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Haematological malignancies:
at the forefront of immunotherapeutic
innovation
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Abstract | The recent successes of cancer immunotherapies have stimulated interest in
the potential widespread application of these approaches; haematological malignancies
have provided both initial proofs of concept and an informative testing ground for
various immune-based therapeutics. The immune-cell origin of many of the blood
malignancies provides a unique opportunity both to understand the mechanisms of
cancer immune responsiveness and immune evasion, and to exploit these mechanisms
for therapeutic purposes.
Professional
antigen-presenting cells
(Professional APCs).
Professional APCs comprise
three major types of immune
cells: dendritic cells,
macrophages and B cells.
Although all nucleated cell
types can present intracellularly
derived peptides on the
ubiquitously expressed major
histocompatibility complex
(MHC) class I molecule, these
three can additionally present
antigens derived from the
extracellular space, binding
them to MHC class II molecules.
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Haematological malignancies provided the earliest
effective application of antitumour immunotherapeutic
approaches, ranging from adoptive cellular therapy
(ACT) and antibody-based therapies to active cancer
vaccination. The blood malignancies possess several salient characteristics that facilitated important laboratory
and clinical investigation with immunotherapy, including their close apposition and relationship to sites of
immune origin and the ease of isolation and manipulation of cancer cells. Altogether, their study has elucidated
the complexity of antitumour responses and the tumour
microenvironments within which they operate. These
trailblazing investigations into monoclonal antibodies
(mAbs) and ACT have long provided beacons of hope
that immunotherapeutic approaches could be broadly
applicable across neoplasms. Recently, immune checkpoint inhibitors, which were pioneered in various solid
tumours1, have also shown considerable promise in the
treatment of blood cancers. The efficacy of so many
distinct immunotherapeutics highlights the blood
malignancies as a unique therapeutic arena to tackle
the full complement of independent but inter-related
vulnerabilities in the cancer–immune relationship.

Enabling features of haematological malignancies
A key clinical feature of the blood malignancies is their
immune responsiveness. Parallelling the early successes
of chemotherapy for the treatment of blood malignancies
were the spontaneous tumour regressions in lymphomas2,3
and durable remissions of leukaemias after allogeneic
haematopoietic stem cell transplantation (allo-HSCT).
Indeed, the efficacy of allo-HSCT is largely derived from

the graft-versus-leukaemia (GVL) effect: an eradication
of malignant cells by the donor’s immune cells (BOX 1).
Studies exploring the GVL effect have highlighted the
ability of the human immune system to specifically and
effectively eliminate cancer.
These studies consequently provided a clinically relevant background for elucidating the essential elements of
effective antitumour immunity. Several key features
of the blood malignancies enabled these studies. First,
in addition to their immune responsiveness, the relative
ease of tumour and normal-tissue sampling facilitated the
extensive characterization of cellular surface markers that
define the normal haematopoietic lineage. This unique
delineation of the cellular hierarchy could discriminate
normal from malignant immune cells and furnish potential therapeutic targets, such as CD20 (REF. 4). Second, the
clinical use of allo-HSCT and donor lymphocyte infusion (DLI) led to well-defined immune-based anticancer
responses in humans. The ability to directly sample relevant tissues before and after immunotherapy, in turn, has
aided the identification and interrogation of critical antitumour immune components, such as cellular effectors
and expression of specific tumour antigens.
Finally, the cellular and immune sites of origin of
haematological malignancies are uniquely related to host
immunity. For many blood malignancies, their cellular
origins as professional antigen-presenting cells (professional
APCs) may endow a distinct tolerogenic or immuno
stimulatory capacity, as discussed below. Moreover,
the ability to elicit and subsequently evade an immune
response may be entwined with blood malignancies
arising from and remodelling the niches of various
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High mobility group box 1
(HMGB1). A DNA-binding
protein that, when released by
dead or damaged cells,
stimulates a robust
pro-inflammatory response
through the binding of Toll-like
receptor 4 on dendritic cells,
enhancing tumour antigen
presentation and driving
chemotherapeutic efficacy.

Nurse-like cells
(NLCs). Stromal-like adherent
cells that develop in vitro from
peripheral blood mononuclear
cells of patients with chronic
lymphocytic leukaemia (CLL).
They are tightly surrounded by
CLL cells and promote their
survival.

T helper 1 cell
(TH1 cell). A pro-inflammatory
subset of CD4+ T cells defined
by interleukin‑2 and
interferon-γ production, which
leads to promotion of cellular
immunity through CD8+
cytotoxic T cells, macrophages
and natural killer cells.

immune populations. Indeed, the marrow, spleen and
lymph nodes serve as primary, endogenous sources of
T and B cell priming and immune memory generation5.
Hence, the direct apposition of leukaemic or lymphoma
cells to immune cells at these immune-priming sites
creates unique tumour–immune interactions that have
the potential either to incite effective antitumour cellular immunity or, as discussed below, to co‑opt these
responses for malignant growth.

Subversion of physiological immune programmes
As corruptions of normal haematopoiesis, myeloid
and lymphoid neoplasms harbour the ability to co‑opt
the normal physiological circuitry of immune cells.
Blood malignancies can subvert these normal homeostatic signals to drive tumour growth (BOX 2; FIG. 1a,b)
and/or to manipulate endogenous immune responses.
Understanding these strategies may illuminate key
pathways for therapeutic modulation.
FIGURE 1 depicts several modes by which malignant
blood cells may manipulate conventional antitumour
immune mechanisms to induce a growth-promoting
tumour microenvironment. Antigen presentation, the
induction of immunogenic cell death and an inflammatory microenvironment are all crucial components for
generating an effective antitumour immune response,
which is subverted in the process of blood cancer growth.

Box 1 | Allo-HSCT: the first cancer immunotherapy
Allogeneic haematopoietic stem cell transplantation (allo-HSCT) comprises a rare
combination of immune, stem cell and personalized therapies that can eliminate
otherwise incurable haematological malignancies183. Developed more than 50 years
ago, allo-HSCT allows the delivery of high doses of radiation and chemotherapy,
enabling higher tumour kill at the expense of permanent bone marrow suppression.
Donor HSCs were infused to engraft and repopulate all elements of the haematopoietic
system. Over the past three decades, a large body of evidence from clinical experience
and laboratory studies has demonstrated that recipient immune reconstitution by
donor immune cells has a critical role in the elimination of recipient tumour cells (the
graft-versus-leukaemia (GVL) effect) through both cellular and antigenic determinants.
Engraftment permits non-tolerant immune cells to reject recipient tumour tissue; and
major and minor histocompatibility antigens (in addition to tumour-associated
antigens) distinguish recipient from donor tissue, further driving the GVL effect (and in
many patients, graft-versus-host disease (GVHD)). The earliest direct evidence for the
potency of the GVL effect stemmed from the post allo-HSCT setting in which donor
lymphocyte infusions (DLIs) alone, in the absence of chemotherapy or radiation,
induced dramatic responses and enduring remissions of relapsed haematological
malignancies, particularly chronic myeloid leukaemia184.

Separating the GVL effect from GVHD
A challenging complication of both DLI and allo-HSCT is GVHD, wherein donor
lymphocytes recognize allo-antigens expressed on normal host tissue (for example,
skin, gastrointestinal tract or liver tissues), leading to organ damage and
dysfunction. Efforts to identify the cellular and antigenic determinants that divorce
the GVL effect from GVHD have driven much of the progress in HSCTs by
highlighting the central roles of various T cell subsets, natural killer cells and B cells
as well as identifying tumour-specific antigens such as Wilms tumour protein (WT1),
proteinase 3 (PRTN3) and BCR–ABL. Moreover, these advances in understanding the
GVL effect have informed the rationale for current immunotherapeutic approaches
such as adoptive cellular therapy and chimeric antigen receptor T cells185 (see the
main text). Future directions of investigation in allo-HSCT include identifying
antigens and cellular effectors that exclusively drive the GVL effect. Finally,
the immediate post-transplantation state provides an effective clinical and
immunological setting to examine novel vaccine approaches (see the main text).

As corrupted professional APCs, many blood malignancies may recapitulate the peripheral tolerance mechanisms
of their physiological counterparts (FIG. 1c). Professional
APCs promote, or ‘license’, antigen-specific T cell proliferation and activation in the presence of co-stimulatory
molecules, and tolerance or anergy in their absence.
Indeed, studies have shown that low-level expression of
co-stimulatory molecules by pre‑B cell acute lymphoblastic leukaemia (ALL) and acute myeloid leukaemia
(AML) cells induces antigen-specific T cell tolerance6–8.
However, adherence to this paradigm varies among blood
malignancies. For example, many B cell lymphomas have
divested themselves entirely of their self-antigen presentation machinery, either through recurrent mutations in the
gene encoding β2 microglobulin (an important subunit
of major histocompatibility complex (MHC) class I molecules) or through deletions of MHC class II genes on
chromosome 6 (REFS 9,10).
Along with manipulation of antigen-presentation
pathways, blood malignancies may also co‑opt mechanisms that are normally associated with immunogenic cell
death (FIG. 1d). A successful chemotherapeutic response
partly derives from induction of novel, or reactivation of
pre-existing, antitumour immune responses to ‘danger’
signals emitted by cancer cells during drug-induced
apoptosis11. One such danger signal is high mobility group
box 1 (HMGB1)12. However, in chronic lymphocytic
leukaemia (CLL), leukaemia cells seem to co‑opt the
immunostimulatory activity of secreted HMGB1 to
create a protective microenvironment. The plasma concentration of HMGB1 positively correlates with absolute
lymphocyte count, reflecting CLL burden. CLL-released
HMGB1 directly induces in vitro differentiation of
monocytes into nurse-like cells (NLCs), which are vital
for CLL survival in vitro and in vivo13,14, illustrating the
adaptation of a mechanism of immunogenic cell death
into one of tumour promotion.
A T helper 1 cell (TH1 cell)-generated inflammatory
tumour microenvironment, which is typically associated with effective anticancer immunity 15, may actually
promote neoplastic expansion in haematological malignancies (FIG. 1e). Many B cell lymphomas exemplify this
paradigm by their exquisite dependence on inflammatory signals within a microenvironment comprising
various immune populations, including CD68+ NLCs,
T cells and stromal cells. Numerous in vitro studies have
indicated the dependence of CLL on NLCs for recruiting T cells, and promoting CLL cell survival and chemotherapeutic resistance16,17. Similarly, in vivo survival and
proliferation of cells in xenograft models derived from
patients with CLL uniquely require robust expansion
of autologous CD4+ T cells13,18. Likewise, in classical
Hodgkin lymphoma (cHL), an activated, proliferative
and inflammatory T cell infiltrate with a TH1 cell phenotype has been identified19. Both follicular lymphoma and
gastric mucosa-associated lymphoid tissue lymphoma
cells depend on T cell contact for proliferation20,21, and
multiple studies have also illustrated the ability of follicular lymphoma to remodel and ‘re‑educate’ the lymph
node microenvironment by inducing changes in T cell
gene expression profiles22, polarizing monocytes into
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Box 2 | Driving tumour growth through subversion of homeostatic pathways
Proliferation of T and B lymphocytes is a normal response of the adaptive immune system to antigen encounter and
stimulation that can be driven by both antigen-dependent and -independent mechanisms, largely through cytokine
exposure. Consistent with its key role in T cell growth, the interleukin‑7 (IL‑7) signalling pathway crucially contributes to
the progression and chemotherapeutic resistance of human T cell acute lymphoblastic leukaemia (T‑ALL)186 (FIG. 1a). In
fact, somatic gain‑of‑function mutations in multiple components of this pathway have been found in both paediatric and
adult T‑ALL, suggesting the perversion by T‑ALL of the homeostatic regulator of its normal counterpart (that is, normal
T cells)187. Numerous studies have further suggested a similar growth-promoting role for this pathway in multiple B cell
malignancies188. Intriguingly, although inhibition of the IL‑7‑driven PI3K–AKT–mTOR signalling pathway attenuates
proliferation of both T‑ALL and healthy T cells, only T‑ALL cells undergo apoptosis189,190; this provides a new therapeutic
opportunity based on understanding the hijacking of a physiological immune programme186.
As another illustration of how the malignant process can subvert normal physiological immune responses, certain
mature B cell malignancies have evolved to constitutively activate B cell receptor (BCR) signalling even in the absence
of its cognate antigen191 (FIG. 1b). Chronically active BCR signalling further drives the pathobiology of the activated
B cell-like subset of diffuse large B cell lymphoma (DLBCL), which is evidenced by somatic gain‑of‑function mutations in
the BCR signalling pathway192. The recent reports of marked responses in DLBCL, chronic lymphocytic leukaemia and
mantle cell lymphoma to pharmaceutical inhibition of Bruton’s tyrosine kinase, which is critical for BCR activation, further
clearly demonstrate the potency of targeting these homeostatic subversions193,194.

TH17 cells

(T helper 17 cells). An
inflammatory interleukin‑17‑
producing subset of CD4+
T cells that is implicated in
many autoimmune diseases.

Regulatory T cells
(TReg cells). A CD4+CD25hi T cell
subset known to effectively
suppress T cell effector
functions as well as
proliferation and activation of
various immune cells, including
antigen-presenting cells, B cells
and natural killer cells. TReg cell
infiltration has been implicated
in multiple disease states,
ranging from neoplastic growth
to autoimmune dysfunction.

