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Immunotherapy approaches for hematological cancers
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SUMMARY

Hematological cancers such as leukemia, lymphoma, and multiple myeloma have
traditionally been treated with chemo and radiotherapy approaches. Introduc-
tion of immunotherapies for treatment of these diseases has led to patient
remissions that would not have been possible with traditional approaches. In
this critical review we identify main disease characteristics, symptoms, and cur-
rent treatment options. Five common immunotherapies, namely checkpoint in-
hibitors, vaccines, cell-based therapies, antibodies, and oncolytic viruses, are
described, and their applications in hematological cancers are critically discussed.
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González, Universidad de La
Laguna, La Laguna, 38206
Tenerife, Spain

4Instituto Universitario de
Tecnologı́as Biomédicas,
Universidad de La Laguna, La
Laguna, 38200 Tenerife,
Spain

5Department of Chemical
Engineering, The University
of Texas at Austin, Austin, TX,
USA

6Institute for Biomaterials,
Drug Delivery, and
Regenerative Medicine, The
University of Texas at Austin,
Austin, TX, USA

7Division of Molecular
Pharmaceutics and Drug
Delivery, College of
Pharmacy, The University of
Texas at Austin, Austin, TX,
USA

8Department of Pediatrics,
Dell Medical School, The
University of Texas at Austin,
Austin, TX, USA

9Department of Surgery and
Perioperative Care, Dell
Medical School, The
University of Texas at Austin,
Austin, TX, USA

10These authors contributed
equally

*Correspondence:
olivia.lanier@austin.utexas.
edu (O.L.L.),
eperezhe@ull.edu.es
(E.P.-H.),
peppas@che.utexas.edu
(N.A.P.)

https://doi.org/10.1016/j.isci.
2022.105326
INTRODUCTION

Immunotherapies harness the immune system to fight diseases. Thus, they have potential to revolutionize

cancer treatment and have been applied to improve current outlooks in hematological cancers specifically.

Immunotherapy first emerged as a new treatment for cancer in the 1890s whenWilliam Coley began inject-

ing cancer patients with bacteria to trigger immune responses against cancer. Throughout the 20th cen-

tury, knowledge of the immune system was gained, including discoveries of cytokines and immune cells,

and immunotherapy re-emerged in the 1980s when the hepatitis B vaccine based on single cell surface an-

tigens was developed (Allison, 2014). Since that time, the field has seen an evolution in its application

against cancer and in 2013 was Science’s breakthrough of the year (Couzin-Frankel, 2013).

There are cell-mediatedmechanisms in place that are used by the immune system to respond to pathogens

and damage, and to differentiate between self and non-self antigens. For example, immune cells of the

innate immune system have membrane-associated or cytosolic pattern recognition receptors that can

recognize pathogen-associated molecular patterns (PAMPs) expressed by microbes, and subsequently

activate an acute inflammatory response (Kogut et al., 2020). In addition, major molecules belonging to

the histocompatibility complex (MHC) class I and II display peptide fragments of intracellular proteins

on cell surfaces for presentation to T-cell receptors, which can then recognize if they are non-self-antigens

and respond (Cooper and Alder, 2006).

However, cancerous cells can mutate to evade recognition by the immune system through numerous

mechanisms. Malignant cells can express fewer antigens on their surface, can lose the MHC Class I expres-

sion, and can express immune checkpoint molecules (Oiseth and Aziz, 2017). Not only cancerous cells lead

to the immune evasion, but the tumor microenvironment that includes cellular and extracellular materials

surrounding the cancer cells expresses properties that lead to improved growth of the cancer cells and

makes it difficult for the immune system and drugs to kill the cancer cells (Thakkar et al., 2020). This micro-

environment is characterized by metabolic reprogramming such as overexpression of growth factors and

enhanced glycolysis, hypoxia, and acidic conditions (Pérez-Herrero and Fernández-Medarde, 2021). There-

fore, immunotherapy seeks to restore the function of the immune system to attack the cancer cells by

altering the tumor microenvironment or blocking the cancer’s immune suppression tactics.

In recent years, immunotherapy has gained importance in the treatment of leukemia, lymphoma, and mul-

tiplemyeloma. In fact, it is suggested that the progression frommonoclonal gammopathy of undetermined

significance and latent multiple myeloma to multiple myeloma is because of an immune imbalance (Minnie

and Hill, 2020). Immune system escape plays an important role in the progression of multiple myeloma,

which may be because of several reasons: T cell exhaustion or senescence, variations in cytokine secretion,

tolerance of dysfunctional antigen-presenting cells, and accumulation of tumor-associated suppressor

macrophages and myeloid-derived suppressor cells (Minnie and Hill, 2020).
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Cancer immunotherapies have been included in current hematological cancer treatments and are inte-

grated in standard regimens. This is the case for immunomodulatory drugs and monoclonal antibodies

for which new combinations or new molecules are being found. Moreover, as discussed by Minnie and

Hill (2020) current research on hematological cancer therapies is focused on some immunotherapy-based

strategies and many clinical trials are being reported in this regard (Minnie and Hill, 2020). Undoubtedly,

the future for treatment of hematological cancers that currently evade remission will require a combination

of immunotherapy and chemotherapy approaches.

Here we address the main hematological cancers along with their standard current treatments, and to

address the application of specific types of immunotherapies, including checkpoint inhibitors, therapeutic

vaccines, antibodies, cell-based therapies, and oncolytic viruses (OVs), in improving the treatment of

hematological cancers.
HEMATOLOGICAL CANCERS, A GENERAL DESCRIPTION

Leukemia

Leukemias, the cancers of the blood and bonemarrow, can be divided into four main types, including acute

lymphocytic leukemia (ALL), chronic lymphocytic leukemia (CLL), acute myeloid leukemia (AML), and

chronic myeloid leukemia (CML). They can be differentiated from each other based on morphology during

maturation and linage commitment, and they can be subdivided based on genetic aberrations (Kampen,

2012). Chronic leukemia develops slowly in more mature cells whereas acute leukemia develops quickly in

immature cells and can be classified by cytomorphology and immunophenotyping (Szczepa�nski et al.,

2003). Of the leukemia types, CLL and AML are the most diagnosed forms of leukemia.

Lymphocytic leukemias

Disease overview and diagnosis. Acute lymphocytic or acute lymphoblastic leukemias (ALL) are esti-

mated to affect 6,660 people for 2022 in the United States, making it one of the rare forms of leukemia

among adults. However, this form of leukemia is quite prevalent among children diagnosed with leukemia,

being the most common form of pediatric cancer and accounting for most pediatric cancer deaths

(Teachey and Pui, 2019). Among the ALLs, there are a few different subtypes, based on the World Health

Organization (WHO) system: B-cell ALL and T cell ALL.

B-cell ALL occurs much more frequently than T cell ALL in children 9 years old and younger (Teachey and

Pui, 2019). T cell ALL is known to be more predominant in adult cases of ALL than pediatric cases, account-

ing for roughly 25% of adult ALL cases (Van Vlierberghe and Ferrando, 2012), and occurs 2 to 3 times more

frequently in males than females (Teachey and Pui, 2019). T cell ALL malignancy most frequently occurs by

constitutive action of NOTCH1 signaling. In addition, deletions of the CDKN2A locus encompassing the

p16/INK4A and p14/ARF suppressor genes in chromosome band 9p21 are found in over 70% of T cell

ALL cases (Van Vlierberghe and Ferrando, 2012). In the past, T cell ALL in children gave much poorer prog-

noses than B-cell ALL, but withmore recent research and treatment strategies it has become nearly as treat-

able as B- cell ALL (Teachey and O’Connor, 2020).

Chronic lymphocytic leukemia (CLL) is one of the most common leukemias in adults, and is most frequent

among older individuals, with the average age of diagnosis at 71 years old (Desantis et al., 2014). In addi-

tion, only 10–15% of patients receive a CLL diagnosis before age 50. CLL is almost always because of B-cell

malignancies, with malignant T cell phenotypes constituting roughly 2–5% of CLL patients of which have

significantly less successful outcomes compared to B-CLL patients (Shahjahani et al., 2015). This malig-

nancy of B lymphocytes is often characterized by an accumulation of high CD5�expressing B-cells in the

blood. Mutations and chromosomal alterations including the deletion of chromosome 13q, chromosome

11q, and/or 17p are associated with a more aggressive and treatment-resistive leukemia (Hallek et al.,

2018).

Current treatments. B-cell ALL has historically had higher success rates compared to T cell ALL following

various treatments because of several reasons. Because patients with T-ALL are typically older than pa-

tients with B-ALL, chemotherapeutic treatment in T-ALL cases results in much weaker tolerance and pre-

sents higher chances of relapse. For these reasons, recent studies indicate treatment of B-ALL sees overall

survival rates above 90%, whereas T-ALL trails behind with around 80–85% overall survival (Teachey and
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Pui, 2019). Though prognosis is relatively positive for individuals diagnosed with ALL, an estimated 1 in 5

children will relapse following an initially successful treatment, in which the prognosis is much poorer. In

addition, 30–40% of ALL relapse cases are associated with complications involving the central nervous sys-

tem (CNS) that arise because of infiltration of leukemia cells in the cerebrospinal fluid (CSF), providing an

extra barrier for successfully treating ALL relapse patients (Lenk et al., 2020).

Contemporary therapies for children with ALL have been developed consisting of remission induction ther-

apy followed by consolidation therapy for 8 weeks andmaintenance therapy for 18 to 30 months. Remission

induction therapy using a glucocorticoid, vincristine, an asparaginase preparation, optional use of an an-

thracycline, and intrathecal chemotherapy leads to remission in almost all patients. To consolidate remis-

sion and prevent the development of overt CNS leukemia, an 8-week delayed intensification protocol is

administered using methotrexate and folinic acid. The final maintenance phase involves daily oral mercap-

topurine or thioguanine and weekly oral methotrexate for 18 to 30 months. Low patient adherence to main-

tenance therapy is associated with a 4 times higher risk of relapse (Hunger and Mullighan, 2015).

Advances in ALL genomic profiling has facilitated the development of targeted-therapy strategies for spe-

cific subtypes of ALL. For example, patients diagnosed with ALL with the BCR-ABL1 fusion oncoprotein are

prime candidates for targeted treatments using tyrosine kinase inhibitors (TKIs) (Kantarjian et al., 2002).

Further, patients diagnosed with B-cell ALL are ideal candidates for cell-based therapy approaches to

treatment because of the high density of CD19 present on the surface of most B-cell ALL cells (Turtle

et al., 2016).

Because of its slow growth rate, CLL requires monitoring after treatment, which traditionally included

combination therapy using fludarabine and phosphadamine and immunotherapy using the anti-CD20

monoclonal antibody rituximab (Hallek et al., 2018). However, more recent approaches have led to a

decline in the use of chemoimmunotherapy to treat CLL, including venetoclax and several different kinase

inhibitors. These kinase inhibitors work to transport CLL cells from the tissues to the peripheral blood,

increasing peripheral-blood CLL-cell counts in a phenomenon referred to as ‘‘redistribution lymphocy-

tosis’’ and resulting in decreased enlargement of lymph nodes (Faderl and Keating, 2005). Targeting Bru-

ton’s tyrosine kinase (BTK) with ibrutinib, one of several BTK inhibitors studied for improved treatment of

CLL, results in direct cytotoxicity, inhibition of CLL-cell proliferation, the disruption of cytokine/chemokine

signaling, and inhibition of cell migration (Bond and Woyach, 2019). BTK inhibitors and other similar ad-

vances in CLL treatment will be discussed further in the sections on checkpoint inhibitors.

Myeloid leukemias

Disease overview and diagnosis. According to the American Cancer Society, AML is the most common

among the myeloid leukemias, and it is the most common acute type among adults (Bray et al., 2018). It has

a cure rate of 35–40% in patients aged 60 years or younger (Döhner et al., 2010). This form, one of the most

heavily researched, is classified according to specific factors that impact patient prognosis. According to

the WHO classification system, AML can be split into 4 major categories: AML with certain genetic abnor-

malities, AML with myelodysplasia-related changes, AML related to previous chemotherapy or radiation,

and AML not otherwise specified (Döhner et al., 2015).

CML, the more slowly developed form of myeloid leukemia, impacted approximately 34,200 in 2017

globally (Dong et al., 2020). This form of leukemia arises when the Philadelphia chromosome, caused by

a BCR-ABL1 fusion gene formed by t(9;22)(q34;q11.2), is generated. The BCR-ABL1 fusion gene promotes

unregulated cell proliferation by encoding an active BCR-ABL1 tyrosine kinase (Loghavi et al., 2015).

