in solid cancer, there are quite a few recurrent
mutations in leukemia that could serve as targets
in many patients. To this end, TCRs have been
developed recognizing a mutation in nucleophos-

min 1 (NPM1) [79] and another recognizing a pep-
tide encoded by a fusion [80], both representing
recurrent neoantigens in AML.

Another class of foreign antigens that are nonethe-
less shared are human endogenous retroviruses
(H-ERV), that are integrated and represent a sub-
stantial fraction of our genome, which under nor-
mal circumstances is silenced [81]. Malignant
transformation can, however, lead to the forma-
tion and presentation of peptides in context of HLA
class I that are recognized by T cells [82]. It is
yet unclear to what degree H-ERV-derived viral
proteins are expressed in cancer, and the clinical
potential of targeting such viral antigens remains
untapped.

Future development of TCR therapies

To conclude, the broad repertoire of antigens
that are available to TCRs but inaccessible to
CARs, give promise that TCR-based therapies can
extend the success of CAR T-cell therapies to
many more patients and to cancers other than
B-cell malignancies. To achieve this, one of the
main challenges is the identification of immuno-
genic, shared self-antigens or neoantigens that are
highly and homogeneously expressed and safe to
target. Future strategies might moreover exploit
novel categories of targets, such as translational
mistakes made by cancer cells in a situation of
starvation, which can be recognized by T cells
[83], or tumor-specific post-translational modifi-
cations. Such neoantigens cannot be identified at
the genetic level. Finally, there is a need for high-
throughput strategies to identify TCRs with suffi-
cient affinity to allow for clinical efficacy, as well as
standardized preclinical pipelines to exclude clini-
cally relevant off-target reactivity.

Harnessing NK cells in cancer immunotherapy

More than half a century ago, it was observed
that F1-hybrid mice could reject bone marrow
and tumor cell grafts of parental strain origin
[84]. This paradoxical F1-hybrid-resistance phe-
nomenon was later found to be mediated by NK
cells, that possess an intrinsic ability to recog-
nize and kill tumor cells [85,86]. Research in the
past decades has contributed to a detailed under-
standing of the molecular mechanisms that reg-
ulate NK-cell-mediated responses to tumor cells.
In light of the recent breakthroughs in cancer
immunotherapy, the cytolytic potential of NK cells
still remains largely untapped in clinical settings.

© 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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However, the NK-cell therapeutic landscape is
growing at an unprecedented rate and there is
currently an interest in exploring different proto-
cols of (i) activated/expanded non-manipulated NK
cells as monotherapy, (ii) adoptive NK-cell ther-
apy in combination with therapeutic antibodies or
immune engagers, and (iii) CAR/TCR-engineered
NK cells. These three main therapeutic approaches
come in different flavors in terms of the source of
NK cells (autologous/allogeneic peripheral blood-
derived NK cells, cord blood and induced pluripo-
tent stem cells [iPSCs]), and in terms of a broad
range of activation protocols, including feeder-
based expansion strategies. Here, we briefly touch
upon the basis for NK-cell alloreactivity, discuss
the main therapeutic strategies, and highlight key
challenges in the field.

NK cells undergo education to stay on guard against
abnormality

NK cells are functionally tuned against self-HLA
in a process termed education (ref). This continu-
ous calibration of the cytotoxic potential of NK cells
through a vast array of germline encoded recep-
tors serve to maintain tolerance at steady state
and determine the response of the individual cell
to sudden changes in the environment (i.e., discon-
tinuity) [87]. Thus, the education process enables
NK cells to detect discontinuity, for example, the
loss of HLA class I or over-expression of stress
associated ligands [88]. The education against self-
HLA class I is also critical for the ability of NK
cells to mediate alloreactivity upon adoptive trans-
fer to a new HLA class I environment in settings of
human transplantation or cell therapy [89]. Trans-
fer of NK cells across HLA class I barriers releases
the cytotoxic potential of a functional educated
NK-cell repertoire that is otherwise restrained by
interactions with self-HLA class I molecules in the
donor [90–92]. New insights into the functional
diversification of NK cells hold promise for the
next generation NK-cell therapy based on selec-
tive expansion or directed differentiation of spe-
cific cell populations with enhanced tumor killing
capacity.

Adaptive NK cells—“Missing self” unleashed

NKG2C+ adaptive NK cells (also referred to as
memory NK cells) are found at varying frequencies
in a fraction of cytomegalovirus (CMV) seroposi-
tive donors. Despite their name, adaptive NK cells
do not express rearranged receptors, but they

share several features commonly associated with
an adaptive immune response, such as expansion,
contraction, formation of stable pool of cells that
respond rapidly and potently to subsequent chal-
lenges [93]. They also display a transcriptional pro-
file similar to mature CD8 T cells [94]. Adaptive
NK cells can be expanded in vitro by stimulation
with IL-15 together with feeder cells overexpress-
ing HLA-E [95]. A unique feature of this NK cell
subset is the expression of one single self-HLA
class I-specific inhibitory KIR, resulting in highly
specific and predictable missing self-activity [95].
Moreover, adaptive NK cells express NKG2C and
are negative for NKG2A and therefore show potent
cytolytic activity against leukemic cells that overex-
press HLA-E, either spontaneously or as a result of
immune escape [96]. Thus, adaptive NK cells dis-
play unique properties that make them attractive
for cell therapy against cancer.