Programmed cell death
protein 1
(PD1). An immune-checkpoint
receptor expressed on
activated T cells, as well as
other immune subsets, that
primarily functions in
peripheral tissues. Binding to
its ligands, PDL1 or PDL2,
which are expressed on tumour
and stromal cells, induces T cell
exhaustion.

tumour-associated macrophages23 and recruiting follicular dendritic cells24. This critical heterogeneity of the
B cell lymphoma microenvironment has recently been
reviewed25. Multiple myeloma further typifies this paradigm: primarily housed within the bone marrow, multiple myeloma cells therefore reside within a protective
network of extracellular matrix proteins, adhesion molecules, stromal cells, osteoclasts and other immune cells26.
As in CLL, macrophages provide support to multiple
myeloma cells through inflammatory cytokines such as
interleukin‑6 (IL‑6)27 that are essential for multiple myeloma cell survival and proliferation28. Multiple myeloma
cells also hijack the CD28 T cell co‑stimulatory receptor
to bind to CD80 and CD86 on dendritic cells, inducing autocrine pro-survival signals, production of IL‑6
by dendritic cells and dendritic cell‑mediated protection
against chemotherapy-induced apoptosis in vivo 29,30.
Moreover, TH17 cells contribute directly to multiple myeloma cell growth and indirectly to a growth-promoting
microenvironment31,32.
The active recruitment by so many haematological
malignancies of the components of an inflammatory
microenvironment may explain the unexpectedly positive prognostic benefit ascribed to infiltrating regulatory T cells (TReg cells). Although tumour infiltration by
TReg cells is strongly associated with worse clinical outcomes in many solid tumour malignancies33,34, studies
in follicular lymphoma, cHL and T cell neoplasms have,
conversely, identified a clinical benefit 35–38. How are TReg
cells fostering tumour development in one context and
impeding its growth in another? Although no definitive
answers exist, TReg cells may suppress lymphoid cancer
cells either directly, or indirectly through the inhibition of tumour-promoting inflammatory responses in
the microenvironment. Consistent with this scenario,
increased expression of immune-inhibitory programmed
cell death protein 1 (PD1; also known as CD279) by folli
cular lymphoma‑infiltrating lymphocytes favourably
affects clinical outcomes39. Together, these observations
suggest that haematological malignancies recruit an
inflammatory microenvironment that enhances growth
and dissemination.

Four major nodes of cancer immunotherapy
The historically close relationship between cancer
immunity and haematological malignancies has, over
decades, motivated the development of a varied landscape of clinically relevant cancer immunotherapeutics
that target each of four major nodes of vulnerability in
the cancer–immune relationship. These are: direct targeting of surface tumour antigens; boosting of numbers
and functioning of immune effectors; activating tumour
antigen-specific immunity; and overcoming inhibitory
immune suppression. This broad scope strongly suggests an exceptional opportunity to use blood cancers
to simultaneously understand and therapeutically leverage multiple components of the antitumour immune
response (FIG. 2; TABLE 1).
Direct targeting of surface tumour antigens
The ability to define lineage markers in the haematopoietic tissue hierarchy enabled the isolation of blood cell
subsets and, in turn, the identification of subpopulationspecific surface antigens (FIG. 2, purple boxes). The
B cell marker CD20 is an archetypal example of a clinically feasible target, as it led to the development of the
chimeric CD20‑specific mAb rituximab, which is now
a standard component in the clinical management of
B cell malignancies, increasing cure rates with minimal
toxicity 40,41. By providing proof of concept that simply
targeting a surface tumour antigen is sufficient for cancer cell elimination, its success has fuelled the development of other tumour-targeting mAbs and bispecific
antibodies.
Monoclonal antibodies. The specificity of humoral
immunity has long been recognized as therapeutically
advantageous and led to the development of mouse
mAbs. However, this approach was broadly successful only once the barrier of xenogeneically derived
immunogenicity was overcome through humanization
of murine antibodies by grafting murine-complementary determining regions onto a recombinant
human immunoglobulin 42–44. In addition to direct
cytotoxicity, mAbs seem to elicit tumour destruction
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Natural killer cells
(NK cells). Lacking the antigenrecognition diversity of T and
B cell receptors, NK cells
function instead through an
array of inhibitory and
activating cell surface
receptors, of which killer-cell
immunoglobulin-like receptors
have a prominent role.

through antibody-dependent cellular cytotoxicity
(ADCC), antibody-dependent phagocytosis (ADP)
and/or complement-dependent cytotoxicity (CDC)
mediated through engagement of Fcγ or complement
receptors on natural killer cells (NK cells), macrophages
and neutrophils. Adaptive immunity is also induced,
primarily through Fcγ receptor pathway dendritic
cell-mediated enhancement of antigen presentation45–47.
CD20‑specific mAbs can be divided into two groups
based on in vitro mechanisms of action. Type I antibodies (for example, rituximab and ofatumumab) redistribute CD20 into large lipid rafts in the cell membrane and
exhibit increased CDC and ADCC, whereas the more

recently developed type II mAbs (for example, obinutuzumab) neither affect CD20 redistribution nor use
CDC48. Instead, type II mAbs are glyco-engineered to
have enhanced ADCC and mediate increased direct
cell killing; new CD20‑specific mAbs of both types
have recently proved to be highly effective48. Based on
single-agent efficacy in relapsed or refractory CLL, ofatumumab was approved for the treatment of advanced
CLL and is undergoing Phase III trials for other leukaemias49,50. Recently, obinutuzumab was approved for
newly diagnosed CLL because of its superiority to a
standard rituximab-containing regimen in a randomized
controlled trial51.
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Hodgkin Reed–Sternberg
cells
(HRS cells). Neoplastic cells of
B cell origin that serve as
hallmarks of classical Hodgkin
lymphoma. These cells have
unusual morphology and a
unique immunophenotype
that does not resemble any
normal cell in the body.

Bispecific T cell engagers
(BiTEs). Fusion proteins that
are composed of two
single-chain variable fragments,
which are derived from a
T cell-specific CD3-specific
antibody and a tumourtargeting antibody,
respectively.

Granzyme- and
perforin-mediated tumour
cytotoxicity
The principal mode of targeted
cell killing by cytotoxic T cells
(after antigen recognition on
the surface of the target cell),
whereby intracellular cytotoxic
granules within T cells release
their stores of perforin and
granzymes to trigger apoptosis
of the target cell.

Beyond CD20, other antigens unique to or over
expressed on malignant B cells have been targeted. CD52
is a surface antigen that is also expressed on T cells and
monocytes. A humanized antibody targeting this antigen (alemtuzumab) was originally approved as a single
agent for the treatment of fludarabine-refractory B cell
CLL and then explored as a broadly immunosuppressive agent in non-myeloablative allo-HSCT conditioning regimens52. Another example is CD30 (also known
as TNFRSF8), a surface antigen expressed by Hodgkin
Reed–Sternberg cells (HRS cells) and by cells of other
lymphoma subtypes, such as anaplastic large-cell lymphoma. In healthy individuals, its expression is restricted
to activated T and B cells. Notwithstanding a long history of targeted strategies against CD30, potent clinical
efficacy and favourable toxicity profiles were achieved
only recently with the introduction of an antibody–drug
conjugate, brentuximab vedotin53,54.
Heretofore, mAbs have had no clinical impact
in the treatment of multiple myeloma. However,
two promising candidates have recently emerged.
Elotuzumab is a humanized immunoglobulin G1
(IgG1) mAb that targets signalling lymphocytic activation molecule F7 (SLAMF7; also known as CS1),
a surface glycoprotein that shows nearly universal
expression in normal plasma and multiple myeloma
cells and lower expression in NK cells 55. Despite a
Phase I study showing no objective responses to elotuzumab as a monotherapy 56, a long-term Phase I/II
clinical trial reported a better outcome when it was
used with a common combination regimen of the pleio
tropic immunodulatory agents lenalidomide (BOX 3)

◀ Figure 1 | Strategies of co‑opting physiological immune programmes.

This figure summarizes the mechanisms observed in blood cancers of hijacking
the physiological circuitry of their normal counterpart cells (left column) to drive
tumour growth and manipulate endogenous immune responses (right column).
Example malignancies are listed in the right column for each mechanism (row).
a | An interleukin‑7 (IL‑7)-mediated signalling pathway drives physiological
homeostatic proliferation of T cells via the IL‑7 receptor (IL‑7R). By contrast, by
acquiring somatic mutations at one or more points throughout this pathway, blood
cancers such as T cell acute lymphoblastic leukaemia (T‑ALL) can drive autonomous
signalling. b | A similar phenomenon occurs via the B cell receptor (BCR) signalling
pathway, which is activated by multiple B cell malignancies through acquired
somatic mutations in the gene encoding the BCR itself as well as by downstream
components. c | The typical antigen-specific activation of T cells, which is mediated
by peptide–major histocompatibility complex (MHC) complexes on professional
antigen-presenting cells (APCs) in the physiological setting, contrasts with the lack
of co‑stimulation during antigen presentation by malignant cells, which can induce
T cell anergy. d | The conventional role of high mobility group box 1 (HMGB1) as a
‘danger’ signal emitted by dying solid tumour cells that stimulates and attracts
antitumour T cells is reversed in chronic lymphocytic leukaemia (CLL), in which
HMGB1 may promote differentiation of monocytes into nurse-like cells (NLCs) to
promote CLL cell survival in vivo. e | The duality of T helper 1 (TH1) cell-led
inflammation is shown in solid tumours. CD8+, CD4+ T and NK cells have tumourdestructive roles and are therefore often inhibited by mechanisms of tumour-induced
immune suppression; regulatory T (TReg) cells have tumour-promoting activities. By
contrast, in CLL, classical Hodgkin lymphoma (cHL), follicular lymphoma (FL) and
multiple myeloma (MM), CD4+ TH1 and TH17 cells, and macrophages are actively
recruited by tumour cells and produce tumour-survival signals (such as IL‑6); here,
TReg cells have a potential antitumour influence. AML, acute myeloid leukaemia;
DC, dendritic cell; DLBCL, diffuse large B cell lymphoma; MCL, mantle cell lymphoma;
TCR, T cell receptor; TLR, Toll-like receptor.

and dexamethasone57: namely, >80% partial response
rates and a prolonged progression-free survival benefit
of 33 months in relapsed or refractory multiple myeloma. This combination is now under investigation in
Phase III studies57,58. Daratumumab is a humanized
mAb that targets CD38, another cell surface glycoprotein that is expressed in a range of haematological
malignancies and has shown promising results in a
Phase Ib/II dose-escalation study in heavily, previously
treated patients with multiple myeloma. High response
rates were observed above the pharmacokinetic effective dose, with no median progression-free survival
reached at 6 months, thereby earning daratumumab a
breakthrough-therapy designation from the US Food
and Drug Administration (FDA)58,59. These encouraging single-agent data have stimulated multiple ongoing
Phase II studies for the treatment of multiple myeloma,
testing this agent both alone and in combination with
other chemotherapeutics58.
Bispecific T cell engagers. Bispecific T cell engagers (BiTEs)
may overcome the limitations of an immunosuppressive
tumour microenvironment by directly linking cytotoxic
T lymphocytes (CTLs) and their tumoricidal activity
with the targeting platform of a mAb. Comprising dual
specificities to a tumour surface antigen and to the CD3
signalling complex on T cells, BiTEs physically couple
tumours and T cells, inducing T cell activation and
proliferation along with granzyme- and perforin-mediated
tumour cytotoxicity60. Thus, antitumour efficacy relies on
passive recruitment of cytotoxic T cells to the tumour
milieu and subsequent tumour eradication. Activation
of a polyclonal CTL population can occur, as there is no
requirement for MHC expression.
A quintessential example of this class is blinatumomab, a bispecific antibody that recognizes CD3 and
the B cell-specific marker CD19 (REF. 60). Very encouraging clinical potency has been reported in Phase II
studies in patients with B cell ALL (B-ALL) who are in
haematological remission but with persistent minimal
residual disease61 and in patients with morphologically
relapsed or refractory disease62,63 (TABLE 1). As a result,
the FDA has recently granted accelerated approval for
blinatumomab for relapsed or refractory Philadelphia
chromosome -negative B‑ALL. Preliminary evidence
suggests its efficacy in additional B cell malignancies64,
and further BiTE antibodies targeting CD3 and CD33
are awaiting clinical investigation in AML65.

Boosting immune effector number and function
Direct expansion and availability of an increased number of functionally competent antitumour immune
effectors represent an intuitively desirable therapeutic concept. Early evidence of the effectiveness of this
strategy emerged from two clinical scenarios related
to the post allo-HSCT setting (FIG. 2, blue boxes): DLI
(BOX 1) for leukaemic relapse, and viral antigen-specific
CTLs (BOX 4) for Epstein–Barr virus (EBV)-associated
lymphoproliferative malignancies linked to impaired
immune reconstitution and prolonged use of immunosuppressive medications. The successes in these arenas
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Preliminary eﬃcacy and safety of
ipilimumab in R/R lymphomas155–157
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Whole-tumour-cell GVAX eﬀective
in post-transplantation AML151

Pidilizumab eﬀective
in R/R DLBCL163

FcR polymorphisms
predict rituximab
response41,47

GVAX eﬀective in
post-transplantation
CLL148

PRTN3 is a leukaemiaassociated antigen103

1996

Personalized
anti-idiotype vaccine
induces lymphoma
regression131

1997

First mAb
(rituximab)
approved for
cancer
treatment40,41

Activating tumour
antigen-speciﬁc immunity
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Philadelphia chromosome
The defining translocation in
chronic myeloid leukaemia
between two genes on the
long arms of chromosome 22
(BCR) and chromosome 9
(ABL), resulting in a novel
fusion protein (BCR–ABL) that
can be targeted by ABL
kinase inhibitors, such as
imatinib.

Chimeric antigen receptor
(CAR). A synthetically
engineered receptor
composed of a single-chain
antibody fragment, to confer
tumour recognition, coupled
with intracellular signalling
domains derived from the
T cell receptor and a
co-stimulatory molecule,
most commonly either CD28
or CD137.