Current treatments. Standard treatment for AML involves a two-phase approach, beginning with remis-

sion induction therapy using cytarabine paired with an anthracycline, such as daunorubicin or idarubicin,

followed by post-remission therapy using higher doses of cytarabine to eliminate any remaining leukemia

cells (Döhner et al., 2015). This treatment can lead to cures in 30–40% of younger patients (Kantarjian et al.,

2021). For the highly aggressive acute promyelocytic leukemia, the frontline therapeutic strategy is all-trans

retinoic acid and arsenic trioxide (Sanz et al., 2019). In recent years, research has helped to identify target-

able abnormalities for AML. Newer treatments of interest for AML include combining epigenetic therapy

with hypomethylating agents such as azacitidine and decitabine, adding fms-like tyrosine kinase 3 inhibi-

tors to intensive chemotherapy, adding IDH inhibitors in AML with IDH1/2 mutations, using anti-CD47
iScience 25, 105326, November 18, 2022 3
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antibodies in treating TP53-mutated AML, using memin inhibitors for treatment of mixed-lineage leuke-

mia-rearranged acute leukemia, using combinations of small-molecule target therapies with intensive

chemotherapy, and many immunotherapy approaches that are covered in later section (Kantarjian et al.,

2021).

In the case of CML, standard treatment involves targeted therapies using TKIs. One commonly used inhib-

itor is imatinib, and more recently, asciminib (Goldman and Melo, 2003; Hughes et al., 2019). Clinical trial

data is also available for newer inhibitors such as nilotinib, dasatinib, and bosutinib, showing superior

response rates compared to imatinib (Ferdinand et al., 2012). In the past, interferon-a therapy was

commonly used for treating CML, however it is associated with undesired side effects (Goldman and

Melo, 2003). In addition, patients with CML can be cured using allogenic stem cell transplantation, which

is covered further in the cell-based therapies section.
Lymphoma

Lymphomas affect lymphocytes that are located in the lymph system. Lymphocytic leukemias can affect the

same cell types as lymphomas but are characterized by location inmainly the bonemarrow and blood. Lym-

phomas can be categorized into many subtypes, mainly Hodgkin’s and non-Hodgkin’s (Küppers, 2008;

Shankland et al., 2012).

Hodgkin’s lymphomas

Disease overview and diagnosis. Hodgkin’s lymphoma (HL) is a type of cancer originating from B lym-

phocytes in the lymphatic system (Küppers et al., 2012). Of all lymphomas, HL consists of 11%, whereas the

remaining can be attributed to non-Hodgkin’s lymphoma (NHL) (Shankland et al., 2012).

HL consists of two histological disease entities: classical HL and nodular lymphocyte predominant HL

(Ansell, 2015). Classical HL comprises 90% of all HL cases. This disease is characterized by the presence

of Reed-Sternberg cells, which are mutated B lymphocytes that are multinucleated and cancerous, prolif-

erating in the lymph nodes and tissues. The Reed-Sternberg cells express CD30 and CD15 antigens that are

not expressed by normal B cells. The diagnosis for classical HL typically requires a biopsy sample for lymph

nodes to confirm the presence of Reed-Sternberg cells (Yung and Linch, 2003). Within classical Hodgkin’s

lymphoma, several subgroups of the disease exist: nodular sclerosis, mixed cellularity, lymphocyte deple-

tion, and lymphocyte-rich HL (Ansell, 2014). Nodular sclerosis comprises a majority (75%–80%) of all clas-

sical Hodgkin’s disease cases, characterized by the presence of nodules.

The other subtype of HL is nodular lymphocyte predominant Hodgkin’s lymphoma (NLPHL). NLPHL is

significantly rarer than the classical HL, only making up around 5% of all classical HL cases (Fanale et al.,

2010). In addition, unlike classical HL, NLPHL is not characterized by a presence of Reed-Sternberg cells;

instead, large ‘‘popcorn cells’’, or lymphocyte predominant cells, are present. These lymphocyte predom-

inant cells can be detected in tumor cells and are variants of the Reed-Sternberg cells that express CD19+

and CD20 antigens instead of CD30 and CD15 (Wahed et al., 2015). Diagnosis of NLPHL consists of a pri-

mary analysis of the lymph nodes of a patient for swelling. A more specific diagnosis can be conducted by

an excision surgical biopsy of the lymph node, in which the neoplastic cells can be screened for (Mak and

Saunders, 2006).

Current treatments of Hodgkin’s lymphoma. Treatments for HL have been shown to have significant

efficiency, with the five-year survival rate being 87%. Common treatment options include chemotherapy,

radiation therapy, target therapy, and immunotherapy. The specific treatment options are unique to

each patient and are highly dependent on the subtype and stage of the HL, as well as the patient’s back-

ground. For patients with favorable-risk disease, three rounds of a hybrid MOPP (chlormethine-vincristine-

procarbazine-prednisolone)/ABV (doxorubicin-bleomycin-vinblastine) treatment as well as involved-field

radiotherapy is preferred over complete nodal irradiation (Yung and Linch, 2003). Depending on the

patient response, the chemotherapy and radiation may be followed up with a stem cell transplant or immu-

notherapy. With unfavorable-risk disease patients, typically a higher intensity chemotherapy regimen

followed by radiation therapy is recommended, such as high-dose ABVD (doxorubicin-bleomycin-vinblas-

tine-dacarbazine) or subtotal nodal irradiation (Yung and Linch, 2003). In every case, a stem cell transplant

and immunotherapy are options if the patient does not respond to initial treatment (Ansell, 2015).
4 iScience 25, 105326, November 18, 2022
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Non-Hodgkin’s lymphoma (NHL)

Disease overview and diagnosis. Non-Hodgkin’s Lymphoma is a tumor that arises from a geneticmu-

tation in a lymphocyte and lacks key markers of HL, Reed Sternberg cells. This disease develops when a

B-cell or T cell differentiates uncontrollably instead of undergoing programmed cell-death or apoptosis.

At this stage, these lymphocytes become neoplastic cells which form lymphomas. Nodal lymphomas are

those that develop in the lymph nodes, and extranodal lymphomas are those which develop in other areas,

such as the stomach and skin. Lymphoma cells also have the ability to travel through the bloodstream and

cause complications in other organs. In the gastrointestinal tract, this can lead to bowel obstructions

(Greiner et al., 1995; Shankland et al., 2012).

NHLs can be classified into B-cell and T cell lymphomas. Non-Hodgkin B-cell lymphomas are more com-

mon than Non-Hodgkin T cell lymphomas and involve the typical expression of CD20 on neoplastic

B-cell surfaces. Various classes of B-cell lymphomas range from indolent or slow growing to highly aggres-

sive. Diffuse, large B- cell lymphoma is the most common form of B-cell lymphoma and acts aggressively in

its development. In contrast, follicular B-cell lymphoma is indolent and is known to arise from a chromo-

somal translocation between chromosome 14 and 18. In this translocation, large chromosomal segments

are exchanged, and the BCL2 gene from chromosome 18 is placed after the immunoglobulin heavy chain

promoter on chromosome 14, resulting in overexpression of BCL2 which normally blocks apoptosis

(Greiner et al., 1995; Shankland et al., 2012). A third type of B-cell lymphoma is Burkitt-Lymphoma (Nogai

et al., 2011), a highly aggressive class which can also result from a chromosomal translocation where the

MYC gene from chromosome 8 becomes adjacent to the IgH promoter of chromosome 14 and upregulates

MYC gene expression, stimulating cell growth and metabolism and leading to further cell proliferation. A

fourth type of B-cell lymphoma is Mantle Cell Lymphoma (Nogai et al., 2011), which is aggressive and also

involves a chromosomal translocation of the BCL1 gene of chromosome 11 becoming adjacent to the Ig

promoter on chromosome 14. The BCL1 gene encodes the protein, Cyclin D1, promoting cell growth

and division. Additional types of B-cell Lymphomas include Marginal Zone Lymphoma (nodal and MALT)

and Lymphoplasmacytic Lymphoma.

Within the class of T cell lymphomas, there is Adult T cell lymphoma. This type of lymphoma is believed to

be caused by Human T-Lymphotropic Virus (HTLV) which travels through body fluids to infect T-cells, by

incorporating viral DNA into the genetic sequence of T-cells. Mycosis fungoides is another type of

T cellLymphoma and involves the skin. In this form, the neoplastic cell is a CD4+ helper T-cells that can

be identified by its cerebriform nucleus. As these cells circulate the blood, patients experience Sezary

Syndrome (erythroderma and pruritus) (Hristov et al., 2019; Oka and Miyagaki, 2019).

General symptoms of NHL include painless lymphadenopathy, and cytokine release related fever, night

sweats, and weight loss. With extranodal involvement of the GI tract, patients can experience bowel

obstructions. If the bonemarrow is involved, additional symptoms include fatigue, easy bruising, and recur-

rent infections. Diagnostic techniques for identifying NHL includes imaging studies such as computed to-

mography (CT) scans to help establish the stage of lymphoma (extent of nodal and extranodal involve-

ment), and lymph node biopsies to confirm tissue malignancy (Singh et al., 2020).

Current treatments of Non-Hodgkin lymphoma. Current gold standard treatments (Avanzi and Brent-

jens, 2017) for both B-cell NHL and T cell NHL involve several chemotherapy and radiotherapy cycles and

have shown high success in patient remission, despite the presence of disseminated disease at time of

diagnosis. However, many NHL patients still experience relapse and systemic resistance to therapies,

preventing the goal of curing the disease. Many different chemotherapies are currently used for various

subtypes, levels of aggression and extent of spreading and often are combined for higher efficacy. Alkylat-

ing agents, corticosteroids, platinum drugs, purine analogs, anti-metabolites, and anthracyclines are some

classes of chemotherapeutics for treatment of NHL.

The most common combinational chemotherapy for both B-cell NHL and T cell NHL is usually abbreviated

as CHOP, a treatment including cyclophosphamide, hydroxydaunorubicin (doxorubicin), oncovin (vincris-

tine), and prednisone. With NHL that exhibit CD20+ B-cells, the monoclonal antibody Rituximab (Advani

et al., 2018) can be used to bind CD20+ and induce complement mediated lysis, as well as cytotoxicity

and apoptosis abilities. This regimen of R-CHOP is especially prescribed to patients of diffuse large

B-cell lymphoma and is prescribed in cycles 3 weeks apart from one another (Flinn et al., 2014). The specific
iScience 25, 105326, November 18, 2022 5
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regimen for T cell lymphoma is more intensive chemotherapy cycles, up to 2 years, with one or more of the

following accepted chemical therapeutics (Rodriguez et al., 2001): cyclophosphamide, doxorubicin (Adria-

mycin), vincristine, L-asparaginase, methotrexate, prednisone, and, sometimes, cytarabine (ara-C). Some-

times this high-dose, aggressive chemotherapy is followed by stem cell transplants (Corradini et al., 2006).

Although the chance of chemotherapeutic remission is high in T cell lymphoma which has not spread to the

bone marrow, the chances of effective treatment vary by compounding factors and can be very difficult

once metastasis to the bone marrow has occurred (Singh et al., 2020).
Multiple myeloma

Disease overview and diagnosis

Multiple myeloma is a disease that exhibits an excess of plasma cells in the bone marrow. Although it was

originally thought that the origin was a single tumor stem cell, it has been shown to be composed of clonally

different subgroups of tumor cells (Sirohi and Powles, 2004; Röllig et al., 2015). The disease is characterized

by a range of symptoms including osteolytic bone lesions, kidney damage, hypercalcemia and anemia. The

presence of these symptoms is because of the tumor itself and the response of the immune system to the

tumor. In addition, the presence of monoclonal protein (paraprotein/light chain/’’M00 component) in blood

or urine is common (Sirohi and Powles, 2004; Raab et al., 2009) as well as a lack of immunoglobulin M (Ig M)

(Röllig et al., 2015).

Within the pathogenesis of multiple myeloma, there is an important genetic component associated with

the disease as B lymphocytes undergo DNA breakage processes to transform into plasma cells, which

makes themmore susceptible to mutations. Many of these mutations are located in the region correspond-

ing to the Ig heavy chain (IgH) at 14q32 and are essentially related to seven chromosomes, having identified

PRAD1, BCL1, cyclin D1 (11q13), cyclin D3 (6p21), C-MAF (16q23), FGFR3-MMSET (4p16.3) and MAFB

(20q11) as specific non-random chromosomal translocations. Deletions can also occur on chromosomes

13 and 17p (p53) as well as t(4;14) translocations. Other important mutations occur in NRAS, KRAS,

FAM46C, BRAF and TP53 (Figure 1) (Sirohi and Powles, 2004).