In a preclinical model, culture of polyclonal NK
cells together with HLA-E expressing feeder cells
in IL-15 for 11–14 days lead to an enrichment
of adaptive NK cells with distinct KIR specificities
that were determined by the HLA-C1/C2 genotype
of the donor [97]. The ex vivo expanded adaptive
NK cells gradually obtained a more differentiated
phenotype and displayed efficient killing of HLA
class I-mismatched T- and precursor B-cell ALL
blasts, previously shown to be refractory to NK cell
killing. The selective expansion of adaptive NK cells
paves way for testing the full potential of the “miss-
ing self” response in cancer immunotherapy across
HLA barriers [98].

NK cells and immune engagers

Most NK cells express the low affinity FcRgRIII
(CD16) and carry out ADCC. Ligation of CD16
alone leads to potent activation of resting NK
cells [99]. NK-cell-mediated ADCC hold potential
as a broad targeting approach when combined
with currently approved therapeutic monoclonal
antibodies [100]. This property can be further
enhanced by engineering bi- or tri-specific engager
proteins composed of multiple antibody-derived
targeting domains engaging both NK cell activating
receptors and tumor-associated antigen, thus
bringing the effector cells in close proximity to
their prey [101]. As an example, a tri-specific killer
engager (TriKE) targeting CD16 on NK cells and
CD33 on AML cells, linked by an IL-15 domain is
currently in phase I/II trials [100]. The combined
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targeting of IL-15 has been shown to improve
the overall functionality of the NK cells as well
as in vivo expansion and persistence. It is also
possible to design NK-cell-specific engagers that
target other activating receptors expressed on NK
cells, including NKp46 [102]. Several other similar
constructs are currently being tested clinically as
single agents against hematological malignancies
and there is a long list of constructs that show
efficacy in preclinical models. If successful, the
combination of biologics with NK-cell therapy is
a highly versatile approach with a broad range of
possible targets in many cancer types extending
beyond hematological malignancies.

CAR-NK cells

Spearheaded by the success of CAR T-cell ther-
apy and the FDA approval of four distinct prod-
ucts in the therapy of distinct hematological malig-
nancies, there is currently an intense search for
alternative cellular carriers of engineered recep-
tors, to establish more cost-effective allogeneic off-
the-shelf solutions. NK cells stand out as a very
attractive cell type given that they circulate in a
primed state, full of effector molecules, and lack
TCRs that hinder transfer across HLA barriers
from third party universal donors. Most histor-
ical bottlenecks, related to the poor expansion
and gene editing in NK cells have been solved
[103], and there are currently over 20 clinical stud-
ies exploring CAR-NK cells (ClinicalTrial.gov May
2021). The first evidence of clinical activity has
begun to emerge, showing CRs in patients with R/R
B-cell malignancies following therapy with CAR19-
engineered cord blood-derived NK cells [104]. Strik-
ingly, no severe toxicities, including CRS, GVHD,
neurotoxicity was observed, suggesting a favor-
able safety profile of CAR-NK cells. This had pre-
viously been demonstrated in preclinical models
and may be due to natural differences in secretory
profiles between T and NK cells [105]. One attrac-
tive CAR-NK cell strategy that has reached the
clinic with preliminary evidence of efficacy is the
use of iPSC-derived NK cells engineered to express
CARs alongside additional edits, including IL-15
receptor fusion constructs providing autonomous
growth support, and CD16 for combination with
therapeutic antibodies to target escape variants
[106]. The benefit of the iPSC platform is the
possibility to make multiple precision edits at
the single cell level to produce limitless number
of batches of homogenous NK-cell products with
improved specificity, persistence, tumor cell hom-

ing, and functionality for use in off-the-shelf cell
therapy.

Future development—A synthetic killer

As highlighted above, several different modalities of
NK-cell therapeutics are rapidly making their way
into the center stage of cell-based immunothera-
pies. Nevertheless, there are several bottlenecks
that need to be addressed for the successful clinical
implementation of next generation NK-cell strate-
gies. First, we still have limited insights into the
mechanisms that regulate homing of NK cells and
trafficking patterns to the bone marrowmay be dis-
rupted by prolonged ex vivo activation in cytokines
such as IL-15. Can this be solved by supporting
biologics administrated side-by-side with cells with
enhanced tumor recognition capacity or by co-
engineering a selected set of chemokine receptors?
Second, there is need for deeper understanding of
the mechanisms that suppress NK-cell function in
the tumor microenvironment and to develop strate-
gies for increased persistence of allogeneic cells.
Further insights into the spatiotemporal regulation
of NK cells in the recipient may provide new means
to manipulate/rescue NK-cell function in vivo.
Finally, it will be of crucial importance to consider
NK-cell therapeutics in the context of the endoge-
nous T-cell-driven anticancer immunity in the
host. Perhaps we need to look beyond the tumor
killing capacity of NK cells and exploit their potent
regulatory capacity and ability to bridge innate
and adaptive immune responses [107]. Such func-
tional modules can be introduced into NK cells and
controlled for specific release by environmental
cues or through logically gated CARs [108]. Over-
all, NK cells represent an exciting cell type with a
relatively simple and predictable release program
that can be modified and amplified in a controlled
manner, coming close to a synthetic effector
cell.
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