2003

2009

NK cell alloreactivity
aﬀects allo-HSCT
outcomes76
WT1 as a
leukaemiaassociated
antigen102

Boosting immune eﬀector
Overcoming inhibitory
number and function
immune suppression
Approved or granted BTD status by the US FDA

Figure 2 | Timeline of major immunotherapeutic advances in
haematological malignancies. The figure depicts four areas of
potential vulnerability in the tumour–immune relationship and the
historical development of corresponding immunotherapies. Events in
purple boxes emphasize the potency of immunological targeting of
tumour surface antigens, primarily through monoclonal antibodies
(mAbs). Events in blue boxes highlight the long-standing influence of
boosting immune effectors on immunotherapy via donor lymphocyte
infusion (DLI) and now encapsulated by chimeric antigen receptor (CAR)
T cells. Events in beige boxes relate to the importance of activating
tumour antigen-specific immunity. Events in green boxes underscore the
potency of overcoming inhibitory immune suppression in the tumour
microenvironment. Combining elements from these four separate nodes

EBV-targeted CTLs eﬀective
in B cell lymphomas209,210
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Ofatumumab
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R/R CLL49

• Obinutuzumab
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CLL51
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in R/R FL177

(2011–2014) CAR T cells induce
remissions in CLL, B-ALL and
DLBCL; BTD for R/R B-ALL69–73

Nivolumab in
R/R cHL after
ASCT and
brentuximab164–166

Brentuximab approved for
R/R cHL and sALCL53,54

Systematic
identiﬁcation of
CLL neoantigens211

of cancer immunotherapy should yield promising therapeutic
combinations. Allo-HSCT, allogeneic haematopoietic
stem
cell | Cancer
Nature
Reviews
transplantation; AML, acute myeloid leukaemia; ASCT, autologous stem
cell transplantation; B-ALL, B cell acute lymphoblastic leukaemia; BTD,
breakthrough therapy designation; cHL, classical Hodgkin lymphoma;
CLL, chronic lymphocytic leukaemia; CML, chronic myeloid leukaemia;
CTLs, cytotoxic T lymphocytes; DLBCL, diffuse large B cell lymphoma;
EBV, Epstein–Barr virus; FcR, Fc receptor; FDA, Food and Drug
Administration; FL, follicular lymphoma; GVAX, vaccine comprised of
cancer cells genetically modified to secrete granulocyte–macrophage
colony-stimulating factor; GVL, graft-versus-leukaemia; NK cell, natural
killer cell; PRTN3, proteinase 3; R/R, relapsed or refractory; sALCL,
systemic anaplastic large-cell lymphoma; WT1, Wilms tumour protein.

have directly inspired and informed the growing field
of ACT, and this is dramatically illustrated by chimeric
antigen receptor T cells (CAR T cells). Other promising
avenues that exploit this node include NK cell alloreactivity and stimulation of immune effector function by
agonistic mAbs.
CAR T cells. ACT involves ex vivo manipulation of
either naturally occurring or genetically engineered
tumour-specific T cells that are subsequently infused
into the patient. Two features are paramount to the success of ACT. First, insights gleaned from the study of
the post-transplant immune milieu revealed that a preparative lymphodepleting regimen created ‘space’ for
homeostatic expansion of the infused T cells. Mounting
evidence from allo-HSCT and autologous stem cell
transplantation (ASCT) preparative regimens suggests
that increased levels of homeostatic cytokines (that is,
IL‑2, IL‑15, IL‑21 and IL‑7) during the lymphopenic
state accelerate the expansion of infused T cells66 and
promote an activated phenotype with enhanced effector
functions66,67. Second, the selection of an antigen against
which the infused T cells will be targeted is essential
for direct, tumour-specific T cell-mediated killing:

for example, virus antigens may be exclusively displayed
on viral-associated malignant tissue as opposed to
normal tissue (BOX 4).
CAR T cells, which have recently been shown to be
clinically active, exploit synthetically engineered CARs
to bridge the nodes of targeting tumour surface antigens
and the boosting of effector functions. The specificity
of these CAR T cells for a tumour surface molecule renders them independent of MHC restriction, enabling
them to overcome tumour escape mechanisms such as
disruption of antigen-presentation machinery.
The disappointing clinical efficacy of first-generation
CARs led to the development of a second generation,
which added intracellular signalling domains from
co‑stimulatory molecules — either CD137 (also known
as TNFRSF9) or CD28 — to a CD19‑targeting moiety 68.
In patients with relapsed or refractory CLL, infusion of
low numbers of these second-generation CD19‑targeted
CAR T cells led to massive in vivo expansion, tumour
killing and B cell aplasia. The long-term toxicity of B cell
aplasia is an expected on‑target, off-tissue result of the
CD19‑targeted CAR; currently, patients are supplemented with probably life-long intravenous immunoglobulin. Importantly, durable remissions over 2 years
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Table 1 | Promising clinical immunotherapeutics for haematological malignancies
Therapeutic
class

Agents

Study

Patients

Comments

Clinical approval

Monoclonal
antibody

Obinutuzumab

Phase III

Untreated CLL (n = 781)

Combination with
chlorambucil, compared
with combination with
rituximab, increased PFS
and showed MRD–

In combination with
chlorambucil for
untreated CLL

51

Daratumumab

Phase I/II

Relapsed or refractory MM
(n = 32)

• 31% ORR in all patients
• 67% ORR at target PK
dose

FDA breakthrough
therapy designation
for relapsed or
refractory MM

59

Blinatumomab

Phase II

MRD+ B-ALL (n = 21)

80% MRD–
69% CR or CRh

Relapsed or
refractory Ph– B‑ALL

61–63

Relapsed B-ALL (n = 36)
Relapsed or refractory B-ALL
(n = 189)

43% CR or CRh

Relapsed or refractory NHL
(n = 15)

53% CR; 27% PR

69–73

Relapsed or refractory B-ALL
or T‑ALL* (n = 30)

90% CR; 78% OS at
6 months

FDA breakthrough
therapy designation
for relapsed or
refractory B‑ALL

Relapsed or refractory B‑ALL
(n = 16)

88% CR or CRh

Bispecific
T cell engager

Adoptive
cellular
therapy

CAR T cells

Phase I

EBV-targeted CTLs

Phase II

High-risk disease (n = 29)

97% with NED at 3 years

Relapsed or refractory EBV+
NHL or HL (n = 21)

62% ORR; 52% CR

Refs

Not approved

195,
196

In situ
vaccination

Intratumoural TLR9
agonist and low-dose RT

Phase I/II

Indolent NHL (n = 15)

1 CR; 3 PR; 2 SD (but
continually regressing)

Not approved

146

Multi-epitope
vaccination

Whole-tumour-cell plus
GM‑CSF vaccination
post RIC allo-HSCT

Phase I

High-risk MDS or AML (n = 28)

9 out of 15 in CR at 2 years

Not approved

Advanced CLL (n = 22)

88% OS at 2 years (for
evaluable patients)

148,
151

Immune
checkpoint
blockade

Pidilizumab

Phase II

Relapsed or refractory DLBCL
status post ASCT (n = 66)

51% ORR; 34% CR

163

Pidilizumab with
rituximab

Phase II

Relapsed or refractory FL
(n = 32)

52% CR

Nivolumab

Phase I

Relapsed or refractory cHL
status post ASCT (n = 23)

87% ORR; 17% CR

FDA breakthrough
therapy designation
for relapsed or
refractory HL status
post ASCT and
brentuximab
(for nivolumab)

177
164

Allo-HSCT, allogeneic haematopoietic stem cell transplantation; AML, acute myeloid leukaemia; ASCT, autologous stem cell transplantation; B‑ALL, B cell acute
lymphoblastic leukaemia; CAR, chimeric antigen receptor; cHL, classical Hodgkin lymphoma; CLL, chronic lymphocytic leukaemia; CR, complete remission; CRh,
complete remission with incomplete or partial haematological recovery; CTL, cytotoxic T lymphocyte; DLBCL, diffuse large B cell lymphoma; EBV, Epstein–Barr
virus; FDA, US Food and Drug Administration; FL, follicular lymphoma; GM‑CSF, granulocyte–macrophage colony-stimulating factor; HL, Hodgkin lymphoma; MDS,
myelodysplastic syndrome; MM, multiple myeloma; MRD, minimal residual disease; NED, no evidence of disease; NHL, non-Hodgkin lymphoma; ORR, overall
response rate; OS, overall survival; PFS, progression-free survival; Ph, Philadelphia chromosome; PK, pharmacokinetics; PR, partial remission; RIC, reduced-intensity
conditioning; RT, radiotherapy; SD, stable disease; T-ALL, T cell acute lymphoblastic leukaemia; TLR9, Toll-like receptor 9. *One patient had relapsed CD19+ T‑ALL.

CAR T cells
(Chimeric antigen receptor
T cells). T cells that are isolated
from patients’ peripheral
blood, genetically modified
with CARs, and then activated
and expanded ex vivo and
subsequently infused back
into the patient a few days
after a lymphodepleting
chemotherapeutic regimen.

were observed69,70. Multiple groups have reported similarly impressive clinical activities in other diseases: for
example, B‑ALL seems to be even more sensitive than
CLL, with an 80% response rate across various CAR
designs, clinical trials and institutions68–71. Very recently,
CAR T cells using the CD137 co‑stimulatory domain
were shown to induce complete remissions in 90% of
both adult and paediatric patients with relapsed or
refractory ALL, with durable remissions in over twothirds of patients72. Another group, using the CD28
co‑stimulatory domain, demonstrated similarly impressive response rates, although the CAR T cell product was
short-lived compared with the CD137‑containing version73. Although these cells were insufficient for curative
intent, the achieved complete remissions nevertheless enabled many patients to transition to allo-HSCT, the only

potentially curative treatment. Finally, third-generation
CARs that include two co‑stimulatory molecules are
currently being developed and tested68.
The question of whether persistent engraftment
in vivo is needed to prevent tumour relapse and the
management of acute and long-term toxicities are two
remaining key issues. Collectively, second-generation
CAR T cells incorporating either CD28 or CD137 signalling domains persist in vivo for several months after
adoptive cell transfer 68,70. Studies comparing these two
molecules in CAR designs are ongoing. The development of tumour lysis syndrome and cytokine release
syndrome in most cases underlines the rapid kinetics
of T cell expansion and tumour elimination; however,
the severity of both can be lethal, and the precise role of
anti-inflammatory agents such as corticosteroids and
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Killer-cell
immunoglobulin-like
receptor
(KIR). Expressed on natural
killer cells, this receptor
recognizes self-major
histocompatibility complex
class I molecules and may be
activating or inhibitory; as a
result, natural killer cells
preferentially kill target cells
that lack self-MHC class I
molecules (that is, KIR ligands).

tocilizumab (an IL‑6‑specific antibody) in treatment
needs to be clarified69. Whether CARs can be modified
to disappear after tumour elimination, thereby allowing B cell recovery, is under study. Finally, the expansion of CD19‑negative tumour cells as a mechanism
for relapse highlights the importance of considering
multiple therapeutic targets on a tumour cell72.
NK cell alloreactivity. In addition to T cells, NK cells have
long been appreciated as contributors in the eradication of
leukaemias and lymphomas74. Potent NK cell‑mediated
human antileukaemia activity emerged from studies
that identified a remarkably low risk of relapse in a specific patient subgroup receiving allo-HSCT with T celldepleted grafts. This subgroup consisted of patients
with AML who exhibited mismatching of killer-cell
immunoglobulin-like receptor (KIR) ligands with their
donors (that is, in which donor NK cells failed to recognize recipient MHC class I molecules owing to
mismatch) and hence benefited from donor NK cell
alloreactivity, which killed recipient-derived leukaemic
cells75,76. Another large study demonstrated distinct clinical outcomes associated with specific KIR genes, suggesting the relevance of prospective genotyping of activating,
in addition to inhibitory, KIRs to improve outcomes

Box 3 | Immunological effects of non-immunotherapies
Many therapies used to disable a tumour cell-intrinsic circuit that is crucial for
proliferation have unexpectedly shown profound immunomodulatory function, falling
into one of two main mechanistic categories: revoking oncogene-driven immune
evasion, or ‘off-tissue’ effects of unintentionally modulating a tumour-associated
pathway in immune cells. Both categories have been thoroughly reviewed195, and
hence we focus on examples relevant to haematological malignancies. The revoking
of oncogene-driven immune evasion is illustrated in preclinical studies establishing
the importance of antitumour immunity in oncogene addiction for many oncogenes,
such as MYC in T cell acute lymphoblastic leukaemia196, BCR–ABL in Philadelphia
chromosome-positive B cell acute lymphoblastic leukaemia196, BRAF in melanoma197
and epidermal growth factor receptor (EGFR) in non-small cell lung cancer198. In chronic
myeloid leukaemia, the combination of interferon‑α2a and imatinib significantly
increased the rate of molecular responses compared with each alone199, and imatinib
also synergized with donor lymphocyte infusion therapy to induce molecular
remissions even in bulky, relapsed disease200.
Therapies that unintentionally modulate a tumour-associated pathway in immune
cells include a diverse group of immunomodulatory, targeted and cytotoxic agents.
A classic example is thalidomide, a drug infamous for causing limb deformations and
other birth defects when used during pregnancy. Although it was initially developed as
an anti-angiogenic drug201, thalidomide and more so its better-tolerated derivative
lenalidomide have displayed highly potent activity in multiple myeloma, mantle cell
lymphoma, chronic lymphocytic leukaemia (CLL) and myelodysplastic syndrome202. The
immunomodulatory effects, in addition to the anti-angiogenic and cytotoxic effects, of
this class of agents have long been suspected. However, these agents have only recently
been shown to enhance E3 ubiquitin ligase degradation of Ikaros 1 and Ikaros 3, the
former of which directly represses interleukin‑2 (IL‑2) transcription and production —
ultimately leading to T cell and natural killer cell activation203. Moreover, lenalidomide
antagonizes regulatory T cell function and repairs T cell synapse formation with CLL
cells204–206. The PI3Kδ inhibitor idelalisib and the Bruton’s tyrosine kinase inhibitor
ibrutinib inhibit B cell receptor signalling (BOX 2) and are two examples of targeted
therapies with unforeseen immunological effects. Idelalisib impairs a vital component
of regulatory T cell suppressor function207, and ibrutinib seems to inhibit several other
kinases, including IL‑2‑inducible T cell kinase (ITK), which is essential for CD4+ T helper 2
cells. ITK inhibition by ibrutinib seems to favour T helper 1 cell skewing and promote
antitumour immunity208.

after allo-HSCT77. Across studies, the benefit of KIR
genotyping has been observed in AML, myelodysplastic
syndrome and paediatric ALL — but interestingly not
in adult ALL or chronic myeloid leukaemia (CML)77–79,
owing perhaps to differences in activating KIR ligand
expression and/or whether T cells were depleted in the
infused graft 80,81. The safety, feasibility and engraftment
of adoptively transferred allogeneic, IL‑2‑activated NK
cells after a preparative lymphodepleting regimen have
also been demonstrated, with encouraging results in a
small group of patients with high-risk AML82,83.
Agonist stimulation of immune effector function. The
example of NK cells and KIRs highlights the clinical potency of modulating immune effector function
through co‑stimulatory and co‑inhibitory receptors on
the cell surface. In T cells, strong stimulation is delivered by surface CD28 binding to B7 family molecules,
such as CD80 and CD86, both of which are expressed
by APCs. However, therapeutic targeting of this interaction by ‘super-agonistic’ antibodies against CD28
sounded a dramatic alarm after the first‑in‑human clinical trial in healthy volunteers resulted in a cytokine storm
and multisystem organ failure in some patients84. All
patients survived; but clearly, manipulation of T cell costimulatory pathways requires clinical caution to avoid
non-specific T cell activation.
Nevertheless, direct stimulation of immune effector
function to promote tumour killing remains an attractive option. Agonist antibodies against CD40, CD137
and others have been tested in patients and did not
show life-threatening toxicity, apart from severe hepato
toxicity noted with agonist antibodies against CD137,
necessitating dose reduction and less-intense dosing
regimens85,86. Thus far, few studies have examined the
activity of agonistic mAbs in haematological malignancies. CD40‑specific mAbs have notably shown promising
efficacy and safety, although without a clear understanding of their antitumour mechanism, which may include
tumour-specific T cell priming and activation 87,88,
direct tumour cytotoxicity and macrophage activation89,90.
CD137 is expressed in most haematopoietic cells and is
an intriguing target that has critical T cell-independent
activity. Agonistic mAbs targeting CD137 directly stimulated NK cell-mediated ADCC against lymphoma cells,
synergizing with rituximab activity 91. Phase I trials testing
CD137‑specific agonists with rituximab in non-Hodgkin
lymphoma (NHL) are ongoing (ClinicalTrials.gov
identifiers: NCT01307267 and NCT01775631).