Furthermore, the microenvironment of multiple myeloma cells has been shown to play a key role in the devel-

opment of the disease. It consists of extracellular matrix proteins (such as collagen, fibronectin, laminin and

vitronectin), bone marrow stromal cells (hematopoietic and non-hematopoietic), osteoclasts, osteoblasts,

vascular endothelial cells, lymphocytes and fluid composed of cytokines and growth factors, like interleukin

6 and 10 (IL-6 and 10), vascular endothelial growth factor (VEGF), insulin-like growth factor 1 (IGF1), transform-

ing growth factor b 1 (TGFB1), tumor necrosis factor (TNF)- superfamily members, chemokine ligand CCL3,

stem cell factor (SCF) and hepatocyte growth factor (HGF) (Sirohi and Powles, 2004; Raab et al., 2009). Inter-

actions between myeloma cells and bone marrow stromal cells or between matrix proteins, whichtake place

through cell surface receptors (such as integrins, syndecans, cadherins and selectins) or through the immuno-

globulin superfamily of adhesion molecules, trigger different signaling pathways (KRAS, RAF1, MAP2K1,

MAP2K1, PIK3, and AKT; JAK and STAT3; PRKC; NFKB; and WNT) that generate growth and progression

of the cancerous cells. Moreover, adhesion of myeloma cells to matrix proteins leads to the secretion of mol-

ecules such as urokinase-type plasminogen activator and metalloproteinases 2 and 9 (Raab et al., 2009). The

following facts are known: interaction of myeloma cells with fibronectin confers protection against apoptosis,

IL-6 (themost potent growth factor inmultiplemyeloma) increases VEGF production inmyeloma cells and vice

versa, and interaction of myeloma cells with hemopoietic and non-hemopoietic cells results in suppression of

the immune system, as well as lytic bone lesions (Sirohi and Powles, 2004; Raab et al., 2009).

Within the pathology there are different stages. First, the disease appears as a plasmacytoma in a premye-

lomatous stage, characterized by the presence of a monoclonal paraprotein in serum. This stage is known

as monoclonal gammopathy of unknown significance (MGUS) and may progress to smoldering multiple

myeloma, where there is no end-organ damage but it is a more advanced stage than MGUS (Sirohi and

Powles, 2004; Röllig et al., 2015; Ho et al., 2020). From here on, 5–7% of MGUS patients and approximately

50% of patients with smoldering multiple myeloma will develop clinical multiple myeloma (van de Donk

et al., 2021a). Because most of the somatic mutations found in symptomatic multiple myeloma are also

found in MGUS and latent multiple myeloma, there must be other causes related to the development of

symptomatic multiple myeloma (Dutta et al., 2019; Minnie and Hill, 2020). In this regard, from asymptomatic

stages onwards, intraclonal heterogeneity exists, and clonal stability drives the multiple myeloma progres-

sion (Dutta et al., 2019).
6 iScience 25, 105326, November 18, 2022



Figure 1. Multiple myeloma pathogenesis

Created with BioRender.com.
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Although the disease can be diagnosed accidentally when it is asymptomatic because of a persistent

back pain or an atypical anemia, certain clear symptoms, like bone pain and fractures, anemia, infections

and renal failure, among others, may suggest the presence of multiple myeloma and are reasons to test

for the presence of the disease. Concerning this, there are numerous techniques used to diagnose mul-

tiple myeloma, including paraprotein detection in urine or serum by immunofixation, serum and urine
Table 1. New staging systems for multiple myeloma (Palumbo et al., 2015): International Staging System (ISS)

ISS stages Parameters of diagnosis OSa rate

Stage I Serum b2-microglobulin level <3.5 mg/L and serum albumin level

R3.5 g/dL

62 months

Stage II Those patients who are not in either of the other two states 44 months

Stage III Serum b2-microglobulin level R5.5 mg/L, regardless of serum albumin level 29 months

Risk stratification by International Staging System (ISS), result of the combination of serum b2-microglobulin level and serum

albumin level.
aOS, overall survival.
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Table 2. New staging systems for multiple myeloma (Palumbo et al., 2015): Revised International Staging System

(R-ISS)

R-ISS stages Parameters of diagnosis 5-year OS rate

Stage I ISS stage I, normal LDHa and no high-risk CA 82%

Stage II Those conditions which are not covered by

either stage I or stage III of R-ISS

62%

Stage III Stage III ISS with high LDH levels or high-risk

CA

40%

Risk stratification by revised ISS (R-ISS), result of the combination of ISS, Chromosomal abnormalities (CA) and Serum lactate

dehydrogenase (LDH).
aNormal LDH levels ranged from 140 units per liter (U/L) to 280 U/L or 2.34 mkat/L to 4.68 mkat/L. Values taken from

HealthLinkBC, British Columbia.
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protein electrophoresis, imaging techniques, bone marrow analysis and cytogenetic analysis, among

others (Röllig et al., 2015; van de Donk et al., 2021a). In addition to the previous diagnostic methods,

it is important to assess the bone lesions using imaging techniques. In particular, functional imaging

techniques, such as 18F-fluorodeoxyglucose positron emission tomography combined with computed

tomography (18F-FDG-PET/CT), or diffusion-weighted MRI, are recommended (van de Donk et al.,

2021a).

Once the disease has been diagnosed, patients need to be evaluated for prognosis of the disease that de-

pends on their stage. The monoclonal protein marker is the most commonly used marker for monitoring

and staging the disease as well as assessing the efficacy of treatment, according to the

traditional Durie-Salmon System. However, the combination of beta2-microglobulin with albumin levels

represents the new standard staging system (International Staging System or ISS) because of the

reproducibility, simplicity and effectiveness of these prognosis factors, which was revised in 2015 to include

chromosomal abnormalities and serum lactate dehydrogenase level as prognosis factors (Tables 1 and 2)

(Greipp et al., 2005; Palumbo et al., 2015; Röllig et al., 2015).

Current treatments of multiple myeloma

Treatment of multiple myeloma should start when the patient presents end-organ damage, which is

defined by the CRAB criteria (i.e., hypercalcemia, renal failure, anemia and bone lesions), or a biomarker

of malignancy (Röllig et al., 2015; van de Donk et al., 2021a). Despite new treatments, none have been found

to cure the disease (van de Donk et al., 2021a).

For people younger than 70 years, the current first-line treatment (Figure 2A) is based on induction therapy

followed by high-dose melphalan and autologous stem cell transplantation. It has been observed that the

use of high-dose myeloablative therapy with autologous stem cell transplantation prolongs patient survival

compared to conventional cytostatic treatments (Röllig et al., 2015; van de Donk et al., 2021a). Tandem

stem cell transplantation (two sequential transplants) is being utilized, although its usefulness is controver-

sial, because better progression-free survival has been found, but with no significant differences in overall

survival (Sirohi and Powles, 2004; Raab et al., 2009; Röllig et al., 2015; van de Donk et al., 2021a). In addition,

allogeneic stem cell transplantation can be considered after the use of high-dose chemotherapy or an

autologous stem cell transplantation. This treatment is an option for relapsed/refractory patients (Shah

and Mailankody, 2020).

The treatment of choice in induction therapy consists of a regimen of bortezomib with either dexametha-

sone and an immunomodulatory drug (thalidomide or lenalidomide) or bortezomib-cyclophosphamide-

dexamethasone. Although carfilzomib is not approved for use in first-line therapy, the use of this

second-generation proteasome inhibitor together with lenalidomide and dexamethasone is achieving

high response rates in some clinical trials. In addition, the FDA and the EMA have recently cleared

(September 2019 and January 2020) therapy with four drugs, bortezomib, thalidomide, dexamethasone

and the CD38-directed antibody daratumumab for newly diagnosed transplant eligible patients. This

four-drug regimen is being studied in a phase II clinical trial, using lenalidomide instead of thalidomide,

with promising results (van deDonk et al., 2021a; Clinical Trials, 2022).
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Figure 2. Current treatments for Multiple myeloma

(A) First-line therapy for patients under 70 years.

(B) Regimens for patients not eligible for ASCT (65–75 years).

(C) Established treatments for patient relapse. BTZ, Bortezomib; CFZ, Carfilzomib; IXZ, ixazomib; DEX, Dexamethasone;

CP, cyclophosphamide; MEL, melphalan; IMiD, immunomodulatory drugs; THAL, thalidomide; LD, lenalidomide; POM,

pomalidomide; PRD, prednisone; mAb, monoclonal antibodies; DARA, daratumumab; ELO, elotuzumab; ISA,

isatuximab; SEL, selinexor; ASCT, autologous stem cell transplantation
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Although themedian overall survival is higher for patients receiving autologous transplantation, 10 against 4–5

years for non-eligible patients, many patients are not eligible for it. Within this group, in which older patients

are usually included, triple regimens are being used (Figure 2B), such as bortezomib-cyclophosphamide-pred-

nisone, bortezomib-lenalidomide-dexamethasone, and bertezomib-melphalan-prednisone. Moreover, FDA

approved triplet and quadruplet regimens that include daratumumab in the following combinations: lenalido-

mide-dexamethasone and bortezomib-melphalan- prednisolone, respectively (van de Donk et al., 2021a).

After completion of the autologous transplantation, consolidation treatment of limited duration is neces-

sary to enhance progression-free and overall survivals in patients. This usually involves the same
iScience 25, 105326, November 18, 2022 9
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treatment used for induction or a second transplant, three months after the first one (tandem autologous

stem cell transplantation), in the case of high-risk disease (van de Donk et al., 2021a). The emergence of

drugs with better safety profiles has led to the consideration of continuous treatments to maintain

response (Röllig et al., 2015). In this regard, lenalidomide has been approved as maintenance therapy

based on several phase III clinical trials with increased durations of progression-free and overall survivals.

Also, bertezomib and ixazomib, as single agents, are under study as maintenance therapy in different

clinical trials with promising results (van de Donk et al., 2021a; Clinical Trials, 2022).

When a patient relapses (Figure 2C) and meets the CRAB criteria, or a paraprotein (M-protein) increase is

detected, treatment should be initiated immediately (Röllig et al., 2015; van de Donk et al., 2021a). Com-

bination of dexamethasone with lenalidomide, bertezomib or carfilzomib is the established treatment for

frail relapsed or refractory multiple myeloma patients, being the doublet carfilzomib-dexamethasone the

regimen with better clinical results. In the case of non-frail patients, four lenalidomide-based and three

bortezomib-based triplet regimens, which are applied to lenalidomide-refractory patients, have been

approved, and two carfilzomib-based and two pomalidomide-based triplets are being used (van de

Donk et al., 2021a). Monoclonal antibodies, such as elotuzumab, daratumumab and isatuximab, have

also been efficiently used for relapsed or refractory multiple myeloma in different combination therapies

that have been reviewed in detail in the section monoclonal antibodies for hematological cancers.

In the case of second and subsequent relapses (Figure 2C), a change in drug type is usually effective. In this re-

gard, for patients who are resistant to both lenalidomide and bortezomib, treatments containing pomalido-

mide, daratumumab, or carfilzomib can be used. Thus, the FDA and the EMA have approved the use of poma-

lidomide-dexamethasone with daratumumab, elotuzumab or isatuximab. For patients resistant to proteasome

inhibitors, immunomodulatory drugs andantibodies against CD38, the FDAhas approved the combined use of

selinexor with dexamethasone. Similarly, the FDA and EMA have approved the use of an antibody-drug conju-

gate against BCMA, belantamab mafodotin, to this triple-class refractory patients (van de Donk et al., 2021a).

Nevertheless, despite the great advances achieved so far in the treatment of multiple myeloma, there are

certain groups of patients in which the development of new drugs based on innovative mechanisms of ac-

tion are required. This is the case of the multiple myeloma patients that are resistant to all approved drugs

or with a high-risk disease. In this regard, immunotherapy is gaining prominence with numerous innovative

treatments that will be discussed next.
IMMUNOTHERAPY STRATEGIES FOR HEMATOLOGICAL CANCER TREATMENT

The application of immunotherapy to hematological cancer has used advanced approaches including

checkpoint inhibitors, vaccines, antibodies, cell-based therapies, and OVs (Figure 3). This section will
Figure 3. Main immunotherapies used for hematological cancers: checkpoint inhibitors, vaccines, cell-based,

antibodies, and oncolytic viruses
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Table 3. Pros and Cons of the reviewed immunotherapies

TherapyType Pros Cons

Checkpoint Inhibitors Can achieve long-term remission Can cause autoimmunity/chronic inflammation

side effects

Can increase patient survival time Response rate varies in patient populations

Several FDA approved treatments Resistance or relapse can occur

Can be used in many types of cancer Expensive

Responses can be predicted

with biomarkers

Can be limited by the tumor microenvironment

Targeted against a single antigen

Vaccines Can achieve long-term remission Can be easily degraded by the body

Can increase patient survival time Limited shelf-life

Easy and cost-effective synthesis

of nucleic acid and peptide vaccines

Diverse tumor neoepitopes require

personalized vaccines

Can be used in many types of cancer Cell-based vaccines require arduous isolation

processes

Low carcinogenic potential for

peptide-based vaccines

mRNA is a large, negatively

charged molecule, with poor uptake without a

carrier

High chemical stability for peptide vaccines Carriers for mRNA or DNA vaccines can cause

immunogenicity

Naked nucleic acid vaccines require frequent

administration because of degradation by

nucleases

Peptide vaccines have short half-lives

Antibodies Highly reproducible and uniform Short half-lives

Can achieve long-term patient survival time Requires high doses that lead to increased

toxicity

Several FDA approved treatments Can cause uncomfortable side effects such as

fever, nausea, weakness

Can be used in many types of cancer Expensive

Responses can be predicted

prior to treatment

Cell-Based Therapies Can achieve long-term patient remission Relapse common because of developed

resistance

Can increase patient survival time Cytokine release syndrome leads to off-target

side effects and toxicity

Several FDA approved treatments and

ongoing clinical trials

Difficulty in selective targeting

Can be used in many types of cancer CAR T cell therapy can cause cytokine release

syndrome

Have high utility for hematological cancers CAR T cell therapy is directed against a single

antigen

CAR NK-cells have higher safety

profiles than CAR T-cells

Arduous production process for CAR T-cells

Expensive

Allogenic transplants can cause graft-vs-host

responses

Oncolytic Viruses High patient tolerability Can be destroyed by the immune system

Can achieve long-term patient remission Limited replication and spreading

(Continued on next page)
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Table 3. Continued

TherapyType Pros Cons

Can increase patient survival time Some cancer cells are resistant

4 FDA approved treatments and several

ongoing clinical trials

Can be used in many types of cancer

Can be engineered to eliminate pathogenic

effects

Can add immunomodulatory transgenes to the

viruses

CAR, chimeric antigen receptor; NK, natural killer; FDA, Food and Drug Administration.
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briefly review these approaches and their successful applications toward cancer, with a particular focus on

their use in hematological cancers. Challenges still exist with immunotherapies regarding their limited suc-

cess rates and their high market price. Pros and cons of each immunotherapy approach are discussed

throughout the manuscript and summarized in Table 3.

Checkpoint inhibitors

Overview

One of the most common types of immunotherapies are checkpoint inhibitors that work by blocking im-

mune suppression techniques employed by the cancer cells. Cytotoxic T-cells conventionally target tumor

cells using T-cell receptors or co-signaling receptors (Huse, 2009; Chen and Flies, 2013; Vaddepally et al.,

2020). Cancer cells can activate immune checkpoints that suppress the immune system, and specifically the

cytotoxic T-cells, from attacking them. Checkpoint inhibitors are used to block this immune evasion tech-

nique by cancer cells so that the cytotoxic T-cells can attack the cancer as customary.

Progress has been made rapidly in the field since the year 2018, when two scientists, Dr. Tasuku Honjo and

Dr. James Allison of MD Anderson, won the Nobel Prize in Physiology or Medicine for their work on pro-

grammed death 1 (PD-1) and cytotoxic T-lymphocyte antigen (CTLA-4) checkpoint proteins (Ledford

et al., 2018). PD-1 is an inhibitory transmembrane protein expressed on multiple cell types and an immune

checkpoint pathway that can be used to inhibit T cell activation and proliferation (Vaddepally et al., 2020).

Themechanism can be seen in Figure 4. Tumor cells can promote ligands of this pathway, B7-H1/PD-L1 and

B7-DC/PD-L2, as an immune evasion technique. CTLA-4 checkpoint proteins are part of the B7/CD28 fam-

ily, where CD28 is a co-stimulatory receptor for T cell responses. CTLA-4 prevents dendritic cells from prim-

ing T-cells to recognize tumors (Ledford et al., 2018).

PD-1/PD-L1 checkpoint inhibitors are the most used checkpoint inhibitors today in Phase III/IV clinical trials

(Darvin et al., 2018). Inhibitors of CTLA-4 are the other checkpoint inhibitor in Phase III/IV trials (Darvin et al.,

2018). The first approved checkpoint inhibitor was anti- CTLA-4, called Ipilimumab (Yervoy), in 2011, for the

treatment of advanced melanoma (Robert, 2020). Nivolumab and pembrolizumab are the first two FDA

approved checkpoint inhibitors targeting PD-1. The binding of PD-1 and PD-L1 on tumor cells and anti-

gen-presenting cells blocks T-cell receptor signaling and response leading to cell exhaustion. Nivolumab

and pembrolizumab block the binding interaction of PD-1 and PD-L1 which improves the activity of antitu-

moral T-cells (Strati et al., 2018). There are seven total FDA approved checkpoint inhibitors on the market,

with two that have indications for HL (Vaddepally et al., 2020).

Responses to checkpoint inhibitors vary across patient populations, with many patients never experiencing

response and further patients undergoing relapse (Hargadon et al., 2018). Predictors for response to check-

point inhibitors are being studied to determine patient outcome and guide approaches in terms of pursu-

ing single-agent or combination therapy andwhen the therapy is administered. A key predictor is the PD-L1

presence in the tumor; however, some patients without PD-L1 expression can still respond positively to

anti-PD-1 or anti-PD-L1 therapies (Darvin et al., 2018). This could be because of the transient nature of

the PD-L1 expression in the tumor microenvironment rather than the tumor itself, or the lack of uniformity

in PD-L1 immunohistochemistry antibodies (Darvin et al., 2018). Other biomarker strategies are reviewed in
12 iScience 25, 105326, November 18, 2022



Figure 4. Mechanism of PD-1 checkpoint inhibitors
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reference (Gibney et al., 2016) and include tumor-infiltrating lymphocytes, T-cell receptor clonality, muta-

tional burden, neoantigen burden, immune gene signatures, and multiplex immunohistochemistry.

Recently it was shown that chromosome arm aneuploidy (CAA) score can predict response to immune-

checkpoint inhibition, where a lower CAA score has better prognosis to immune-checkpoint inhibition.

Undoubtedly, the availability of a standard predictive model for efficacy in this immunotherapy approach

would greatly reduce costs and minimize toxicities.

The future of immune checkpoint inhibitors lies in increasing the small percentage of patients who can

benefit from them because of primary and acquired resistances. In this regard, numerous efforts are being

made through combinational therapies, as evidenced by the impressive number of clinical trials that are

currently underway (952 combinational studies including pembrolizumab, 706 with nivolumab or 330

involving ipilimumab) (Clinical Trials, 2022). Clearly, there is a need for a better understanding of the

genomic, epigenomic and transcriptomic features involved in tumor resistance to achieve more personal-

ized combination therapies involving checkpoint inhibitors that improve their clinical outcomes.

Immune checkpoint inhibitors can result in adverse effects on the immune system, leading to autoimmune

diseases such as hypothyroidism or inflammatory bowel diseases (Robert, 2020). In rare cases, they can

even lead to death, so their administration needs to be carefully monitored. However, this may be difficult

as immune checkpoint inhibitor toxicity is not correlated with the dose, and signs of toxicity often require

discontinuation of the treatment (deMiguel and Calvo, 2020).

Checkpoint inhibitors for hematological cancers

Although immune checkpoint inhibitors have significantly improved the clinical outcomes in solid tumors,

this immunotherapy approach has only shown success in limited types of hematological tumors with high

infiltration of immune cells. A better understanding of the heterogeneity of the immunemicroenvironments

in hematological cancers that are disease-specific can dramatically improve the efficacy of checkpoint in-

hibitors to treat these malignancies.

Certain biomarkers can be applied for hematological cancers to predict the patient’s response to therapy

with checkpoint inhibitors. Higher percentages of CD3+ and CD8+T-cells present in the bone marrow was

used as a response predictor for anti-PD-1 therapy for patients with AML (Daver et al., 2019). Some preclin-

ical studies have suggested that Reed-Sternberg cells use the PD-1 checkpoint to evade immune detec-

tion, so anti-PD-1 checkpoint inhibitors have been employed for patients with HL.

In patients with relapsed/refractory HL, after receiving ASCT and brentuximab vedotin (BV), treatment with

anti-PD-1 was employed and had an 87% overall response rate (ORR) (Ansell et al., 2015). Moreover, PD-L1

is overexpressed in many subtypes of NHL and anti-PD-1 has been applied as a promising treatment in early

clinical phases (Pianko et al., 2018). In initial phase I studies, it was seen that HL patients showed greater

response to antibody studies because of higher expressions of PD-L1 as compared tomore commonNHL sub-

types with lower expressions of PD-L1. The use of nivolumab and BV in patients with relapsed refractory cHL

showed an ORR of 82% and complete response of 61%. Based on these results, elderly patients with chemo-

therapy ineligible HL are being studied for treatment with this combinatorial treatment of nivolumab and BV.

For patients of NHL, the most promising anti-PD-1 therapy has been identified as pembrolizumab for

higher PD-L1 expression subtypes (relapsed primary mediastinal B- cell lymphoma showed an ORR of

41%) as well as nivolumab for patients with primary CNS lymphoma.
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For aggressive T cell lymphomas, overall response rates range from 15% to 40% with nivolumab and pem-

brolizumab. Other clinical trials are in progress for the treatment of multiple lymphoma subtypes, HL, indo-

lent B-cell NHL and T cell NHL with promising results (Strati et al., 2018).

However, many lymphoma patients are resistant to treatment with checkpoint inhibitors, and more

studies are needed to elucidate and predict these responses. One marker that has been associated

with increased response rates to anti-PD-1 therapy is an amplification of the 9p24.1 locus that encodes

the PD-1 ligands, but more research into reliable biomarkers for response prediction is needed (Pianko

et al., 2018).

In addition, the combination of PD-1 inhibitors with chemotherapies has been under investigation because

higher expression of PD-L1 has correlatedwith poor outcomeswith cHL chemotherapy patients. CohortDof

the CheckMate 205 study, which included patients with advanced cHL after frontline treatment with nivolu-

mab (four cycles), showed that the combination of nivolumabwith doxorubicin, vinblastine and dacarbazine

resulted in an ORR of 86% and complete response of 80%. The use of pembrolizumab in conjunction with

anti-CD19 CAR T cell therapy is also under phase I/II clinical trials for relapsed B-NHL (Strati et al., 2018).

Anti-PD-1 drugs, used as monotherapy, have only been found to be useful in myeloma when administered

after stem cell transplantation. The combined use of different checkpoint inhibitors has also been reported,

with a phase I/II clinical trial using ipilimumab with nivolumab shortly after ASCT in high-risk patients or with

recurrent multiple myeloma, showing a promising progression-free survival after 18 months in the 71 and

67% of patients, respectively. However, this combination triggered events that required the use of systemic

steroids (Minnie and Hill, 2020; Clinical Trials, 2022).

Moreover, the use of PD-1 inhibitors seems to be necessary as adjuvant treatment in the use of CD137 re-

ceptor agonist antibodies, which, in preclinical studies, have been shown tomaintain control over myeloma

by enhancing CD8+T cell action in both transplant and non-transplant settings. Because PD-1 is overex-

pressed after CD137 agonist therapy, the addition of anti-PD-1 permit to increase the disease control (Min-

nie and Hill, 2020; Yang et al., 2020).

CTLA-4 inhibitors have not been used as often as PD-1 and PD-L1 in regard to hematological cancer treat-

ment. However, there is a phase I clinical trial, where the CTLA-4 inhibitor is being studied in hematological

cancers with promising results (Yang et al., 2020). It has also been shown to obtain promising results in com-

bination therapy with anti-PD-1. Impressively, the use of nivolumab, ipilimumab (an anti-CTLA-4 monoclonal

antibody) and BV in a parallel patient population to show an ORR of 100% and complete response rate of

63%, as well as mild toxicity response (Diefenbach et al., 2016). Themechanism of action of CTLA-4 is parallel

to PD-1. Yet another phase 1b study using dual PD-1 and CTLA-4 or KIR blockade in patients with HL, NHL,

and multiple myeloma, suggests that dual therapy does not significantly improve therapeutic outcomes

compared to anti-PD-1 therapy alone. Therefore, more studies need to be performed to determine if dual

therapy improves patient outcomes for hematological cancers in the same way as solid tumors (Armand

et al., 2021).

Apart from the checkpoint inhibitors that target PD-1 and CTLA-4 proteins in T-cells, the blockage of

TIGIT (T cell immunoreceptor with Ig and ITIM domains), which is overexpressed in multiple myeloma,

by novel checkpoint inhibitors have significantly improved CD8+ effector T cell activity and survival

after ASCT in mice. In addition, this approach prevented dendritic cell immunosuppression and T cell

exhaustion and prevented multiple myeloma progression in preclinical studies without transplantation,

so new myeloma therapies based on checkpoint inhibitors are moving in this direction (Minnie and

Hill, 2020).

In the case of CLL, checkpoint inhibitors that target B cell receptor signaling are at the forefront. One

such inhibitor for CLL is Bruton’s tyrosine kinase (BTK). The first-generation BTK inhibitor approved for

clinical use, ibrutinib, has been shown to improve T cell number and function in CLL patients (Long

et al., 2017). However, incidences of ibrutinib resistance in CLL patients have led to the

development of several next-generation BTK inhibitors for leukemia treatment. Those include the

FDA-approved acalabrutinib and zanubrutinib (Wen et al., 2021). Although these checkpoint inhibitor-

based therapies are considered breakthroughs for CLL treatment, more research is needed to identify
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treatment strategies to minimize toxicity, off-target effects, and the onset of inhibitor resistance (Faderl

and Keating, 2005).