Activating tumour antigen-specific immunity
Although surface antigens can serve as targets for
antibody-based therapeutics, most cancer-associated or
cancer-specific antigens are derived from intracellular
proteins. The ability to specifically recognize the aberrant
features of malignant cells and subsequently eliminate
them while sparing normal host tissue is an attractive
property of CTLs that is exploited by various cancer
vaccination strategies. Together, the choice of antigen
source, vaccine formulation, delivery system, adjuvant,
immunomodulation, treatment schedule and treatment
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Box 4 | Targeting pathogens and cancer neoantigens
Pathogens
The immune system effectively uses genetic variability, evolutionary selection and rapid population expansion to
defend against the onslaught of viral and bacterial pathogens; tumour immunologists have long sought to harness
this ability to attack malignant cells. Tumour antigens derived from foreign pathogens have historically provided
the quintessential example of this concept. Post-transplantation lymphoproliferative disease (PTLD), Hodgkin
lymphoma and non-Hodgkin lymphoma are strongly associated with Epstein–Barr virus (EBV) infection and
therefore express unique EBV-derived antigens. The generation of cytotoxic T lymphocytes (CTLs) against EBV
proteins has been highly feasible for PTLDs in haematopoietic stem cell transplantation recipients, with 80%
response rates in refractory disease and complete prevention in high-risk individuals209. Autologous
gene-modified antigen-presenting cells have also been impressively efficacious in stimulating CTLs against
additional EBV antigens that share expression among most EBV-associated lymphomas (although an important
exception is Burkitt lymphoma), with an 82% event-free survival rate at 2 years in the adjuvant setting for high-risk
individuals and a 62% response rate in the relapsed or refractory setting, including many complete remissions210.
Of note, therapeutic success seemed to elicit epitope spreading, as this phenomenon was completely lacking in
those who failed to respond. That this procedure required minimal patient tissue (only 120 mL of peripheral blood)
highlights its potential as a feasible immunotherapy.
Cancer neoantigens
The diversity of mutations in each tumour provides an even broader source of tumour-specific antigens. These
neoantigens are novel immunogenic epitopes that are uniquely expressed by the malignant cells and arise from genetic
alterations of protein-coding regions within the tumour. This antigen class may be targeted efficiently (that is, lack of
central tolerance) and safely (that is, no risk of autoimmunity induction) by immunotherapy. The development of
next-generation sequencing technologies that enable rapid identification of the complete repertoire of non-synonymous
mutations within a tumour has brought a breath of fresh air to this promise, and a pipeline for designing personalized
vaccines was recently developed for the treatment of chronic lymphocytic leukaemia211. Indeed, a patient-specific
multi-epitope cancer vaccine is a highly attractive direction for cancer immunotherapy, serving to focus immunity
against truly tumour-restricted epitopes that may be predicted by advanced human leukocyte antigen class I
peptide-binding prediction algorithms212. Two clinical trials have been initiated to assess the concept of personalized
neoantigen vaccines in patients with melanoma (ClinicalTrials.gov identifiers: NCT01970358 and NCT02035956), and
additional trials across other cancers, including in the blood malignancies, are planned.

setting shape the quality and strength of a cancer vaccineinduced T cell response92,93. Three features unique to
the haematological malignancies afford opportunities
to effectively investigate novel vaccination strategies
(FIG. 2, beige boxes): the discovery of multiple blood
malignancy antigens; the ability of tumour cells to serve
as both APCs and a source of antigens; and the reconstitution of immune-competent T cells in the post-HSCT
lymphopenic milieu.
The targeting of individual tumour antigens selective to
the blood malignancies. In haematological malignancies,
many examples of prominent tumour-selective antigens
have been clinically assessed: Wilms tumour protein
(WT1), which is present in CD34+ haematopoietic progenitor cells and many acute leukaemias94,95; the azurophilic granule protein proteinase 3 (PRTN3; also known as
myeloblastin), which is overexpressed in myeloid leukaemia blasts96; and the receptor for hyaluronic acid-mediated
motility, which is differentially expressed in various leukaemias and lymphomas97,98. Evidence for their immunogenicity came both from the identification of spontaneous
T cell responses against antigen-specific epitopes that
preferentially killed leukaemic cells and from their association with longer overall survival or disease remission
after allo-HSCT or other therapies99–103. These observations suggested that boosting these pre-existing immune
responses was feasible through active immunotherapy.
Early promising studies using peptide vaccination demonstrated that functional leukaemia-reactive
CTL responses directed against single antigens could

contribute to the control of leukaemic blasts in some
patients and were associated with clinical benefit 104–108.
The detection of antigen-specific T cell responses early
after a single vaccine dose indicated the expansion of preexisting leukaemia-reactive memory CD8+ T cells109–111.
Subsequent efforts to generate a more sustained immune
response led to studies combining human leukoc yte
antigen (HLA) class I- and/or class II‑restricted WT1
and PR1 (a specific PRTN3‑derived peptide) epitopes
as immunogens111–114 to potentiate CD4+ TH cells. These
efforts revealed the transient, dysfunctional nature of
high-avidity peptide-specific CD8+ T cell responses
generated by vaccination — possibly explaining the
lack of correlation between immune and clinical
responses observed in several recent follow‑up trials111–113. Although peripheral tolerance mechanisms
could have impaired the function and in vivo expansion of high-avidity T cells96,107,113, suboptimal presentation of immune-dominant epitopes by APCs could also
have contributed115. Various vaccination studies focusing on WT1 have thus used direct antigen loading of
autologous dendritic cells to activate them ex vivo; these
studies have reported promising clinical data alongside
biological activity 116,117.
As an alternative to tumour-selective antigens, vaccination against tumour-specific neoantigens arising
from malignancy-defining genetic alterations (BOX 2)
has been pioneered in the blood malignancies. This
idea was extensively tested in CML using breakpoint
junction-derived peptides from the BCR–ABL fusion
oncoprotein; although Phase I/II studies demonstrated
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Idiotype vaccine
A cancer vaccine that targets
the unique antigenic
determinant located in the
variable region of the B or
T cell receptor that is
expressed by clonally
expanded malignant B or
T cells, respectively.

induction of peptide-specific immune responses as well
as reductions in BCR–ABL transcripts, they failed to
prove a clear clinical benefit for vaccinated patients over
other treatments118–121. Indeed, recently, the immuno
genicity of BCR–ABL breakpoint-derived peptides was
called into question122. Concurrently, inspired by a case
report of complete remission of a B cell lymphoma after
infusion of a monoclonal anti-idiotype antibody 123, a
personalized vaccination approach directed against
this prototypic lymphoma neoantigen — the idiotypic
determinant of malignant B cell-derived immunoglobulin, or idiotype vaccine — revealed highly encouraging
results in Phase I/II trials124–127. However, only one of
three Phase III trials128–130 demonstrated prolonged
disease-free survival129 (but this trial failed to achieve
its primary clinical end points). The observed failures have been attributed to flaws in trial design, such
as imbalances in standard prognostic scores between
treated and control arms as well as enrolment of patients
lacking sustained partial or complete remissions. Thus,
the value of idiotype vaccines in conjunction with current rituximab-containing regimens remains to be
determined131,132.
Whole tumour cells as APCs and a source of antigens.
As the normal cellular counterpart of several blood
malignancies is an APC, some clinical vaccination trials have leveraged the antigen-presentation capacity of
the tumour cell to stimulate tumour-specific immunity.
For example, in CML and AML, in vitro differentiation
of myeloid leukaemic blasts into leukaemia-derived
dendritic cells results in preservation of the expression
of some relevant cancer antigens that could stimulate
leukaemia-specific T cell populations133–136. Another
whole-tumour-cell-based approach exploits the unique
capability of activated B cell lymphoma cells to present their own tumour antigens via HLA class I and II
molecules in the presence of co‑stimulatory mole
cules. Specifically, malignant B cells can be activated
through ligation of CD40 by its ligand CD40L (also
known as CD154), which can be provided either by
ex vivo admixture with CD40L‑expressing cells137,138 or
by engineering lymphoma cells themselves to express
CD40L139,140.
In general, inducing broader polyclonal antitumour
immune responses against multiple cancer antigens
may be more effective than targeting a single antigen.
Autologous tumours are a ready source of personal
tumour antigens and have been tested as immunogens using formulations such as autologous dendritic
cells pulsed with tumour lysate 141,142 or apoptotic
tumours143, and tumour cell–dendritic cell hybrids
(that is, multiple myeloma cells chemically fused
with autologous dendritic cells)144,145. These dendritic
cell‑based vaccines have demonstrated potent cellular tumour-specific responses and objective clinical outcomes141–145. However, obstacles such as high
cost, labour-intensive processes and the difficulty of
optimizing protocols for dendritic cell maturation
and administration limit the development of these
vaccination strategies115.

Recruitment of APCs and their ensuing capture of
tumour antigens in the tumour bed are vital for subsequent successful T cell priming in draining lymph
nodes. One approach for intratumoural activation
of APCs in patients with accessible tumour sites is
in situ tumour vaccination. Intratumoural injection
of a Toll-like receptor 9 agonist in combination with
low-dose radiotherapy in patients with relapsed B cell
lymphoma led to impressive clinical outcomes146,147.
Still other whole-tumour-cell vaccination approaches
have incorporated adjuvant cytokines, particularly
granulocyte–macrophage colony-stimulating factor
(GM‑CSF), to recruit APCs to the vaccination site. An
‘off-the-shelf ’ allogeneic whole-tumour-cell vaccine,
derived from the HLA-negative K562 human cell line
that was engineered to secrete GM‑CSF (GM‑K562
vaccine)148,149, expresses several CML-associated antigens150. Treatment of patients with CML — who had
measurable disease despite continued therapy with
the tyrosine kinase inhibitor imatinib — with the
GM‑K562 vaccine led to a decline in BCR–ABL transcript levels in all patients and in disease burden in
13 out of 19 participants150. Finally, administration
of lethally irradiated autologous whole tumour cells
that were genetically modified to secrete GM‑CSF,
or admixed with GM‑CSF-secreting bystander cells,
has achieved significant immunological and clinical responses in both AML and CLL148,150,151. Overall,
these highly encouraging results suggest the superiority of a multi-epitope vaccination strategy over the
use of single tumour antigens in improving immuno
logical treatment of haematological malignancies, but
this notion requires further investigation in larger
randomized trials.
The post-HSCT setting as a platform for vaccination. The increased frequencies of CTLs targeting WT1, PRTN3, BCR–ABL or recipient minor
histocompatibility antigens after allo-HSCT suggested
that the post-transplantation period could ‘reset’
cancer–immune relations, enhancing the GVL effect
and marking an ideal setting for cancer vaccination.
In addition to lymphopenia and associated growthpromoting cytokines, vaccine responses may be aided
by TReg cell depletion and minimal residual disease
states that diminish tumour-induced immune suppression152. Equally important is reconstitution of immunecompetent donor T cells not previously tolerized to
the recipient’s leukaemia. Indeed, administration of
an autologous GM‑CSF-secreting vaccine in the early
post-HSCT period resulted in a statistically significant 2‑year survival advantage compared with historical controls in patients with AML or myelodysplastic
syndrome151. Notably, in patients with advanced CLL,
co‑injection of irradiated autologous tumour cells and
the GM‑K562 vaccine in the early post-HSCT period
led to a rise in circulating CLL-specific (rather than
alloreactive) CD8+ T cells as well as favourable clinical activity 148. These observations affirm the strategic therapeutic scenario of the post-transplantation
immunological milieu.
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Regulatory B cells
(BReg cells). A newly described
subpopulation of B cells that
remains incompletely defined
in humans. BReg cells have been
suggested to functionally
resemble chronic lymphocytic
leukaemia cells in humans and
contribute to rituximab
resistance in preclinical
models.

Myeloid-derived suppressor
cells
(MDSCs). A highly
heterogeneous population of
tolerogenic myeloid-derived
cells often described in either
granulocytic or monocytic
subtypes. MDSCs have been
strongly implicated in the
pathogenesis of many blood
malignancies, including
multiple myeloma, chronic
myeloid leukaemia and
myelodysplasia.

CTL-associated antigen 4
(Cytotoxic T lymphocyteassociated antigen 4). CTLA4 is
exclusively expressed on the
surface of activated T cells,
where it counteracts CD28
both by outcompeting it for its
ligands, CD80 and CD86, on
antigen-presenting cells and by
triggering intracellular
inhibitory pathways. It has an
important role in maintaining
immune homeostasis.