Although immune checkpoint inhibitors such as nivolumab have shown great promise in the treatment of

hematological malignancies, particularly HL, recent studies indicate that the use of nivolumab for adult

T cell leukemia/lymphoma leads to rapid disease progression (Ratner et al., 2018). This phenomenon high-

lights the importance of proper disease diagnosis for effective treatment.

Therapeutic vaccines

General observations

Therapeutic vaccines for the use of cancer treatment are engineered to trigger immune responses against

target tumor-associated or tumor-specific antigens. These vaccines can be comprised of DNA, mRNA,

peptide/protein, and cell-based components (Zhang et al., 2018). Cancer vaccines work in the same func-

tion by presenting some form of the cancer to the immune system so that it can better recognize and attack

it. They can consist of antigens (DNA, mRNA, protein) injected into the patient to stimulate an immune

response or consist of immune cells that have been trained ex vivo with tumor isolates to recognize the tu-

mor, as shown in Figure 5.

DNA vaccines use synthetic DNA sequences to be transcribed and translated in vivo, producing proteins to

be presented to immune cells (Gary and Weiner, 2020). Non-replicating mRNA vaccines contain the

sequence of the antigen of interest surrounded by two untranslated regions at both ends of the sequence.

This results in fully mature mRNA with a 50 cap and a poly(A) tail that can translate proteins of interest (Cap-

pellano et al., 2021). There are also self-replicating mRNAs that are based on the alphavirus genome and

can replicate to amplify itself using the replication machinery of the alphavirus; however, the genes
Figure 5. Different types of cancer vaccines and mechanisms of delivery

Vaccines can consist of antigens of DNA, mRNA, protein/peptide, or cell-based. They can be introduced into the patient

directly to recruit immune cells or immune cells can be trained ex vivo to respond to antigen and then introduced back to

the patient. Created with BioRender.com.
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encoding the structural proteins of the alphavirus are replaced with the sequence of the antigen of interest.

For long sequences, it is possible to combine the two approaches to encode the alphavirus replication

genes and the gene of interest.

Peptide and protein-based vaccines mainly consist of epitope peptides that stimulate CD8+T cells or CD4+

T helper cells to target tumor-associated or tumor-specific antigens. They typically consist of 8–12 amino

acid peptides from a tumor antigen coding sequence (Liu et al., 2021). Protein-based vaccines for cancer

include formulations based on anti-idiotype antibodies and heat shock proteins (Hu et al., 2018). Anti-

idiotype vaccines use antibodies that target idiotypes of another antibody that targets a tumor antigen.

Heat shock proteins can be used to activate anti-tumor T-cells through binding to and presenting antigens

to antigen-presenting cells using MHC class I and II molecules (Hu et al., 2018).

Cell-based vaccines are based on the use of immune cells such as dendritic cells, NK cells, and T-cells, or

stem cells. Dendritic cells, which are cells involved with antigen processing and presentation, have been

utilized often in the form of vaccines for cancer therapies (Shang et al., 2017; Huber et al., 2018). These ther-

apeutic vaccines consist of autologous dendritic cells with tumor-specific antigens that aim to increase the

T cell response against tumor cells in the patient (Huber et al., 2018). Dendritic cell vaccines can be

prepared in vivo by activating the dendritic cells that are already present or ex vivo by loading them

with tumor-associated antigens (Shang et al., 2017). Dendritic cells loaded with tumor associated mRNA

ex vivo is a commonly used approach in current clinical trials (Jahanafrooz et al., 2020). Anti-cancer vaccines

can also be produced by induced pluripotent stem cells iPSC-based whole cells (Li et al., 2009; Iriguchi and

Kaneko, 2019; Chu et al., 2020).

Variations of vaccine type (DNA, mRNA, peptide, or cell) affect their efficacy, and a short list of more pros

and cons of these therapies can be found in Tables 1 and 2. For example, peptide and nucleic acid vaccines

have fast and easy synthesis methods. However, they can be easily degraded by the body and have limited

shelf-lives. The different types of vaccines all have different delivery targets which can affect their efficacy;

peptides can function from the bloodstream, but mRNAmust enter the cell, and DNAmust go into the nu-

cleus. Thereto, mRNA vaccines have slight better immunogenicity than DNA vaccines when compared

directly; however, it should be noted that mRNA and DNA can be loaded into their target cells ex vivo.

The appropriate type of vaccine to use is dependent on the cancer of interest, and in the case of hemato-

logical cancers the various available vaccines are discussed in the next section.

Therapeutic vaccines for hematological cancers

The ability of therapeutic vaccines to effectively fight hematological cancers is demonstrated by the fact

that allogeneic stem cell transplantation can induce remission in a significant number of patients. A better

understanding of tumor microenvironment and the use of combination therapies involving checkpoint

inhibitors are the main ways that are being explored to improve the efficacy of therapeutic vaccines in

hematological malignancies. In the sameway, the use of vaccine approaches after hematopoietic cell trans-

plantation is being studied.

Therapeutic vaccines are promising in the case of adult T cell leukemia andCLL because of the increased PD-1

expression on cytomegalovirus (CMV)- and Epstein-Barr virus (EBV)-specific cytotoxic T-lymphocytes (Ahmad

et al., 2014). For adult T cell leukemia, Tax-specific cytotoxic T lymphocytes have been identified as a selective

target for a vaccine. In a 2015 study, Suehiro et al. analyzed the clinical outcomes of a therapeutic vaccine with

Tax peptide-pulsed dendritic cells for adult T cell leukemia and found that Tax-specific dendritic cell vaccine

therapy resulted in partial remission or stable disease 8 weeks after initiation (Suehiro et al., 2015).

Therapeutic vaccines are being explored for AML, as well. Currently, Stroopinsky et al. are developing a

personalized vaccine for AML using patient-derived dendritic cell-tumor cell fusions. This vaccine, in conjunc-

tion with PD-1 checkpoint inhibition, resulted in prolonged survival and an increase in tumor-specific immunity

in a murine AML model (Stroopinsky et al., 2021). Further, the peptide vaccine, galinpepimut- S, is being

explored as an immunotherapeutic for AML. Results of a phase 2 trial using galinpepimut indicated that the

vaccine waswell-tolerated and induced specific immunological responses in AML patients (Maslak et al., 2018).

Early vaccine trials for lymphoma were started by extracting native idiotype from a tumor biopsy and produc-

ing the vaccines through rescue fusion hybridization from myeloma cell lines or cloning the idiotype through
16 iScience 25, 105326, November 18, 2022
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recombinant DNA techniques. Often the idiotype must be coupled to a carrier protein such as keyhole limpet

hemocyanin so the immune system can recognize it as foreign, and immunological adjuvants that stimulate

dendritic cells are often given as a follow-up therapeutic (Metzger andMauz- Körholz, 2019). Numerous phase

2 trials have used antigen-based vaccine approaches targeting idiotype for patients with lymphoma. Results in

clinical trials using this approach have had mixed results (Avigan and Rosenblatt, 2018).

One phase I clinical trial of idiotypic DNA vaccine administered as a complex with cationic polymer poly-

ethyleneimine (DEI) to patients with B-cell NHL led to stabilization of first remission. Linear PEI can be used

to deliver the DNA into the cell (Meleshko et al., 2017). Ongoing studies on safety, tolerability, and immu-

nogenicity of vaccine are being performed, and preclinical studies show increases in immunogenicity and

reduction of toxicity with lower molecular weight conjugates. Another study showed that follicular NHL pa-

tients who received a recombinant idiotype vaccine (MyVax) did not improve progression-free survival

unless patients mounted an anti-idiotype immune response (Levy et al., 2014). Moreover, another trial of

idiotype vaccination, BioVaxID, was used in follicular lymphoma patients and shown to improve disease-

free survival (Schuster et al., 2011).

Dendritic cells with immunological adjuvants have also been used. In a phase I clinical trial in patients with

relapsed/refractory follicular NHL, intranodal injections of IFN-a cultured dendritic cells in combination

with rituximab showed clinical and anti-tumor immune responses. IFN-a dendritic cells exhibited a partially

mature phenotype, high migratory behavior, and immunostimulatory ability (Cox et al., 2019).

Patients with multiple myeloma have not seen expected results from idiotype protein-based vaccines

because of their deficient expression on the surface of plasma cells and their insufficient immunogenicity.

However, McCann et al. presented a phase I clinical study of an idiotypic DNA vaccine with promising re-

sults in multiplemyeloma patients that received the vaccine after a treatment with high dose chemotherapy

and an ASCT (McCann et al., 2015; Avigan and Rosenblatt, 2018). Moreover, a vaccine based on a peptide

derived from B-cell lymphoma 2 (Bcl-2) family has been reported in a phase I clinical study with relapsed

multiple myeloma patients, resulting in promising immune responses in combination with bertezomib

with no added toxicity (Jørgensen et al., 2016; Avigan and Rosenblatt, 2018). Another study reported a vac-

cine based on a synthetic long peptide that targets the MUC1 protein (mucin 1, cell surface associated).

This peptide-based vaccine was evaluated in combination with the human granulocyte-macrophage col-

ony stimulating factor (rhGM-CSF) in multiple myeloma patients undergoing ASCT in a I/II phase clinical

trial, resulting in a strong B- and T cell based immune response and resulted in stabilization of the disease

(Carmon et al., 2015; Avigan and Rosenblatt, 2018; Clinical Trials, 2022).

Moreover, peptide vaccines include those based on testicular cancer antigens, like NY- ESO, MAGE1, and

MAGE3 (Avigan and Rosenblatt, 2018). These types of antigens are expressed in male germ cells and are

overexpressed in certain pathologies, including multiple myeloma. In addition, they are poorly expressed

in healthy tissues, whereas their expression is associated with advanced andmore aggressive disease, mak-

ing these antigens a good material for the creation of vaccines (Hoyos and Borrello, 2016). A phase II trial

used a peptide vaccine MAGE-A3 combined with a TLP-3 agonist, the granulocyte and monocyte colony

stimulating factor (GM-CSF) and autologous T-cells co-stimulated ex vivo by anti-CD3/CD28, and was

administered in patients with multiple myeloma after an ASCT, resulting in a CD8 T cell immune response

in the 88% of HLA- A2 positive patients. However, to enter this study, patients could not express MAGE-A3

in myeloid cells, which is a limitation for understanding vaccine-specific T cell and B-cell responses (Rapo-

port et al., 2014; Clinical Trials, 2022).

Cell-based vaccines are being developed for multiple myeloma, among which can be distinguished two

types: Vaccines that use whole tumor cells and vaccines that use antigen-presenting cells generated

ex vivo (Avigan and Rosenblatt, 2018). In the case of whole cell vaccines, one strategy is the GVAX platform,

a vaccine where primary tumor cells are either genetically modified to express GM-CSF or mixed with cell

lines already expressingGM-CSF. Formultiplemyeloma, this approach is being studied in a phase II clinical

trial, using twomyeloma tumor cell lines (H929 andU266) and a cell line capable of secretingGM-CSF (K562/

GMCSF). The use of this multiple myeloma GVAX vaccine in combination with lenalidomide in patients in

near complete remission results in a robust immunity with a durable disease control (Biavati et al., 2021; Clin-

ical Trials, 2022). In the case of antigen-presenting cell-based vaccines, two main approaches can be found

in multiple myeloma. First, the idiotype-loaded antigen-presenting cell based-vaccine (APC8020,
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Mylovenge) that was administered in patients withmultiplemyeloma after an ASCT in a phase II clinical trial,

resulting in an improved overall survival of 5.3 years compared to 3.4 years in patients who underwent only

the transplant (Lacy et al., 2009). Second, there are vaccines based on the fusion of whole autologous den-

dritic cells and patient-derived multiple myeloma cells. Thus, two clinical trials can be found based on this

approach. In the first, a phase I clinical trial showed an increase in the percentage of tumor-reactive CD4+ or

CD8+T-cells in the 73% of the evaluable patients with a significant stabilization of the disease (Rosenblatt

et al., 2011). In the second study, a phase II clinical trial showed the efficacy of this type of vaccine after

an autologous stem cell transplantation. As in the previous trial, all evaluable patients were found to have

an expansion of the number of myeloma-specific CD4+ and CD8+T-cells. Moreover, complete response

and very good partial response was shown in the 68% of the patients and a complete and near complete

response was shown in the 47% of the patients (Rosenblatt et al., 2013).

Antibodies

General observations

Antibodies can be used to destroy cancer cells through various mechanisms. They provide a targeting mo-

dality to specific antigens in the body that can reduce off-target side effects. Antibodies can be targeted to

cell surface receptors to activate or inhibit signaling, activate antibody-dependent cell mediated toxicity,

or activate complement-dependent cytotoxicity; alternatively, antibodies can be used to deliver toxins into

cancer cells when internalized, or to downregulate cell surface receptors. Their mechanisms of action

include direct killing through receptor blockade or agonist activity, inducing apoptosis, delivering drugs,

immune-mediated cell killing mechanisms, regulating T cell function, and effecting the tumor vasculature

and stroma (Scott et al., 2012).

Monoclonal antibodies (mAbs), shown in Figure 6, are a commonly used immune-therapeutic for cancer

treatment. In the body, mAbs are produced by and are specific to unique B cells of the adaptive immune

system. These antibodies work by binding to and inhibiting activators of division and angiogenesis signal

pathways in cancer cells and induce cytotoxicity to cancer cells. Each mAb is unique to a specific antigen.

Scientists can leverage this by designing mAbs that are specific to antigens characteristic to or overex-

pressed by various forms of cancer (Kimiz-Gebologlu et al., 2018). Tumors contain cancer cells with a

wide range of phenotypes, including therapeutic resistance, causing treatments like chemotherapy to
Figure 6. Monoclonal and bispecific antibodies for targeted treatment

Created with BioRender.com.
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have a low efficacy. Monoclonal antibodies provide an intelligent solution to the diversity of cancer cell

phenotypes because, the more variance that a single cancer cell has compared to the host, the higher

the efficacy of the antibodies against the cell.

Immune checkpoints with suppressive characteristics, or negative checkpoints, alter the normal function

of the immune system and can serve as a mechanism of protection for cancer cells. The addition

of monoclonal antibodies to the tumor environment can reverse these effects by either inhibiting a

negative immune checkpoint or stimulating positive immune checkpoints to strengthen the body’s

immune response to cancerous tissues (Marhelava et al., 2019). It should be noted, however, that mono-

clonal antibody therapeutics are still subject to resistance because of existing mutations in the tumor cells

or immunoediting of the tumor in response to treatment (Cheson, 2006; Kimiz- Gebologlu et al., 2018).

Bispecific antibodies, shown in Figure 6, are characterized by having binding sites directed to different tar-

gets and are thus capable of binding to two antigens or two epitopes of the same antigen simultaneously,

presenting improved efficacies compared to mAbs. Bispecific T cell engagers (BiTE) are a specific type of

bispecific single chain antibodies, in which the antibody is engineered to have both an arm that binds to a

molecule of an immune cell (like CD3, present on T-cells, or CD16 on natural killer cells) and an arm that

binds to a tumor-specific antigen in cancer cells, in such a way that the binding of immune cells to cancer

cells is achieved, resulting in an immune response. BiTEs have short half-lives, requiring constant adminis-

tration to maintain the response, and similar toxicity profiles than CAR-T cell therapy (Topp et al., 2011;

Minnie and Hill, 2020; Shah and Mailankody, 2020; Yang et al., 2020).

Beyond bispecific antibodies, multispecific antibodies, which are engineered antibodies that combine re-

gions of two or more antibodies to improve binding to tumor cell antigens, activate immune cells, or bring

different cell types in proximity with each other, have also been employed (Vago and Gojo, 2020).

Antibodies have promise for use as therapeutics for hematological cancers and have been explored in

numerous studies described in the next section. Some advantages that led to their widespread use include

high reproducibility, predictable patient response, and many potential targets. However, they have short

half-lives in vivo and require high doses that often lead to toxicity and harmful side effects. The fragmen-

tation and multi-functionalization of antibodies and their vehiculization by drug delivery systems are being

the main strategies used in improving the outcomes of this immunotherapy approach because they can

enhance tumor penetration and have the potential to remedy the aforementioned issues. The use of multi-

specific antibodies in combination therapies with checkpoint inhibitors, vaccines and/or OVs can overcome

the immunosuppressive features of the tumor microenvironment.

Monoclonal antibodies for hematological cancers

Monoclonal antibodies have been utilized for treatment of hematological cancers in many cases. For

AML, there have been numerous antigens explored for monoclonal antibody targeting including

CD25, CD27/CD70, CD33, CD38, CD44, CD45, CD47, CD123, FLT3, CD135, CD157, CXCR4

(CD184), and CLEC12A, which are reviewed in reference (Morsink and Walter, 2019). In particular, gemtu-

zumab ozogamicin, a humanized IgG4 CD33 antibody conjugated to a toxic calicheamicin moiety, has led

to better survival outcomes for some patients with AML (Godwin et al., 2017), and reduced the risk of

relapse in children and adolescents with AML (Gamis et al., 2014). For patients with ALL, treatment with

inotuzumab ozogamicin, an anti-CD22 antibody conjugated to calicheamicin, led to more complete remis-

sions than standard chemotherapy treatment (Kantarjian et al., 2012).

Moreover, monoclonal antibody treatment has been used for treatment of CLL as well, and CLL lymphocytes

have been associated with antigens expressed on B cells (CD19, CD20, CD79a), CD23, and CD5. Rituximab, a

chimericmonoclonal CD20 antibody, has been used for treatment of CLL, as CD20 is expressed on normal and

malignant B cells. Rituximab is considered a type I mAb because it causes cytotoxic effects through a direct

apoptotic effect, complement-dependent cytotoxicity, and antibody-dependent cellular cytotoxicity (Cheson,

2006). In addition, alemtuzumab, a CD52 antibody, has been used to treat CLL. CD52 is a small glycoprotein

that is expressed on almost all lymphocytes,monocytes,macrophages, and eosinophils in relatively high levels

on cells from patients with CLL, NHL, and some ALL. Furthermore, cirmutzumab, a humanized monoclonal

ROR1 antibody, has been used for CLL treatment, as ROR1 is expressed on neoplastic cells in patients with

CLL and is associated with early relapse after therapy or metastasis (Choi et al., 2018).
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The CD20 antigen is commonly found to be overproduced in NHL patients as well and is located on all

mature B-cells. In fact, rituximab was the first mAb approved for B-cell NHL treatment. Obinutuzumab, a

type II mAb that targets CD20, showed promising results in a phase II trial consisting of patients with

B-cell NHL. When compared with Rituximab, obinutuzumab demonstrated higher efficacy because of

improved antibody-dependent cellular cytotoxicity and direct apoptosis. Obinutuzumab also displays a

sufficient safety profile (Morschhauser et al., 2013). Type II mAbs causes cell death through direct apoptotic

effect and antibody-dependent cellular cytotoxicity and are advantageous over type I mAbs because of the

increase in antibody-dependent cellular cytotoxicity from the lack of complement-resistance factors,

increased stability of anti- CD20 mAb complexes, increased binding affinity, and decreased exhaustion

of complement proteins (Suresh et al., 2014).

In response to patients that exhibit rituximab resistance, a novel fully human anti-CD20 monoclonal anti-

body has been developed, called ofatumumab, for use in relapsed or refractory follicular lymphoma.

The results of a phase I/II trial showed rapid and significant B-cell depletion, with no significant safety

concerns or maximum tolerated dosage limit. When compared with current treatments such as rituximab,

ofatumumab displays increased potency and prolonged efficacy (Hagenbeek et al., 2008).

The CD22 antigen is expressed on all B-cells including many malignant B-lymphocytes and functions as an

inhibitory co-receptor for the B-cell receptor. Thus, many mAbs target CD22 to effectively target B cells in

B-cell lymphoma (Schweizer et al., 2012). Epratuzumab is a human anti-CD22 mAb that is being used to

treat aggressive NHL. In a phase I/II trial, Epratuzumab demonstrated a decrease in circulating B cells as

well as a 43% response rate in follicular NHL patients (Leonard et al., 2003).

Finally, elotuzumab, a humanized recombinant IgG1 (immunoglobulin G1) mAb that targets the signaling

lymphocytic activation molecule F7 (SLAMF7), and daratumumab and isatuximab, humanized IgG1 mAbs

that are directed to the transmembrane glycoprotein CD38 antigen, have been reported for the treatment

of multiple myeloma. It should be noted that both SLAMF7 and CD38 proteins are highly expressed in mul-

tiple myeloma cells and normal plasma cells (Gormley et al., 2017; van de Donk and Usmani, 2018; Minnie

and Hill, 2020; Shah and Mailankody, 2020).

Although the activity of elotuzumab is limited, their combination with dexamethasone and lenalidomide or

pomalidomide for relapsed and refractory multiple myeloma (RRMM) received the FDA approval in 2015

and 2018, respectively. Also, there is a phase III clinical trial in progress that involve the use of elotuzumab

in combination with pomalidomide, dexamethasone and anti-PD1 (nivolumab) in patients with RRMM (Gorm-

ley et al., 2017; Lonial et al., 2017; Minnie and Hill, 2020; Shah and Mailankody, 2020; Clinical Trials, 2022).

Likewise, daratumumab, after its first FDA approval in 2015 as monotherapy for patients with three pre-

vious treatments, has shown significant progressionfree survivals and high overall response rates in com-

bination with dexamethasone and bortezomib or lenalidomide or pomalidomide or carfilzomib in RRMM

patients in several phase III clinical trials that have evolved to the approval of FDA. In the event of newly

diagnosed cases, there are phase III clinical trials of daratumumab in combination with dexamethasone

and lenalidomide or melphalan, bortezomib and prednisone for transplant ineligible patients and in com-

bination with dexamethasone, thalidomide and bortezomib for transplant eligible patients that also have

progressed to the FDA approval. Also, for newly diagnosed cases, an ongoing phase II clinical trial is us-

ing four cycles of daratumumab with dexamethasone, lenalidomide and bortezomib, an ASCT and two

additional cycles of this combination, with promising results. Recently, in 2020, based on a phase III clin-

ical trial, a new formulation of daratumumab with hyaluronidase-fihj has been approved for subcutaneous

administration. In addition, because preclinical models from solid tumors suggest that daratumumab and

anti-PD-1 therapy could provide a synergistic response, there are some ongoing clinical trials of daratu-

mumab in combination with several anti-PD1 drugs, like nivolumab, atezolizumab or cetrelimab in pa-

tients with RRMM (Dima et al., 2020; Minnie and Hill, 2020; Shah and Mailankody, 2020; Usmani et al.,

2021; Clinical Trials, 2022).

Based on two phase III clinical trials, the FDA has recently approved isatuximab in combination with dexa-

methasone and pomalidomide/carfilzomib in 2020 and 2021, respectively, for patients with RRMM that

have previously received specific treatments (Attal et al., 2019; Shah and Mailankody, 2020; Frampton,

2021; Moreau et al., 2021; Clinical Trials, 2022).
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Table 4. Approved therapies and main clinical trials with monoclonal antibodies (mAb) in multiple myeloma

mAb Target Conventional regimens Target patients Approved/Clinical trials

Elotuzumab SLAMF7 ELO-DEX-LD RRMM (1–3 prior therapies) FDA-approved (2015)

ELO-DEX-POM RRMM (R2 prior therapies) FDA-approved (2018)

ELO-POM-DEX-anti-PD1

(nivolumab)

RRMM (R2 prior therapies) Phase III clinical trial (NCT02726581)

Daratumumab CD38 Monotherapy RRMM (R3 prior treatments,

including a PI and an IMiD;

refractory to a PI & an IMiD)

FDA-approved (2015)

DARA-DEX-BTZ RRMM (R1 prior therapy) FDA-approved (2016)

DARA-DEX-CFZ RRMM (1–3 prior therapies) FDA-approved (2020)

DARA-DEX-LD RRMM (R1 prior therapy) FDA-approved (2016)

DARA-DEX-LD Newly diagnosed cases (ASCT

ineligible)

FDA-approved (2019)

DARA-DEX-POM RRMM (R2 prior treatments,

including LD and a PI)

FDA-approved (2017)

DARA-MEL-BTZ-PRD Newly diagnosed cases

(ASCT ineligible)

FDA-approved (2018)

DARA-DEX-THAL-BTZ Newly diagnosed cases

(ASCT eligible)

FDA-approved (2019)

DARA-DEX-LD-BTZ Newly diagnosed cases

(ASCT eligible)

Phase II clinical trial (NCT02874742)

Subcutaneous formulation of

DARA with hyaluronidase-fihj

Newly diagnosed or RRMM FDA-approved (2020–21)

DARA in combination with anti-

PD1 drugs (nivolumab)

RRMM Phase I/II clinical trial (NCT01592370)

DARA in combination with anti-

PD1 drugs (atezolizumab) and

IMiDs

RRMM or post-ASCT Phase I clinical trial (NCT02431208)

DARA in combination with anti-

PD1 drugs (cetrelimab)

RRMM Phase II/III clinical trial (NCT03357952)

Isatuximab CD38 IXZ-DEX-POM RRMM (R2 prior therapies,

including LD and a PI)

FDA-approved (2020)

IXZ-DEX-CFZ RRMM (1–3 prior therapies) FDA-approved (2021)

Anti-IL-17A (CJM112) IL-17A CJM112 in combination

with an anti-PD-1 (PDR001)