Smouldering multiple
myeloma
Early-stage multiple myeloma
preceding the active, clinically
symptomatic phase.

Overcoming inhibitory immune suppression
The tumour immunology field has recently been reinvigorated by the development of reagents that relieve inhibitory immune suppression within the microenvironment
(FIG. 2, green boxes). The impressive activity of immune
checkpoint inhibitors across many types of malignancies has underscored the crucial immune-dampening
roles of multiple immunosuppressive elements within
the tumour milieu, including co‑inhibitory molecules,
TReg cells, regulatory B cells (BReg cells) and myeloid-derived
suppressor cells (MDSCs).
Co‑inhibitory molecules. Immune effector activity is
finely tuned by the net output of activating and inhibitory signals known as immune checkpoints. To date, the
most clinically well-studied immune checkpoints are two
co‑inhibitory receptors: CTL-associated antigen 4 (CTLA4;
also known as CD152) and PD1 (extensively reviewed
in REFS 1,153). Both receptors function predominantly
to inhibit T cell responses and dampen T cell activation.
CTLA4 was the first co‑inhibitory molecule to be
clinically targeted. In haematological malignancies, ipilimumab, a CTLA4‑specific mAb with FDA approval for
treatment of metastatic melanoma154, has been studied
to a limited extent. Phase I studies have demonstrated
its antitumour activity in relapsed and refractory B cell
lymphoma after chemotherapy or after allo-HSCT155,156.
Interestingly, although three clinical responses and multiple incidents of organ-specific adverse immune events
were noted in the allo-HSCT trial, no graft-versus-host
disease (GVHD) was observed in any of the patients.
This large therapeutic window may be attributed to the
relatively prolonged time between the last donor cell
infusion and ipilimumab administration, suggesting
an opportunity for immunomodulation in the posttransplantation setting 156. Very recent preliminary data
from a similar Phase I study of ipilimumab after alloHSCT have also suggested both efficacy and tolerability
in this patient population157.
PD1 is an immunoinhibitory receptor that induces
T cell suppression through a unique state of T cell dysfunction termed ‘exhaustion’ on ligand binding. First
described in chronic viral infections, T cell exhaustion has been increasingly recognized as an important
immune-evasive strategy in many haematological malignancies158–161. Antibodies targeting the PD1–PD1 ligand 1
(PDL1) interaction have evoked impressive antitumour
activity in various types of solid tumours1,162. A growing
body of clinical evidence also strongly supports anti‑PD1
activity in haematological malignancies. A highly promising Phase II trial testing the role of pidilizumab, a humanized IgG1 PD1‑specific mAb, in patients with relapsed or
refractory diffuse large B cell lymphoma (DLBCL) after
ASCT reported a response rate of 51% in those patients
with residual disease after ASCT and a complete remission rate of 34%163. As in previous Phase I trials of this
antibody, toxicity was minimal. Nivolumab, a humanized IgG4 PD1‑specific mAb, recently demonstrated significant response rates in relapsed or refractory cHL, with
close to 90% of patients responding to therapy 164; similar
preliminary results were seen with another PD1‑specific

antibody, pembrolizumab165. Preliminary results from a
study of nivolumab in multiple relapsed or refractory lymphoid (B and T cell) malignancies indicated response rates
across the range of lymphomas, with more than one-third
of patients with DLBCL and follicular lymphoma responding to therapy 166. As a result, nivolumab was granted
breakthrough therapy status by the FDA as a treatment for
Hodgkin lymphoma after failure of ASCT and brentuximab therapy. Altogether, these data highlight the impressive therapeutic opportunity for modulation of T cell
co‑inhibitory molecules in haematological malignancies
and suggest that targeting of additional co‑inhibitory
T cell receptors, such as the T cell immunoglobulin and
mucin domain 3 (TIM3; also known as HAVCR2)
and lymphocyte activation gene 3 protein (LAG3), could
also be clinically effective153,167. The recent combined
blockade of both PD1 and CTLA4 has resulted in impressive clinical response rates in melanoma, further driving
excitement for combinations in this therapeutic class168.
KIRs are another promising set of inhibitory mole
cules; as described above, they function as inhibitory
receptors to guide NK cell activity away from self-MHCexpressing cells. Lirilumab is an IgG4 mAb that specifically binds to a common set of inhibitory KIRs expressed
on half of the total NK cell population; a first-in-human
study in elderly patients with AML in first complete
remission showed that lirilumab was safely tolerated.
Moreover, the observation of a significantly increased
overall survival rate in patients treated at higher doses
indicated a potential dose–response effect 169. In multiple
myeloma, a Phase I trial confirmed safety and disease
stabilization for one-third of patients; however, a recent
Phase II study in smouldering multiple myeloma closed early
owing to a lack of any clinical efficacy 170,171. Nevertheless,
given compelling clinical data in allo-HSCT and a generous safety window, KIR-specific antibodies will probably
play a part in stimulating antitumour NK activity within
haematological malignancies.
TReg cells, BReg cells and MDSCs. In addition to co‑inhibitory molecules, cellular elements within the tumour
microenvironment, particularly TReg cells, BReg cells172
and MDSCs, mediate local immune suppression.
Currently, few effective agents specifically target these
cell types. Denileukin diftitox is a chimeric immunotoxin that is formed by conjugating a diphtheria toxin
fusion protein to IL‑2 and targets the IL‑2 receptor
(CD25), which is highly, but not selectively, expressed
on TReg cells. Although approved by the FDA for cutaneous T cell lymphoma, with objective response rates
ranging from 30 to 44%, its precise mechanism of action
remains poorly understood, and its parent company has
ceased production173,174. Ipilimumab may also function
by intratumoural TReg depletion, but this mechanism has
yet to be formally demonstrated in patients175,176. Finally,
TReg cell depletion ex vivo from adoptive cellular infusions is discussed below in the context of targeting multiple immunotherapeutic nodes. Immunomodulation
of TReg cell, BReg cell and MDSC function is therefore
a potent therapeutic opportunity in haematological
malignancies.
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NK T cells
(Natural killer T cells).
A specialized subset of
innate-like T cells that
recognize lipid-based antigens
presented by the CD1 family of
major histocompatibility
complex-like molecules and
rapidly produce very large
amounts of various cytokines
without clonally expanding like
‘classical’ T cells.

Combinations, timing and future directions
Each of these four immunotherapeutic nodes constitutes a critical aspect of the tumour–immune relationship and is thus an exciting therapeutic opportunity
for intervention. However, the essential feature of the
immune system — that distinct immune effectors act
in a coordinated manner to diminish, amplify and/or
focus a response — naturally suggests a multi-pronged
approach. In fact, these strategies have been pursued
with preliminary success. For example, a Phase II trial
in patients with relapsed follicular lymphoma treated
with the combination of rituximab and pidilizumab
found a high complete response (CR) rate of 52%, comparing favourably with historical data suggesting CR
rates near 11%177,178. Importantly, this combination was
very well tolerated. Similarly, TReg cell depletion before
NK cell infusion improved median duration of CR in
patients with high-risk AML compared with historical
controls who received NK cell infusions without TReg cell
depletions179.
Another opportunity for immune intervention is the
targeting of ‘early’ neoplastic lesions. Because increasing genomic complexity and tumour burden facilitate
immune escape and immunotherapeutic resistance,
exploiting early immune recognition may have a substantial therapeutic impact. Multiple myeloma is a model
example: in patients with monoclonal gammopathy of
undetermined significance (a multiple myeloma precursor lesion), T cells specific to a stem cell-associated antigen expressed on myeloma progenitor cells were enriched
in the bone marrow and strongly predicted reduced risk

Pardoll, D. M. The blockade of immune checkpoints in
cancer immunotherapy. Nature Rev. Cancer 12,
252–264 (2012).
This paper is a good review of immune checkpoints,
particularly CTLA4 and PD1, in cancer
immunotherapy.
2.
Gattiker, H. H., Wiltshaw, E. & Galton, D. A.
Spontaneous regression in non-Hodgkin’s lymphoma.
Cancer 45, 2627–2632 (1980).
3.
Del Giudice, I. et al. Spontaneous regression of chronic
lymphocytic leukemia: clinical and biologic features of
9 cases. Blood 114, 638–646 (2009).
4.
Nadler, L. M. et al. A unique cell surface antigen
identifying lymphoid malignancies of B cell origin.
J. Clin. Invest. 67, 134–140 (1981).
5.
Feuerer, M. et al. Bone marrow as a priming site for
T‑cell responses to blood-borne antigen. Nature Med.
9, 1151–1157 (2003).
6.
Cardoso, A. A. et al. Pre‑B acute lymphoblastic
leukemia cells may induce T‑cell anergy to alloantigen.
Blood 88, 41–48 (1996).
7.
Costello, R. T. et al. Regulation of CD80/B7‑1 and CD86/
B7‑2 molecule expression in human primary acute
myeloid leukemia and their role in allogenic immune
recognition. Eur. J. Immunol. 28, 90–103 (1998).
8.
Brouwer, R. E. et al. Expression and induction of
costimulatory and adhesion molecules on acute
myeloid leukemic cells: implications for adoptive
immunotherapy. Exp. Hematol. 28, 161–168
(2000).
9.
Riemersma, S. A. et al. Extensive genetic alterations of
the HLA region, including homozygous deletions of HLA
class II genes in B‑cell lymphomas arising in immuneprivileged sites. Blood 96, 3569–3577 (2000).
10. Steidl, C. et al. MHC class II transactivator CIITA is a
recurrent gene fusion partner in lymphoid cancers.
Nature 471, 377–381 (2011).
11. Zitvogel, L., Galluzzi, L., Smyth, M. J. & Kroemer, G.
Mechanism of action of conventional and targeted
anticancer therapies: reinstating immunosurveillance.
Immunity 39, 74–88 (2013).
1.

of progression to multiple myeloma180. Furthermore, in
a small patient cohort, a combination of lenalidomide
(BOX 3) and an activating ligand for NK T cells elicited activation of multiple immune subsets and durable tumour
regression in patients with smouldering multiple myeloma181. Thus, careful study of immune interactions with
precursor lesions may uncover novel therapeutic avenues.
The growing arsenal of immune therapies, with
increasing awareness of the immunological consequences
of non-immunotherapies (BOX 3), can be further complemented by the discovery and implementation of biomarker strategies. Haematological malignancies, which
have been at the forefront of immunotherapeutic innovation for decades, again offer ample opportunity to study
well-characterized immune interventions with easily
accessible tissue from malignant and infiltrating immune
cells. Indeed, recent interrogation of gene expression profiles within marrow-infiltrating T cells before and after
DLI in patients treated for relapsed leukaemia after alloHSCT suggested T cell exhaustion as a potential marker
and mechanism of DLI responses182. Similar studies with
newer agents could unlock molecular signatures predicting response and thereby pair patients with the correct choice (or choices) of immunotherapy. Indeed, the
advent of next-generation sequencing technologies offers
a more intelligent approach. Molecular signatures generated from both tumour and infiltrating immune cells may
identify patient-specific tumour-induced immune defects.
Judicious application of these signatures can thus enable
the tantalizing possibility of accurately individualizing
cancer immunotherapies for patients.

12. Apetoh, L. et al. Toll-like receptor 4‑dependent
contribution of the immune system to anticancer
chemotherapy and radiotherapy. Nature Med. 13,
1050–1059 (2007).
13. Burger, J. A. et al. Blood-derived nurse-like cells
protect chronic lymphocytic leukemia B cells from
spontaneous apoptosis through stromal cell-derived
factor‑1. Blood 96, 2655–2663 (2000).
14. Jia, L. et al. Extracellular HMGB1 promotes
differentiation of nurse-like cells in chronic
lymphocytic leukemia. Blood 123, 1709–1719
(2014).
15. Fridman, W. H., Pages, F., Sautes-Fridman, C. &
Galon, J. The immune contexture in human tumours:
impact on clinical outcome. Nature Rev. Cancer 12,
298–306 (2012).
16. Burger, J. A. et al. High-level expression of the T‑cell
chemokines CCL3 and CCL4 by chronic lymphocytic
leukemia B cells in nurselike cell cocultures and after
BCR stimulation. Blood 113, 3050–3058 (2009).
17. Sivina, M. et al. CCL3 (MIP‑1α) plasma levels and the
risk for disease progression in chronic lymphocytic
leukemia. Blood 117, 1662–1669 (2011).
18. Bagnara, D. et al. A novel adoptive transfer model of
chronic lymphocytic leukemia suggests a key role for
T lymphocytes in the disease. Blood 117, 5463–5472
(2011).
This study is an in vivo demonstration of the
requirement of T cells for the growth of CLL.
19. Greaves, P. et al. Defining characteristics of classical
Hodgkin lymphoma microenvironment T‑helper cells.
Blood 122, 2856–2863 (2013).
20. Hussell, T., Isaacson, P. G., Crabtree, J. E. & Spencer, J.
The response of cells from low-grade B‑cell gastric
lymphomas of mucosa-associated lymphoid tissue to
Helicobacter pylori. Lancet 342, 571–574 (1993).
21. Umetsu, D. T., Esserman, L., Donlon, T. A.,
DeKruyff, R. H. & Levy, R. Induction of proliferation of
human follicular (B type) lymphoma cells by cognate
interaction with CD4+ T cell clones. J. Immunol. 144,
2550–2557 (1990).