RRMM Phase I clinical trial (NCT03111992)

TAK-079 (subcutaneous) CD38 Monotherapy RRMM Phase I/II clinical trial (NCT03439280)

TAK079-LD-DEX or

TAK079-BTZ-LD-DEX

Newly diagnosed cases

with not-planned ASCT

Phase I clinical trial (NCT03984097)

MOR202 CD38 Monotherapy or

MOR202-DEX or

MOR202-DEX-LD/POM

RRMM Phase I/II clinical trial (NCT01421186)

SEA-BCMA BCMA Monotherapy or

SEA-BCMA-DEX or

SEA-BCMA-DEX-POM

RRMM Phase I clinical trial (NCT03582033)

PI, Proteasome inhibitor; BTZ, Bortezomib; CFZ, Carfilzomib; IXZ, ixazomib; DEX, Dexamethasone; MEL, melphalan; CP, cyclophosphamide; IMiD, immunomod-

ulatory drugs; THAL, thalidomide; LD, lenalidomide; POM, pomalidomide; PRD, prednisone; mAb, monoclonal antibodies; DARA, daratumumab; ELO, elotu-

zumab; ISA, isatuximab; ASCT, autologous stem cell transplantation; RRMM, relapsed/refractory multiple myeloma.
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In addition, it has been shown in preclinical trials that the use of anti-IL-17A antibodies after ASCT pro-

longed disease control, so a phase I clinical trial using an anti-IL-17A (CJM112) with an anti-PD-1

(PDR001) is in progress in patients with RRMM, with no reported results up to date (Minnie and Hill,
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2020; Clinical Trials, 2022). Also, new monoclonal antibodies against CD38 have appeared: TAK-079,

administered subcutaneously as a single treatment in small volumes, and MOR202, used in combination

with dexamethasone and immunomodulatory drugs, and, for the first time, a monoclonal antibody against

BCMA, SEA-BCMA, is being studied in a phase I clinical trial (Abdallah et al., 2019; Shah and Mailankody,

2020; Clinical Trials, 2022).

All the approved regimens and the main clinical trials that use monoclonal antibodies for the treatment of

multiple myeloma are summarized in Table 4.

Bispecific antibodies for hematological cancers

Blinatumomab is being extensively studied as a BiTE (Topp et al., 2011). With regard to leukemia, bli-

natumomab has been shown to improve survival times in a phase III trial in patients with ALL (Kantarjian
Table 5. Main clinical trials with bispecific antibodies in multiple myeloma

Name Targets (cancer cells/T cells) Conventional regimens Target patients Approved/clinical trials

AMG-420 BCMA/CD3 Monotherapy RRMM (R2 prior therapies,

including a PI and an IMiD)

Phase I clinical trial (NCT02514239)

AMG-701 BCMA/CD3 Monotherapy RRMM (R3 prior therapies,

including a PI, an IMiD &

an anti-CD38 mAb; or refractory

to PI, IMiD & anti-CD38 mAb)

Phase I clinical trial (NCT03287908)

AMG701-POM-DEX RRMM (R2 prior therapies,

including a PI, LD &a

anti CD38-mAb)

CC-93269 BCMA/CD3 Monotherapy Heavily pretreated RRMM patients Phase I clinical trial (NCT03486067)

JNJ-64007957

(teclistamab)

BCMA/CD3 Monotherapy RRMM (with prior therapies that

include a

PI, an IMiD & an anti-CD38-mAb)

Phase I clinical trial (NCT03145181)

REGN5458 BCMA/CD3 Monotherapy RRMM (R3 prior therapies, including

PI, IMiD & anti-CD38 mAb; or

refractory to PI & IMiD after

anti-CD38 mAb;

phase II: refractory to PI, IMiD &

anti-CD38 mAb)

Phase I/II clinical trials (NCT03761108)

TNB-383B BCMA/CD3 Monotherapy RRMM (R3 prior therapies, including

PI, IMiD & anti-CD38 mAb)

Phase I clinical trial (NCT03933735)

PF-06863135

(elranatamab)

BCMA/CD3 Monotherapy or

PF06863135-DEX or

PF06863135-LD or

PF06863135-POM

RRMM (with prior therapies including

PI, IMiD & anti-CD38 mAb)

Phase I clinical trial (NCT03269136)

AMG-424 CD38/CD3 Monotherapy RRMM (R2 prior therapies,

including a PI, IMiD & an

anti-CD38-mAb; or refractory

to PI, IMiD &

anti-CD38 mAb)

Phase I clinical trial (terminated

by sponsor) (NCT03445663)

BFCR4350A

(cevostamab)

FcRH5/CD3 Monotherapy RRMM (with no therapy available) Phase I clinical trial (NCT03275103)

JNJ-64407564

(talquetamab)

GPRC5D/CD3 Monotherapy RRMM or intolerant to standard

therapies

Phase I clinical trial (NCT03399799)

Phase II clinical trial (NCT04634552)

JNJ64407564-DARA RRMM (R3 prior therapies,

including a PI & IMiD; or

refractory to PI & IMiD)

Phase 1b clinical trial (NCT04108195)

PI, Proteasome inhibitors; IMiD, immunomodulatory drugs; LD, lenalidomide; POM, pomalidomide; mAb,monoclonal antibodies; DARA, daratumumab; RRMM,

relapsed/refractory multiple myeloma; DEX, Dexamethasone.
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et al., 2017) and, in another study, it allowed more patients to reach a minimal residual disease

response (Gökbuget et al., 2018). It has also had success for lymphomas. In a phase I trial, blinatumo-

mab was shown to achieve an objective response rate of 82% at the maximum tolerated dose in

relapsed/refractory B-Cell NHL patients. In diffuse large B-cell lymphoma patients, 56% demonstrated

a response to blinatumomab (Topp et al., 2011; Suresh et al., 2014). Other studies are being done to

find other promising bispecific antibodies for leukemia and lymphoma, and the CD19-specific bispecific

antibody (BC250) was found more effective than blinatumomab against ALL xenografts in vivo (Hoseini

et al., 2020).

BiTEs are the most common type of bispecific antibodies being used in clinical trials for multiple

myeloma as well. The novel BiTE AMG-420, which targets BCMA on cancer cells and CD3 on the

T cells, was used in heavily pretreated patients in a phase I trial, showing a response rate of 70%

and severe side effects in almost half of the patients (Topp et al., 2018; Clinical Trials, 2022). AMG-

420 has been modified to have a longer half-life, resulting in the AMG-701, that is currently under a

phase I clinical trial as monotherapy and in combination with pomalidomide and dexamethasone

(Cho et al., 2019).

Other BiTEs developed so far that are directed against BCMA and CD3 are analyzed here. CC-93269

has shown promising response rates of 88.9% in early-phase clinical trials in heavily pretreated patients

with RRMM (Costa et al., 2019; Clinical Trials, 2022). Furthermore, JNJ-64007957 (teclistamab), is being

used in an ongoing phase I clinical trial and achieved response rates of 67% at the maximum dose in

patients with RRMM (Usmani et al., 2020; Clinical Trials, 2022). REGN5458 is also under phase I/II clinical

trials in patients with RRMM with response rates of 60% at the highest dose, showing the 81.3% of the

patients an excellent partial response (Madduri et al., 2020; Clinical Trials, 2022). TNB-383B is another

one that is well tolerated in patients with RRMM and shows response rates of 79% in an open phase I

clinical trial (Kumar et al., 2021; Clinical Trials, 2022). PF-06863135 (elranatamab) is also being studied in

a phase I clinical trial as a monotherapy administered intravenously or subcutaneously or accompanied

with immunomodulatory agents in patients with RRMM (Raje et al., 2019; Bahlis et al., 2021; Clinical Tri-

als, 2022).

Even thoughBCMAhas been themost used target for bispecific antibodies, scientists are reporting other bind-

ing sites such as CD38.Within this group, AMG-424 that targets CD38 andCD3 has been evaluated in a phase I

trial for patients with RRMM, although the trial has been terminated recently by decision of the sponsor com-

pany (Zuch de Zafra et al., 2019; Clinical Trials, 2022). In this regard, other targets were recently reported for

bispecific antibodies, such as FcRH5 (Fc receptor-homolog 5), towardwhich theBiTE BFCR4350A (cevostamab),

that is being studied in a phase I trial, is directed (Li et al., 2017; Clinical Trials, 2022), and GPRC5D (G protein-

coupled receptor class C group 5member D) that is the target for the BiTE JNJ-64407564 (talquetamab) that is

under ongoing clinical trials in RRMMpatients asmonotherapy (phase I/II) or in combinationwith daratumumab

(phase 1b) (Chari et al., 2021; Krishnan et al., 2021; Clinical Trials, 2022).

The main clinical trials that include bispecific antibodies in the treatment of multiple myeloma are summa-

rized in Table 5.
Cell-based therapies

General observations

In cell-based therapies, immune cells are typically removed from the patient and trained to recognize and

destroy the tumor geneticmaterial before being reintroduced into the patient. This is a rapidly growing field

of research with high potential for more effective methods of treating cancer. Cellular immunological agent

sipuleucel T has been FDA approved for treatment of prostate cancer (Kantoff et al., 2010). Moreover, five

drugs based on the CAR (chimeric antigen receptor) T cell therapy for the treatment of hematological can-

cers were approvedbetween 2017 and 2021. Lisocabtagenemaraleucel (Breyanzi) and idecabtagene vicleu-

cel (Abecma) were the latest CAR T therapies to be approved, for the treatment of late-stage lymphoma and

multiple myeloma, respectively (Berraondo et al., 2019; Hong and Dobrovolskaia, 2019; Raman et al., 2019;

Albinger et al., 2021; U.S. Food and Drug Administration (FDA), 2021a, 2021b).

CAR T cell therapy consists of extracting and genetically modifying patient’s T cells to produce CARs on

their surface (Miliotou and Papadopoulou, 2018). The CARs are specific for a tumor antigen and allow
iScience 25, 105326, November 18, 2022 23
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the T cells to target, recognize, and attach to the antigen. The CAR T-cells then undergo ex vivo expansion

and are infused into the patient to allow for their multiplication and subsequent killing of tumor cells with

the specified antigen.

Thus, CAR T-cells utilize both the functionalities of monoclonal antibodies as well as T cells, expressing an-

tigen-binding properties, the ability to lyse cells, and self-renewal. Traditional T cells are subjected to

restrictions from the MHC and can therefore have limited response to an antigen unless it is bound to a

specific MHC molecule; cytotoxic T cells are MHC-restricted to class I antigens. Thus, if MHC-I expression

is not present, it allows tumors to evade recognition by T cells (Garrido et al., 2016). However, CAR T-cells

function independently of the MHC and so their tumor-recognition capabilities are not MHC-restricted

(Dotti et al., 2014).

CAR T cell therapies have shown promising results in the treatment of many malignancies. Some recent

ongoing trials include ZUMA (from Kite) which use CD19� (CD28z) CAR T-cells, TRANSCEND studies

(from Juno) and JULIET studies (from Novartis) which both use CD19-(4-1BBz) CARs and have produced

promising results. Results of trials have varied based on CAR design, dosage, lymphodepleting strategies

and patient tumor burden (Strati et al., 2018). However, CAR T cell therapies are associated with disadvan-

tages, including producing severe off-target side effects and toxicity derived from the cytokine release syn-

drome (CRS) that is reported after the infusion of themodified T cells. Moreover, many patients face relapse

events because of the development of tumor resistance to CAR T-cells, which reduces its targeting capacity

because it significantly decreases the antigen expression after T cell administration (antigen escape). There

are also associated difficulties in targeting selectively solid tumor antigens that are also expressed in

normal cells (on-target off-tumor toxicity), and in entering the tumor tissue because of the immunosuppres-

sive tumor microenvironment and the tumor stroma barrier, making the application of these therapies in

solid tumors difficult (Hong and Dobrovolskaia, 2019; Siegler and Kenderian, 2020; Wei et al., 2020; Sterner

and Sterner, 2021). Given these disadvantages, there are numerous opportunities for engineers to improve

these cell-based therapeutics.

Within cell therapies, natural killer (NK) cells are also beginning to be engineered through the CAR technol-

ogy (CAR NK-cells). NK cells can kill cells without prior need for antigen priming, with a natural ability to kill

abnormal cells based on signals from germline-encoded receptors. Therefore, once NK cells are

programmed with specific CARs, they can be triggered by their innate germline receptors with antigen

recognition redirected toward CAR-specific targets, which allows them to maintain cytotoxicity

against malignant cells even if the target antigen is lost or downregulated. This feature imbues them with

greater anti-tumor activities compared to CAR T-cells as they can be activated by a variety of mechanisms

(Daher et al., 2021). The use of NKCAR-cells as a new treatment offers other important advantages over CAR

T-cells, such as better safety profiles, short-term toxicities as they are short-lived cells, and fewer side effects

because they diminish theCRS and the graft-versus-host disease. In addition, their ability to both directly kill

the affected cells and to secrete cytokines and chemokines that activate other components of the immune

system, stands out (Kriegsmann et al., 2019; Basar et al., 2020; Xie et al., 2020).