212 | APRIL 2015 | VOLUME 15

22. Kiaii, S. et al. Follicular lymphoma cells induce changes
in T‑cell gene expression and function: potential impact
on survival and risk of transformation. J. Clin. Oncol.
31, 2654–2661 (2013).
23. Guilloton, F. et al. Mesenchymal stromal cells
orchestrate follicular lymphoma cell niche through the
CCL2‑dependent recruitment and polarization of
monocytes. Blood 119, 2556–2567 (2012).
24. Vega, F. et al. The stromal composition of malignant
lymphoid aggregates in bone marrow: variations in
architecture and phenotype in different B‑cell tumours.
Br. J. Haematol. 117, 569–576 (2002).
25. Scott, D. W. & Gascoyne, R. D. The tumour
microenvironment in B cell lymphomas. Nature Rev.
Cancer 14, 517–534 (2014).
26. Palumbo, A. & Anderson, K. Multiple myeloma.
N. Engl. J. Med. 364, 1046–1060 (2011).
27. Kim, J. et al. Macrophages and mesenchymal stromal
cells support survival and proliferation of multiple
myeloma cells. Br. J. Haematol. 158, 336–346
(2012).
28. Kawano, M. et al. Autocrine generation and
requirement of BSF‑2/IL‑6 for human multiple
myelomas. Nature 332, 83–85 (1988).
29. Bahlis, N. J. et al. CD28‑mediated regulation of
multiple myeloma cell proliferation and survival.
Blood 109, 5002–5010 (2007).
30. Murray, M. E. et al. CD28‑mediated pro-survival
signaling induces chemotherapeutic resistance in
multiple myeloma. Blood 123, 3770–3779 (2014).
31. Noonan, K. et al. A novel role of IL‑17‑producing
lymphocytes in mediating lytic bone disease in
multiple myeloma. Blood 116, 3554–3563 (2010).
32. Prabhala, R. H. et al. Elevated IL‑17 produced by
TH17 cells promotes myeloma cell growth and inhibits
immune function in multiple myeloma. Blood 115,
5385–5392 (2010).
33. Curiel, T. J. et al. Specific recruitment of regulatory
T cells in ovarian carcinoma fosters immune privilege
and predicts reduced survival. Nature Med. 10,
942–949 (2004).

www.nature.com/reviews/cancer
© 2015 Macmillan Publishers Limited. All rights reserved

REVIEWS
34. Bates, G. J. et al. Quantification of regulatory T cells
enables the identification of high-risk breast cancer
patients and those at risk of late relapse. J. Clin.
Oncol. 24, 5373–5380 (2006).
35. Lee, A. M. et al. Number of CD4+ cells and location of
forkhead box protein P3‑positive cells in diagnostic
follicular lymphoma tissue microarrays correlates with
outcome. J. Clin. Oncol. 24, 5052–5059 (2006).
36. Carreras, J. et al. High numbers of tumor-infiltrating
FOXP3‑positive regulatory T cells are associated with
improved overall survival in follicular lymphoma. Blood
108, 2957–2964 (2006).
37. Kelley, T. W. & Parker, C. J. CD4+CD25+Foxp3+
regulatory T cells and hematologic malignancies.
Front. Biosci. (Schol. Ed.) 2, 980–992 (2010).
38. Greaves, P. et al. Expression of FOXP3, CD68, and
CD20 at diagnosis in the microenvironment of
classical Hodgkin lymphoma is predictive of outcome.
J. Clin. Oncol. 31, 256–262 (2013).
39. Carreras, J. et al. High numbers of tumor-infiltrating
programmed cell death 1‑positive regulatory
lymphocytes are associated with improved overall
survival in follicular lymphoma. J. Clin. Oncol. 27,
1470–1476 (2009).
References 38 and 39 illustrate the unusual
positive prognostic benefit of immune-inhibitory
elements in the lymphoma microenvironment.
40. Coiffier, B. et al. CHOP chemotherapy plus rituximab
compared with CHOP alone in elderly patients with
diffuse large‑B‑cell lymphoma. N. Engl. J. Med. 346,
235–242 (2002).
41. Cheson, B. D. & Leonard, J. P. Monoclonal antibody
therapy for B‑cell non-Hodgkin’s lymphoma. N. Engl.
J. Med. 359, 613–626 (2008).
42. Sliwkowski, M. X. & Mellman, I. Antibody therapeutics
in cancer. Science 341, 1192–1198 (2013).
43. Jones, P. T., Dear, P. H., Foote, J., Neuberger, M. S. &
Winter, G. Replacing the complementarity-determining
regions in a human antibody with those from a mouse.
Nature 321, 522–525 (1986).
44. Riechmann, L., Clark, M., Waldmann, H. & Winter, G.
Reshaping human antibodies for therapy. Nature 332,
323–327 (1988).
45. Clynes, R. A., Towers, T. L., Presta, L. G. &
Ravetch, J. V. Inhibitory Fc receptors modulate in vivo
cytotoxicity against tumor targets. Nature Med. 6,
443–446 (2000).
This study demonstrates the importance of
Fc‑receptor-dependent mechanisms in the
antitumour efficacy of mAbs.
46. Park, S. et al. The therapeutic effect of anti‑HER2/neu
antibody depends on both innate and adaptive
immunity. Cancer Cell 18, 160–170 (2010).
47. Weng, W. K. & Levy, R. Two immunoglobulin G
fragment C receptor polymorphisms independently
predict response to rituximab in patients with follicular
lymphoma. J. Clin. Oncol. 21, 3940–3947 (2003).
48. Beers, S. A., Chan, C. H., French, R. R., Cragg, M. S. &
Glennie, M. J. CD20 as a target for therapeutic type I
and II monoclonal antibodies. Semin. Hematol. 47,
107–114 (2010).
49. Wierda, W. G. et al. Ofatumumab as single-agent
CD20 immunotherapy in fludarabine-refractory
chronic lymphocytic leukemia. J. Clin. Oncol. 28,
1749–1755 (2010).
50. Reagan, J. L. & Castillo, J. J. Ofatumumab for newly
diagnosed and relapsed/refractory chronic lymphocytic
leukemia. Expert Rev. Anticancer Ther. 11, 151–160
(2011).
51. Goede, V. et al. Obinutuzumab plus chlorambucil in
patients with CLL and coexisting conditions. N. Engl.
J. Med. 370, 1101–1110 (2014).
52. Golay, J., Manganini, M., Rambaldi, A. & Introna, M.
Effect of alemtuzumab on neoplastic B cells.
Haematologica 89, 1476–1483 (2004).
53. Pro, B. et al. Brentuximab vedotin (SGN‑35) in
patients with relapsed or refractory systemic
anaplastic large-cell lymphoma: results of a phase II
study. J. Clin. Oncol. 30, 2190–2196 (2012).
54. Younes, A. et al. Results of a pivotal phase II study of
brentuximab vedotin for patients with relapsed or
refractory Hodgkin’s lymphoma. J. Clin. Oncol. 30,
2183–2189 (2012).
55. Tai, Y. T. et al. Anti‑CS1 humanized monoclonal
antibody HuLuc63 inhibits myeloma cell adhesion and
induces antibody-dependent cellular cytotoxicity in the
bone marrow milieu. Blood 112, 1329–1337 (2008).
56. Zonder, J. A. et al. A phase 1, multicenter, open-label,
dose escalation study of elotuzumab in patients with
advanced multiple myeloma. Blood 120, 552–559
(2012).

57. Lonial, S. et al. Elotuzumab in combination with
lenalidomide and low-dose dexamethasone in
relapsed or refractory multiple myeloma. J. Clin.
Oncol. 30, 1953–1959 (2012).
58. Ocio, E. M. et al. New drugs and novel mechanisms of
action in multiple myeloma in 2013: a report from the
International Myeloma Working Group (IMWG).
Leukemia 28, 525–542 (2014).
59. Lokhorst, H. M. et al. Phase I/II dose-escalation study
of daratumumab in patients with relapsed or
refractory multiple myeloma. J Clin. Oncol. 31
(Suppl.), 8512 (2013).
60. Hoffman, L. M. & Gore, L. Blinatumomab, a bi‑specific
anti‑CD19/CD3 BiTE® antibody for the treatment of
acute lymphoblastic leukemia: perspectives and current
pediatric applications. Front. Oncol. 4, 63 (2014).
61. Topp, M. S. et al. Long-term follow‑up of hematologic
relapse-free survival in a phase 2 study of
blinatumomab in patients with MRD in B‑lineage ALL.
Blood 120, 5185–5187 (2012).
This study documents the long-term efficacy of a
novel mechanism of immunotherapeutic action in a
traditionally treatment-refractory disease.
62. Topp, M. S. et al. Safety and activity of blinatumomab
for adult patients with relapsed or refractory
B‑precursor acute lymphoblastic leukaemia:
a multicentre, single-arm, phase 2 study. Lancet
Oncol. 16, 57–66 (2014).
63. Topp, M. S. et al. Phase II trial of the anti‑CD19
bispecific T cell-engager blinatumomab shows
hematologic and molecular remissions in patients
with relapsed or refractory B‑precursor acute
lymphoblastic leukemia. J. Clin. Oncol. 32,
4134–4140 (2014).
64. Viardot, A. et al. Treatment of relapsed/refractory
diffuse large B‑cell lymphoma with the bispecific T‑cell
engager (BiTE) antibody construct blinatumomab:
primary analysis results from an open-label, phase 2
study. ASH Annu. Meet. Abstr. 124, 4460 (2014).
65. Laszlo, G. S. et al. Cellular determinants for preclinical
activity of a novel CD33/CD3 bispecific T‑cell engager
(BiTE) antibody, AMG 330, against human AML.
Blood 123, 554–561 (2014).
66. Williams, K. M., Hakim, F. T. & Gress, R. E. T cell
immune reconstitution following lymphodepletion.
Semin. Immunol. 19, 318–330 (2007).
67. Hakim, F. T. et al. Constraints on CD4 recovery
postchemotherapy in adults: thymic insufficiency and
apoptotic decline of expanded peripheral CD4 cells.
Blood 90, 3789–3798 (1997).
68. Maus, M. V., Grupp, S. A., Porter, D. L. & June, C. H.
Antibody modified T cells: CARs take the front seat for
hematologic malignancies. Blood 17, 2625–2635
(2014).
69. Porter, D. L., Levine, B. L., Kalos, M., Bagg, A. &
June, C. H. Chimeric antigen receptor-modified T cells
in chronic lymphoid leukemia. N. Engl. J. Med. 365,
725–733 (2011).
70. Kalos, M. et al. T cells with chimeric antigen receptors
have potent antitumor effects and can establish
memory in patients with advanced leukemia. Sci.
Transl. Med. 3, 95ra73 (2011).
References 69 and 70 demonstrate that
second-generation CAR T cells can mediate
sustained tumour regression, undergo massive
expansion in vivo and persist for extended periods
of time, establishing memory T cells.
71. Kochenderfer, J. N. et al. Chemotherapy-refractory
diffuse large B‑cell lymphoma and indolent B‑cell
malignancies can be effectively treated with
autologous T cells expressing an anti‑CD19 chimeric
antigen receptor. J. Clin. Oncol. 33, 540–549 (2015).
72. Maude, S. L. et al. Chimeric antigen receptor T cells
for sustained remissions in leukemia. N. Engl. J. Med.
371, 1507–1517 (2014).
73. Davila, M. L. et al. Efficacy and toxicity management of
19‑28z CAR T cell therapy in B cell acute lymphoblastic
leukemia. Sci. Transl. Med. 6, 224ra25 (2014).
References 72 and 73 highlight the pronounced
sensitivity of relapsed or refractory ALL to CAR
T cells using different second-generation CAR
designs and demonstrate the durability of
remissions with use of the CD137 co-stimulatory
domain.
74. Vivier, E. et al. Innate or adaptive immunity? The
example of natural killer cells. Science 331, 44–49
(2011).
75. Locatelli, F., Merli, P. & Rutella, S. At the bedside:
innate immunity as an immunotherapy tool for
hematological malignancies. J. Leukoc. Biol. 94,
1141–1157 (2013).

NATURE REVIEWS | CANCER

76. Ruggeri, L. et al. Effectiveness of donor natural killer
cell alloreactivity in mismatched hematopoietic
transplants. Science 295, 2097–2100 (2002).
77. Venstrom, J. M. et al. HLA‑C‑dependent prevention of
leukemia relapse by donor activating KIR2DS1.
N. Engl. J. Med. 367, 805–816 (2012).
References 76 and 77 illustrate the clinical
relevance of NK cell alloreactivity by showing that
donor NK cell alloreactivity towards patient target
cells could explain long-term survival in patients
with AML after allo-HSCT.
78. Cooley, S. et al. Donor selection for natural killer cell
receptor genes leads to superior survival after
unrelated transplantation for acute myelogenous
leukemia. Blood 116, 2411–2419 (2010).
79. Hsu, K. C. et al. Improved outcome in HLA-identical
sibling hematopoietic stem cell transplantation for
acute myelogenous leukemia predicted by KIR and
HLA genotypes. Blood 105, 4878–4884 (2005).
80. Oevermann, L. et al. KIR B haplotype donors confer a
reduced risk for relapse after haploidentical
transplantation in children with ALL. Blood 124,
2744–2747 (2014).
81. Torelli, G. F. et al. Recognition of adult and pediatric
acute lymphoblastic leukemia blasts by natural killer
cells. Haematologica 99, 1248–1254 (2014).
82. Miller, J. S. et al. Successful adoptive transfer and
in vivo expansion of human haploidentical NK cells in
patients with cancer. Blood 105, 3051–3057 (2005).
83. Rubnitz, J. E. et al. NKAML: a pilot study to determine
the safety and feasibility of haploidentical natural
killer cell transplantation in childhood acute myeloid
leukemia. J. Clin. Oncol. 28, 955–959 (2010).
84. Suntharalingam, G. et al. Cytokine storm in a Phase 1
trial of the anti‑CD28 monoclonal antibody TGN1412.
N. Engl. J. Med. 355, 1018–1028 (2006).
85. Croft, M., Benedict, C. A. & Ware, C. F. Clinical
targeting of the TNF and TNFR superfamilies.
Nature Rev. Drug Discov. 12, 147–168 (2013).
86. Yao, S., Zhu, Y. & Chen, L. Advances in targeting cell
surface signalling molecules for immune modulation.
Nature Rev. Drug Discov. 12, 130–146 (2013).
87. French, R. R., Chan, H. T., Tutt, A. L. & Glennie, M. J.
CD40 antibody evokes a cytotoxic T‑cell response that
eradicates lymphoma and bypasses T‑cell help. Nature
Med. 5, 548–553 (1999).
88. Sotomayor, E. M. et al. Conversion of tumor-specific
CD4+ T‑cell tolerance to T‑cell priming through in vivo
ligation of CD40. Nature Med. 5, 780–787 (1999).
89. Advani, R. et al. Phase I study of the humanized
anti‑CD40 monoclonal antibody dacetuzumab in
refractory or recurrent non-Hodgkin’s lymphoma.
J. Clin. Oncol. 27, 4371–4377 (2009).
90. Beatty, G. L. et al. CD40 agonists alter tumor stroma
and show efficacy against pancreatic carcinoma in
mice and humans. Science 331, 1612–1616 (2011).
91. Kohrt, H. E. et al. CD137 stimulation enhances the
antilymphoma activity of anti‑CD20 antibodies. Blood
117, 2423–2432 (2011).
92. Coffman, R. L., Sher, A. & Seder, R. A. Vaccine
adjuvants: putting innate immunity to work. Immunity
33, 492–503 (2010).
93. Rezvani, K. Posttransplantation vaccination: concepts
today and on the horizon. Hematology Am. Soc.
Hematol. Educ. Program 11, 299–304 (2011).
94. Inoue, K. et al. Aberrant overexpression of the Wilms
tumor gene (WT1) in human leukemia. Blood 89,
1405–1412 (1997).
95. Miwa, H., Beran, M. & Saunders, G. F. Expression of
the Wilms’ tumor gene (WT1) in human leukemias.
Leukemia 6, 405–409 (1992).
96. Molldrem, J. J. et al. Chronic myelogenous leukemia
shapes host immunity by selective deletion of highavidity leukemia-specific T cells. J. Clin. Invest. 111,
639–647 (2003).
97. Greiner, J. et al. Receptor for hyaluronan acid-mediated
motility (RHAMM) is a new immunogenic leukemiaassociated antigen in acute and chronic myeloid
leukemia. Exp. Hematol. 30, 1029–1035 (2002).
98. Giannopoulos, K. et al. Expression of RHAMM/CD168
and other tumor-associated antigens in patients with
B‑cell chronic lymphocytic leukemia. Int. J. Oncol. 29,
95–103 (2006).
99. Molldrem, J. J. et al. Evidence that specific T lymphocytes
may participate in the elimination of chronic myelogenous
leukemia. Nature Med. 6, 1018–1023 (2000).
100. Rezvani, K. et al. Graft-versus-leukemia effects
associated with detectable Wilms tumor‑1 specific
T lymphocytes after allogeneic stem cell transplantation
for acute lymphoblastic leukemia. Blood 110,
1924–1932 (2007).

VOLUME 15 | APRIL 2015 | 213
© 2015 Macmillan Publishers Limited. All rights reserved

REVIEWS
101. Greiner, J. et al. Expression of tumor-associated
antigens in acute myeloid leukemia: implications for
specific immunotherapeutic approaches. Blood 108,
4109–4117 (2006).
102. Gao, L. et al. Selective elimination of leukemic CD34+
progenitor cells by cytotoxic T lymphocytes specific for
WT1. Blood 95, 2198–2203 (2000).
103. Molldrem, J. et al. Targeted T‑cell therapy for human
leukemia: cytotoxic T lymphocytes specific for a
peptide derived from proteinase 3 preferentially lyse
human myeloid leukemia cells. Blood 88, 2450–2457
(1996).
104. Keilholz, U. et al. A clinical and immunologic phase 2
trial of Wilms tumor gene product 1 (WT1) peptide
vaccination in patients with AML and MDS. Blood
113, 6541–6548 (2009).
105. Oka, Y. et al. Induction of WT1 (Wilms’ tumor gene)specific cytotoxic T lymphocytes by WT1 peptide
vaccine and the resultant cancer regression. Proc. Natl
Acad. Sci. USA 101, 13885–13890 (2004).
106. Schmitt, M. et al. RHAMM‑R3 peptide vaccination in
patients with acute myeloid leukemia, myelodysplastic
syndrome, and multiple myeloma elicits immunologic
and clinical responses. Blood 111, 1357–1365 (2008).
107. Giannopoulos, K. et al. Peptide vaccination elicits
leukemia-associated antigen-specific cytotoxic CD8+
T‑cell responses in patients with chronic lymphocytic
leukemia. Leukemia 24, 798–805 (2010).
108. Qazilbash, M. H. et al. PR1 peptide vaccine-induced
immune response is associated with better event-free
survival in patients with myeloid leukemia. ASH Annu.
Meet. Abstr. 110, 283 (2007).
109. Oka, Y. et al. Wilms tumor gene peptide-based
immunotherapy for patients with overt leukemia from
myelodysplastic syndrome (MDS) or MDS with
myelofibrosis. Int. J. Hematol. 78, 56–61 (2003).
110. Rezvani, K. et al. Leukemia-associated antigen-specific
T‑cell responses following combined PR1 and WT1
peptide vaccination in patients with myeloid
malignancies. Blood 111, 236–242 (2008).
111. Uttenthal, B. et al. Wilms’ Tumour 1 (WT1) peptide
vaccination in patients with acute myeloid leukaemia
induces short-lived WT1‑specific immune responses.
Br. J. Haematol. 164, 366–375 (2014).
112. Rezvani, K. et al. Repeated PR1 and WT1 peptide
vaccination in Montanide-adjuvant fails to induce
sustained high-avidity, epitope-specific CD8+ T cells in
myeloid malignancies. Haematologica 96, 432–440
(2011).
This study shows that repeated delivery of peptides
in Montanide-adjuvant and GM‑CSF leads to rapid
loss of high-avidity peptide-specific CD8+ T cells
and calls for the re-evaluation of peptide
vaccination strategies.
113. Kuball, J. et al. Pitfalls of vaccinations with WT1-,
Proteinase3- and MUC1‑derived peptides in
combination with MontanideISA51 and CpG7909.
Cancer Immunol. Immunother. 60, 161–171 (2011).
114. Maslak, P. G. et al. Vaccination with synthetic analog
peptides derived from WT1 oncoprotein induces T‑cell
responses in patients with complete remission from
acute myeloid leukemia. Blood 116, 171–179 (2010).
115. Figdor, C. G., de Vries, I. J., Lesterhuis, W. J. &
Melief, C. J. Dendritic cell immunotherapy: mapping
the way. Nature Med. 10, 475–480 (2004).
116. Kitawaki, T. et al. A phase I/IIa clinical trial of
immunotherapy for elderly patients with acute myeloid
leukaemia using dendritic cells co‑pulsed with WT1
peptide and zoledronate. Br. J. Haematol. 153,
796–799 (2011).
117. Van Tendeloo, V. F. et al. Induction of complete and
molecular remissions in acute myeloid leukemia by
Wilms’ tumor 1 antigen-targeted dendritic cell
vaccination. Proc. Natl Acad. Sci. USA 107,
13824–13829 (2010).
118. Cathcart, K. et al. A multivalent BCR–ABL fusion
peptide vaccination trial in patients with chronic
myeloid leukemia. Blood 103, 1037–1042 (2004).
119. Bocchia, M. et al. Effect of a p210 multipeptide
vaccine associated with imatinib or interferon in
patients with chronic myeloid leukaemia and
persistent residual disease: a multicentre
observational trial. Lancet 365, 657–662 (2005).
120. Rojas, J. M., Knight, K., Wang, L. & Clark, R. E. Clinical
evaluation of BCR–ABL peptide immunisation in
chronic myeloid leukaemia: results of the EPIC study.
Leukemia 21, 2287–2295 (2007).
121. Jain, N. et al. Synthetic tumor-specific breakpoint
peptide vaccine in patients with chronic myeloid
leukemia and minimal residual disease: a phase 2
trial. Cancer 115, 3924–3934 (2009).

122. Rojas, J. M. et al. BCR–ABL peptide vaccination in
healthy subjects: immunological responses are
equivalent to those in chronic myeloid leukaemia
patients. Leukemia Res. 35, 369–372 (2011).
123. Miller, R. A., Maloney, D. G., Warnke, R. & Levy, R.
Treatment of B‑cell lymphoma with monoclonal antiidiotype antibody. N. Engl. J. Med. 306, 517–522
(1982).
124. Bendandi, M. et al. Complete molecular remissions
induced by patient-specific vaccination plus
granulocyte–monocyte colony-stimulating factor
against lymphoma. Nature Med. 5, 1171–1177
(1999).
125. Inoges, S. et al. Clinical benefit associated with
idiotypic vaccination in patients with follicular
lymphoma. J. Natl Cancer Inst. 98, 1292–1301
(2006).
126. Redfern, C. H. et al. Phase II trial of idiotype
vaccination in previously treated patients with
indolent non-Hodgkin’s lymphoma resulting in
durable clinical responses. J. Clin. Oncol. 24,
3107–3112 (2006).
127. Ai, W. Z., Tibshirani, R., Taidi, B., Czerwinski, D. &
Levy, R. Anti-idiotype antibody response after
vaccination correlates with better overall survival in
follicular lymphoma. Blood 113, 5743–5746
(2009).
128. Levy, R. et al. Active idiotypic vaccination versus
control immunotherapy for follicular lymphoma.
J. Clin. Oncol. 32, 1797–1803 (2014).
129. Schuster, S. J. et al. Vaccination with patient-specific
tumor-derived antigen in first remission improves
disease-free survival in follicular lymphoma. J. Clin.
Oncol. 29, 2787–2794 (2011).
This Phase III clinical trial demonstrates that
chemotherapy-induced remission maintained for at
least 6 months followed by idiotype vaccination
prolongs remission duration in patients with
follicular lymphoma.
130. Freedman, A. et al. Placebo-controlled phase III trial
of patient-specific immunotherapy with
mitumprotimut‑T and granulocyte-macrophage colonystimulating factor after rituximab in patients with
follicular lymphoma. J. Clin. Oncol. 27, 3036–3043
(2009).
131. Bendandi, M. Idiotype vaccines for lymphoma:
proof‑of‑principles and clinical trial failures. Nature
Rev. Cancer 9, 675–681 (2009).
132. Muraro, E., Martorelli, D. & Dolcetti, R. Successes,
failures and new perspectives of idiotypic vaccination
for B‑cell non-Hodgkin lymphomas. Hum. Vaccin.
Immunother. 9, 1078–1083 (2013).
133. Choudhury, B. A. et al. Dendritic cells derived in vitro
from acute myelogenous leukemia cells stimulate
autologous, antileukemic T‑cell responses. Blood 93,
780–786 (1999).
134. Cignetti, A. et al. CD34+ acute myeloid and
lymphoid leukemic blasts can be induced to
differentiate into dendritic cells. Blood 94,
2048–2055 (1999).
135. Li, L. et al. Immunotherapy for patients with acute
myeloid leukemia using autologous dendritic cells
generated from leukemic blasts. Int. J. Oncol. 28,
855–861 (2006).
136. Ossenkoppele, G. J. et al. Vaccination of chronic
myeloid leukemia patients with autologous in vitro
cultured leukemic dendritic cells. Leukemia 17,
1424–1426 (2003).
137. Dessureault, S. et al. A phase‑I trial using a universal
GM‑CSF-producing and CD40L‑expressing bystander
cell line (GM.CD40L) in the formulation of autologous
tumor cell-based vaccines for cancer patients with
stage IV disease. Ann. Surg. Oncol. 14, 869–884
(2007).
138. Rousseau, R. F. et al. Immunotherapy of high-risk
acute leukemia with a recipient (autologous)
vaccine expressing transgenic human CD40L
and IL‑2 after chemotherapy and allogeneic stem
cell transplantation. Blood 107, 1332–1341
(2006).
139. Wierda, W. G. et al. A phase I study of immune gene
therapy for patients with CLL using a membranestable, humanized CD154. Leukemia 24, 1893–1900
(2010).
140. Wierda, W. G. et al. CD40‑ligand (CD154) gene
therapy for chronic lymphocytic leukemia. Blood 96,
2917–2924 (2000).
141. Maier, T. et al. Vaccination of patients with cutaneous
T‑cell lymphoma using intranodal injection of
autologous tumor-lysate-pulsed dendritic cells. Blood
102, 2338–2344 (2003).

214 | APRIL 2015 | VOLUME 15

142. Hus, I. et al. Vaccination of B‑CLL patients with
autologous dendritic cells can change the frequency of
leukemia antigen-specific CD8+ T cells as well as
CD4+CD25+FoxP3+ regulatory T cells toward an
antileukemia response. Leukemia 22, 1007–1017
(2008).
143. Di Nicola, M. et al. Vaccination with autologous tumorloaded dendritic cells induces clinical and immunologic
responses in indolent B‑cell lymphoma patients with
relapsed and measurable disease: a pilot study. Blood
113, 18–27 (2009).
144. Rosenblatt, J. et al. Vaccination with dendritic cell/
tumor fusions following autologous stem cell
transplant induces immunologic and clinical responses
in multiple myeloma patients. Clin. Cancer Res. 19,
3640–3648 (2013).
145. Rosenblatt, J. et al. Vaccination with dendritic cell/
tumor fusion cells results in cellular and humoral
antitumor immune responses in patients with multiple
myeloma. Blood 117, 393–402 (2011).
146. Brody, J. D. et al. In situ vaccination with a TLR9
agonist induces systemic lymphoma regression:
a phase I/II study. J. Clin. Oncol. 28, 4324–4332
(2010).
147. Witzig, T. E. et al. A phase I trial of
immunostimulatory CpG 7909 oligodeoxynucleotide
and 90 yttrium ibritumomab tiuxetan
radioimmunotherapy for relapsed B‑cell nonHodgkin lymphoma. Am. J. Hematol. 88, 589–593
(2013).
148. Burkhardt, U. E. et al. Autologous CLL cell vaccination
early after transplant induces leukemia-specific T cells.
J. Clin. Invest. 123, 3756–3765 (2013).
This study documents that a multi-epitope
vaccination strategy in the early post-allogeneic
stem cell transplantation setting can boost a
tumour-specific immune response despite
immunosuppressive medication and still-incomplete
immune reconstitution.
149. Borrello, I., Sotomayor, E. M., Cooke, S. &
Levitsky, H. I. A universal granulocyte-macrophage
colony-stimulating factor-producing bystander cell line
for use in the formulation of autologous tumor cellbased vaccines. Hum. Gene Ther. 10, 1983–1991
(1999).
150. Smith, B. D. et al. K562/GM‑CSF immunotherapy
reduces tumor burden in chronic myeloid leukemia
patients with residual disease on imatinib mesylate.
Clin. Cancer Res. 16, 338–347 (2010).
151. Ho, V. T. et al. Biologic activity of irradiated,
autologous, GM‑CSF-secreting leukemia cell vaccines
early after allogeneic stem cell transplantation. Proc.
Natl Acad. Sci. USA 106, 15825–15830 (2009).
152. Surh, C. D. & Sprent, J. Regulation of mature T cell
homeostasis. Semin. Immunol. 17, 183–191
(2005).
153. Norde, W. J., Hobo, W., van der Voort, R. & Dolstra, H.
Coinhibitory molecules in hematologic malignancies:
targets for therapeutic intervention. Blood 120,
728–736 (2012).
154. Hodi, F. S. et al. Improved survival with ipilimumab in
patients with metastatic melanoma. N. Engl. J. Med.
363, 711–723 (2010).
155. Ansell, S. M. et al. Phase I study of ipilimumab, an
anti-CTLA‑4 monoclonal antibody, in patients with
relapsed and refractory B‑cell non-Hodgkin lymphoma.
Clin. Cancer Res. 15, 6446–6453 (2009).
156. Bashey, A. et al. CTLA4 blockade with ipilimumab to
treat relapse of malignancy after allogeneic
hematopoietic cell transplantation. Blood 113,
1581–1588 (2009).
157. Davids, M. S. et al. A multicenter phase I study of
CTLA‑4 blockade with ipilimumab for relapsed
hematologic malignancies after allogeneic
hematopoietic cell transplantation. ASH Annu. Meet.
Abstr. 124, 3964 (2014).
158. Wherry, E. J. T cell exhaustion. Nature Immunol. 131,
492–499 (2011).
159. Riches, J. C. et al. T cells from CLL patients exhibit
features of T‑cell exhaustion but retain capacity for
cytokine production. Blood 121, 1612–1621 (2013).
160. Yang, Z. Z. et al. IL‑12 upregulates TIM‑3 expression
and induces T cell exhaustion in patients with follicular
B cell non-Hodgkin lymphoma. J. Clin. Invest. 122,
1271–1282 (2012).
161. Green, M. R. et al. Integrative analysis reveals
selective 9p24.1 amplification, increased PD‑1 ligand
expression, and further induction via JAK2 in nodular
sclerosing Hodgkin lymphoma and primary
mediastinal large B‑cell lymphoma. Blood 116,
3268–3277 (2010).

www.nature.com/reviews/cancer
© 2015 Macmillan Publishers Limited. All rights reserved

REVIEWS
162. Topalian, S. L. et al. Safety, activity, and immune
correlates of anti‑PD‑1 antibody in cancer. N. Engl.
J. Med. 366, 2443–2454 (2012).
163. Armand, P. et al. Disabling immune tolerance by
programmed death‑1 blockade with pidilizumab after
autologous hematopoietic stem cell transplantation
for diffuse large B‑cell lymphoma: results of an
international phase II trial. J. Clin. Oncol. 31,
4199–4206 (2013).
164. Ansell, S. M. et al. PD‑1 blockade with nivolumab in
relapsed or refractory Hodgkin’s lymphoma. N. Engl.
J. Med. 372, 311–319 (2015).
References 163 and 164 demonstrate the
dramatic sensitivity of B cell lymphomas to PD1
pathway antagonists.
165. Moskowitz, C. H. et al. PD‑1 blockade with the
monoclonal antibody pembrolizumab (MK‑3475) in
patients with classical Hodgkin lymphoma after
brentuximab vedotin failure: preliminary results from
a phase 1b study (KEYNOTE‑013). ASH Annu. Meet.
Abstr. 124, 290 (2014).
166. Lesokhin, A. M. et al. Preliminary results of a phase I
study of nivolumab (BMS‑936558) in patients with
relapsed or refractory lymphoid malignancies. ASH
Annu. Meet. Abstr. 124, 291 (2014).
167. Greaves, P. & Gribben, J. G. The role of B7 family
molecules in hematologic malignancy. Blood 121,
734–744 (2013).
168. Wolchok, J. D. et al. Nivolumab plus ipilimumab in
advanced melanoma. N. Engl. J. Med. 369, 122–133
(2013).
169. Vey, N. et al. A phase 1 trial of the anti-inhibitory KIR
mAb IPH2101 for AML in complete remission. Blood
120, 4317–4323 (2012).
170. Benson, D. M. Jr et al. A phase 1 trial of the anti-KIR
antibody IPH2101 in patients with relapsed/refractory
multiple myeloma. Blood 120, 4324–4333 (2012).
171. Korde, N. et al. A phase II trial of pan‑KIR2D blockade
with IPH2101 in smoldering multiple myeloma.
Haematologica 99, e81–e83 (2014).
172. Balkwill, F., Montfort, A. & Capasso, M. B regulatory
cells in cancer. Trends Immunol. 34, 169–173 (2013).
173. Prince, H. M. et al. Phase III placebo-controlled trial of
denileukin diftitox for patients with cutaneous T‑cell
lymphoma. J. Clin. Oncol. 28, 1870–1877 (2010).
174. Baur, A. S. et al. Denileukin diftitox (ONTAK) induces a
tolerogenic phenotype in dendritic cells and stimulates
survival of resting Treg. Blood 122, 2185–2194 (2013).
175. Bulliard, Y. et al. Activating Fc γ receptors contribute
to the antitumor activities of immunoregulatory
receptor-targeting antibodies. J. Exp. Med. 210,
1685–1693 (2013).
176. Simpson, T. R. et al. Fc‑dependent depletion of tumorinfiltrating regulatory T cells co‑defines the efficacy of
anti-CTLA‑4 therapy against melanoma. J. Exp. Med.
210, 1695–1710 (2013).
177. Westin, J. R. et al. Safety and activity of PD1 blockade
by pidilizumab in combination with rituximab in
patients with relapsed follicular lymphoma: a single
group, open-label, phase 2 trial. Lancet Oncol. 15,
69–77 (2014).
178. Davis, T. A. et al. Rituximab anti‑CD20 monoclonal
antibody therapy in non-Hodgkin’s lymphoma: safety
and efficacy of re‑treatment. J. Clin. Oncol. 18,
3135–3143 (2000).
179. Bachanova, V. et al. Clearance of acute myeloid
leukemia by haploidentical natural killer cells is
improved using IL‑2 diphtheria toxin fusion protein.
Blood 25, 3855–3863 (2014).
180. Spisek, R. et al. Frequent and specific immunity to the
embryonal stem cell-associated antigen SOX2 in
patients with monoclonal gammopathy. J. Exp. Med.
204, 831–840 (2007).

181. Richter, J. et al. Clinical regressions and broad
immune activation following combination therapy
targeting human NKT cells in myeloma. Blood 121,
423–430 (2013).
182. Bachireddy, P. et al. Reversal of in situ T‑cell
exhaustion during effective human antileukemia
responses to donor lymphocyte infusion. Blood 123,
1412–1421 (2014).
The authors use T cell-derived molecular signatures
to explain the mechanism of DLI efficacy and
predict DLI responses in a preliminary study cohort.
183. Jenq, R. R. & van den Brink, M. R. Allogeneic
haematopoietic stem cell transplantation:
individualized stem cell and immune therapy of cancer.
Nature Rev. Cancer 10, 213–221 (2010).
184. Wu, C. J. & Ritz, J. Induction of tumor immunity
following allogeneic stem cell transplantation. Adv.
Immunol. 90, 133–173 (2006).
185. Topalian, S. L., Weiner, G. J. & Pardoll, D. M. Cancer
immunotherapy comes of age. J. Clin. Oncol. 29,
4828–4836 (2011).
186. Ribeiro, D., Melao, A. & Barata, J. T. IL‑7R‑mediated
signaling in T‑cell acute lymphoblastic leukemia. Adv.
Biol. Regul. 53, 211–222 (2013).
187. Zenatti, P. P. et al. Oncogenic IL7R gain‑of‑function
mutations in childhood T‑cell acute lymphoblastic
leukemia. Nature Genet. 43, 932–939 (2011).
188. Digel, W. et al. Human interleukin‑7 induces
proliferation of neoplastic cells from chronic
lymphocytic leukemia and acute leukemias.
Blood 78, 753–759 (1991).
189. Swainson, L. et al. IL‑7‑induced proliferation of recent
thymic emigrants requires activation of the PI3K
pathway. Blood 109, 1034–1042 (2007).
190. Barata, J. T. et al. Activation of PI3K is
indispensable for interleukin 7‑mediated viability,
proliferation, glucose use, and growth of T cell acute
lymphoblastic leukemia cells. J. Exp. Med. 200,
659–669 (2004).
191. Dühren-von Minden, M. et al. Chronic lymphocytic
leukaemia is driven by antigen-independent cellautonomous signalling. Nature 489, 309–312
(2012).
192. Davis, R. E. et al. Chronic active B‑cell-receptor
signalling in diffuse large B‑cell lymphoma. Nature
463, 88–92 (2010).
193. Byrd, J. C. et al. Targeting BTK with ibrutinib in
relapsed chronic lymphocytic leukemia. N. Engl.
J. Med. 369, 32–42 (2013).
194. Wang, M. L. et al. Targeting BTK with ibrutinib in
relapsed or refractory mantle-cell lymphoma. N. Engl.
J. Med. 369, 507–516 (2013).
195. Vanneman, M. & Dranoff, G. Combining
immunotherapy and targeted therapies in cancer
treatment. Nature Rev. Cancer 12, 237–251 (2012).
196. Rakhra, K. et al. CD4+ T cells contribute to the
remodeling of the microenvironment required for
sustained tumor regression upon oncogene
inactivation. Cancer Cell 18, 485–498 (2010).
197. Knight, D. A. et al. Host immunity contributes to the
anti-melanoma activity of BRAF inhibitors. J. Clin.
Invest. 123, 1371–1381 (2013).
198. Akbay, E. A. et al. Activation of the PD‑1 pathway
contributes to immune escape in EGFR-driven lung
tumors. Cancer Discov. 3, 1355–1363 (2013).
199. Preudhomme, C. et al. Imatinib plus peginterferon
alfa‑2a in chronic myeloid leukemia. N. Engl. J. Med.
363, 2511–2521 (2010).
200. Savani, B. N. et al. Imatinib synergizes with donor
lymphocyte infusions to achieve rapid molecular
remission of CML relapsing after allogeneic stem cell
transplantation. Bone Marrow Transplant. 36,
1009–1015 (2005).

NATURE REVIEWS | CANCER

201. Stewart, A. K. How thalidomide works against cancer.
Science 343, 256–257 (2014).
202. James, D. F. et al. Lenalidomide and rituximab for
the initial treatment of patients with chronic
lymphocytic leukemia: a multicenter clinicaltranslational study from the Chronic Lymphocytic
Leukemia Research Consortium. J. Clin. Oncol. 32,
2067–2073 (2014).
203. Kronke, J. et al. Lenalidomide causes selective
degradation of IKZF1 and IKZF3 in multiple myeloma
cells. Science 343, 301–305 (2014).
204. Ramsay, A. G. et al. Chronic lymphocytic leukemia
T cells show impaired immunological synapse
formation that can be reversed with an
immunomodulating drug. J. Clin. Invest. 118,
2427–2437 (2008).
205. Shanafelt, T. D. et al. Long-term repair of T‑cell synapse
activity in a phase II trial of chemoimmunotherapy
followed by lenalidomide consolidation in previously
untreated chronic lymphocytic leukemia (CLL). Blood
121, 4137–4141 (2013).
206. Galustian, C. et al. The anti-cancer agents
lenalidomide and pomalidomide inhibit the
proliferation and function of T regulatory cells.
Cancer Immunol. Immunother. 58, 1033–1045
(2009).
207. Patton, D. T. et al. Cutting edge: the phosphoinositide
3‑kinase p110δ is critical for the function of
CD4+CD25+Foxp3+ regulatory T cells. J. Immunol.
177, 6598–6602 (2006).
208. Dubovsky, J. A. et al. Ibrutinib is an irreversible
molecular inhibitor of ITK driving a TH1‑selective
pressure in T lymphocytes. Blood 122, 2539–2549
(2013).
209. Heslop, H. E. et al. Long-term outcome of EBV-specific
T‑cell infusions to prevent or treat EBV-related
lymphoproliferative disease in transplant recipients.
Blood 115, 925–935 (2010).
210. Bollard, C. M. et al. Sustained complete responses in
patients with lymphoma receiving autologous
cytotoxic T lymphocytes targeting Epstein–Barr virus
latent membrane proteins. J. Clin. Oncol. 32,
798–808 (2014).
211. Rajasagi, M. et al. Systematic identification of
personal tumor-specific neoantigens in chronic
lymphocytic leukemia. Blood 3, 453–462 (2014).
212. Fritsch, E. F. et al. HLA-binding properties of tumor
neoepitopes in humans. Cancer Immunol. Res. 2,
522–529 (2014).

Acknowledgements

P.B. was supported by the US National Cancer Institute
under award number T32CA009172. U.E.B. acknowledges
support from the German Research Foundation (Deutsche
Forschungsgemeinschaft; BU 3028/1‑1). C.J.W. is supported
i n p a r t s by g ra n t s N H G R I ( U 5 4 H G 0 0 3 0 6 7 ) , N C I
(1RO1CA155010‑02) and NHLBI (5R01HL103532‑03); the
Blavatinik Family Foundation; and the Leukaemia and
Lymphoma Translational Research Program. C.J.W. is a
recipient of an Innovative Research Grant for Stand Up to
Cancer/AACR. The authors thank E. Fritsch, J. Ritz, R. Soiffer
and P. Ott for valuable feedback on and discussion of this
manuscript.

Competing interests statement

The authors declare competing interests: see Web version for
details.

DATABASES
ClinicalTrials.gov: https://clinicaltrials.gov/
NCT01970358 | NCT02035956 | NCT01307267 | NCT01775631
ALL LINKS ARE ACTIVE IN THE ONLINE PDF

VOLUME 15 | APRIL 2015 | 215
© 2015 Macmillan Publishers Limited. All rights reserved