Stem cell transplantation is another type of cell-based immunotherapy that can be used to treat cancer

(Cieri et al., 2021). Stem cell transplants replenish blood forming stem cells that are lost after chemo- or

radiotherapy, allowing for higher doses of treatment to be given to patients. The stem cells can be autol-

ogous, allogenic, or syngeneic. In some cases, stem cell transplants can also work against cancer directly in

a graft-vs-tumor response. However, sometimes allogenic transplants can cause a graft-vs-host response

which causes the patient to reject the transplant. Hematopoietic stem cell transplantation is a widely

used approach for treatment of hematological cancers.

Overall, cell-based therapies are commonly associated with developed resistance and CRS because of im-

mune responses to the therapies. They also often have difficulty in selective targeting. Engineering cell-

based therapies to be more selective could potentially improve outcomes.

Cell-based therapies in hematological cancers

In recent years, cell-based therapies have been further developed as a therapy for hematological cancers

because of their potential, and CAR T cells have generated a lot of interest. The first CAR T cell-based ther-

apies that were approved by the FDAwere for treatment of ALL affecting children and advanced lymphoma
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affecting adults in 2017 (Dotti et al., 2014; Hoffmann et al., 2018; Rafei et al., 2019). In the case of ALL, the

two FDA-approved therapies, brexucabtagene autoleucel and tisagenlecleucel, are both CD19-directed

T cell immunotherapies. Tisagenlecleucel is also approved for use in treating diffuse large B cell NHL, in

addition to axicabtagene ciloleucel (axi-cel). Another CD-19 targeting CAR T cell product, liso-cel, is

also receiving promising results in clinical trials for NHL (Chavez et al., 2019). Their successes have led to

further investigation into cell-based therapies for leukemias that do not express CD19 (Chavez et al.,

2019). Currently, researchers are investigating CD7, CD13, and CD70-specific CAR T-cells for AML

(Gomes-Silva et al., 2019; He et al., 2020; Sauer et al., 2021).

In myeloma patients, the most studied target antigen to make these modified T cells is the BCMA, which is

expressed to a greater extent on malignant plasma cells than on healthy ones. In fact, numerous BCMA-

targeted CAR T-cells have entered in clinical trials, some of them showing very good results in patients

with multiple myeloma with an average ORR of 80.5%, demonstrating the 44.8% of the patients a complete

response (CR) (Teoh and Chng, 2021). Thus, FDA has recently approved (March 2021) idecabtagene vicleu-

cel (ide-cel, bb2121, Abecma), a BCMA-targeted CAR-T cell therapy that have shown an ORR of 73% in

RRMM patients. This is the first FDA-approved CAR T cell therapy for multiple myeloma (Munshi et al.,

2021; U.S. Food and Drug Administration (FDA), 2021a). In this regard, it is worth highlighting the new

CAR T cell approach ciltacabtagene autoleucel (cilta-cel/JNJ-68284528) that contains two BCMA-targeting

domains and is being evaluated in a phase 1b/2 clinical trial in RRMMpatients, finding a remarkable ORR of

97% with the 67% of the patients getting a stringent complete response (sCR) (Berdeja et al., 2021; Clinical

Trials, 2022). In addition, there are some CAR T-cells designs, which target other multiple myeloma anti-

gens, such as CD19, CD38, CD138, SLAMF7 (signaling lymphocytic activation molecule F7) and

GPRC5D, that are in the early stages of testing with very good results in preclinical studies (Teoh and

Chng, 2021; van de Donk et al., 2021b).

Numerous efforts are being employed to improve the design of the CAR T-cells to enhance the effectiveness

of this therapy. It is worth noting the bispecific CAR T-cells constructs that target two multiple myeloma-spe-

cific antigens to avoid antigen escape. In fact, Zah et al. reported CAR T-cells that can target BCMA and

SLAMF7 (also called CS1), simultaneously, resulting in an enhanced CAR expression and an increased efficacy

to control the disease compared to the constructs that target BCMA or CS1 separately, which prolongs the

survival of multiple myeloma-bearing mice (Zah et al., 2020). Thus, the safety, tolerability and efficacy of

BCMA/CS1 CAR T cells are being evaluated in phase I/early phase I clinical trials with RRMMpatients (Clinical

Trials, 2022). Similarly, bispecific CAR-T cells that target BCMA and CD38 have been evaluated recently for the

first time in RRMM patients in a Chinese phase I clinical trial, resulting in a high proportion of patients with a

significant clinical response (87%) and, more importantly, achieving a sCR in the 52% of the patients (Li et al.,

2019;Mei et al., 2021). Likewise, another BCMA-CD38CART-cells construct is being evaluated in RRMM in one

more Chinese phase I clinical trial, showing an ORR of 87.5% and a sCR in the 81.3% of the patients, although

these promising results are only exploratory because of the small sample size of patients and the non-random-

ized type of the trial (Tang et al., 2022). Also, a phase I/II clinical trial is being conducted to evaluate the safety

and feasibility of BCMA-CD38 CAR T-cells for RRMM (Clinical Trials, 2022).

The use of CAR NK-cells is being analyzed in several studies for hematological cancers. CAR NK-cells that

use CS1 as a therapeutic target for treatment of multiple myeloma led to an increased IFN-g secretion, a

specific CS1 mediated cancer cell recognition, and an increased multiple myeloma cells cytolysis. In a mul-

tiple myeloma xenograft mouse model, it was found that the use of these CS1-targeted CAR NK-cells in-

hibited tumor growth (Chu et al., 2014). Moreover, one study used CAR technology to direct NK cells

against the CD138multiplemyeloma antigen, being able to inducemuch greater toxicity in CD138-positive

multiple myeloma cells than with the unmodified NK cells accompanied by a high IFN-g and granzyme B

secretion (Jiang et al., 2014). More recently, second generation CAR NK-cells have been reported to

enhance their outcomes in the treatment of multiple myeloma. Martı́n et al. reported the modification of

NK-92MI cells to target the conventional multiple myeloma BCMA antigen or the NKG2D one, which is ex-

pressed in numerous multiple myeloma cell lines, including resistant ones, showing in both cases much

higher oncolytic activity than the respective unmodified NK cells. It is noteworthy that NKG2D-CAR NK-

cells and BCMA-CAR NK- cells showed similar toxicities against multiple myeloma cells (Martı́n et al.,

2019). NKG2D-CAR NK-cells have also seen promising results that include greater toxicity against multiple

myeloma cells than CD45RA� CAR T-cells expressing NKG2D, increased expression of genes involved in

immune processes, and the suppression of tumor growth in a mouse model (Leivas et al., 2021). CD-19
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targeting CAR-engineered NK-92 cells also have shown potential for treatment of leukemia and

lymphoma (Oelsner et al., 2017). There is currently one clinical trial evaluating the potential of CAR NK-

cells, a phase I/II trial where patients with RRMM are treated with BCMA-targeted CAR-NK 92 cells (Clinical

Trials, 2022).

Stem cell transplants also have a long history of use in hematological cancers. In the case of multiple

myeloma and leukemia, stem cell transplants can work against cancer directly through a graft-versus-tumor

response, in addition to the replenishment of stem cells. It has been shown to promote T cell action, alter

the microenvironment and establish a balance between myeloma and the immune system in patients who

accomplish a long-term control of their disease (Minnie and Hill, 2020). E. Donnall Thomas was awarded the

Nobel Prize for his work in developing allogeneic bone marrow transplantations, containing allogeneic he-

matopoietic stem cells, using HLA-matched donors for patients with acute leukemia (Cieri et al., 2021).

Donor lymphocyte infusions were also implemented in 1990 to leukemia patients who relapsed after

stem cell transplant (Roddie and Peggs, 2011). Hematological cancers have shown different response rates

to donor lymphocyte infusions, with CML showing the highest responses (up to 100%) (Roddie and Peggs,

2011) and acute myeloid and lymphoblastic leukemia showing the lowest responses (10–20%) (Porter et al.,

2000; Schmid et al., 2007). Lymphomas and myelomas respond at a rate of approximately 30% (Lokhorst

et al., 2004; Peggs et al., 2011).
Oncolytic viruses

Characteristics

There are a series of mutations in the signaling pathways of cancer cells that make them more sensitive

to viral infections, as well as an overexpression of molecules on the surface that the viruses can use as

receptors to gain access to the intracellular space (Meyers et al., 2017). Thus, OVs have more recently

gained credibility among immunotherapy strategies for treating cancer. OVs used in cancer immuno-

therapy have been engineered from naturally occurring OVs to enhance their therapeutic ability and

present a powerful strategy for targeting cancers because of their ability to differentiate normal,

healthy cells from cancer cells and kill the cancer cells while leaving normal cells unharmed (Rahman

and McFadden, 2021).

OVs target cancer cells specifically and cause immune system activation, converting the ‘‘cold’’ tumor envi-

ronment with little immunological activity to a ‘‘hot’’ one (Hemminki et al., 2020). The mechanisms through

which immune activation can occur are shown in Figure 7. Briefly, after entering the cell, OVs replicate which

causes cellular rupture, leading to release of tumor antigens in addition to PAMPs and DAMPs. These an-

tigens activate nearby dendritic cells. Mature dendritic cells then present these antigens to distant T cells,

and T cells begin to be attracted to the tumor site. B cells are then activated by CD4+T cells, and release

neutralizing antibodies that mark tumor cells for attack by NK cells or phagocytosis by M1 macrophages.

Finally, CD8+T cells and NK cells kill the tumor cells (Hemminki et al., 2020). However, this activation of the

immune system also determines the efficacy of the virus as a therapy because the OV itself could also be

recognized by the immune system and be destroyed. OVs can survive successfully after entering the cells

given that many of the signaling pathways used in viral clearance are weakened in cancer cells. It is also

important to note that OVs are typically engineered to reduce or eliminate their pathogenic effects (Meyers

et al., 2017; Shi et al., 2020; Rahman and McFadden, 2021).

OVs have proved their potential throughout many clinical trials because they are frequently found to be

safe and there is generally a high amount of tolerability to treatment using OVs (Hemminki et al., 2020).

Because of this, current OV studies tend to focus on both improving their efficacy in current applications

and exploring their relevancy in a broader range of applications. One method of increasing the efficacy

of OVs that is currently being researched is the effects of adding immunomodulatory transgenes to the vi-

ruses. This would allow production of immunostimulatory molecules at the tumor site with reduced sys-

temic side effects (Hemminki et al., 2020; Rahman and McFadden, 2021).

Adenovirus, a DNA-based OV, is the most widely studied. This triggers common influenza type symptoms

while representing a significantly versatile platform for cancer therapy because of its ability to infect cells

without regard for their division status. The most prevalent backbone for oncolytic virus development is

serotype 5 (group c). The design of this backbone involves an icosahedral shaped capsid (made of hexon,

penton and fiber proteins) which surrounds a bare double-stranded DNA. Serotype 5 binds preferentially
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Figure 7. Summary of immune activation following exposure to OV

(A) Danger signal release and DC maturation. Oncolytic adenoviruses infect tumor cells and cause oncolysis, releasing new virus progeny but also DAMPS

and PAMPS, which will activate nearby dendritic cells and foster their maturation by upregulating co-stimulatory markers, such as CD80, CD83, and CD86.

(B Mature dendritic cells will process tumor debris and present tumor-associated and virus antigens to local and distant T cells. Concurrently, the ongoing

virus infection attracts T cells to the tumor site.

(C) The activation of B cells by CD4+T cells or BCR-virus interaction causes the release of neutralizing antibodies, which mark infected tumor cells for ADCC

by NK cells, or phagocytosis by M1 macrophages.

(D) CD8+T cells and NK cells destroy infected and non-infected tumor cells through INFg/GranzB and GranzB/Perforins, respectively. The oncolytic

adenovirus infection also upregulates class I HLA in tumor cells, allowing for increased exposure to CD8+T cells. Overall, the components of this modulation

allow the tumor microenvironment to become ‘‘hot’’ with increased immunological activity. DAMP danger-associated molecular patterns, PAMP pathogen-

associated molecular patterns, HLA human leukocyte antigen, BCR B cell receptor. Reprinted from reference (Hemminki et al., 2020) with license permission.

(http://creativecommons.org/licenses/by/4.0/).
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to the coxsackie-and adenovirus receptor CXADR on the surface of tumor cells, after which the penton

proteins in the virus interact with the tumor cell integrins (virus internalization). Then transcription of viral

proteins begins and eventually disrupts the cell membrane (cell lysis) while infecting surrounding cells

and triggers the immune system to disrupt the process (Hemminki et al., 2020).

The use of the measles virus (Edmonston B-strain) (MV-Ed), an RNA-base OV, has also been researched for

several decades for its anti-tumor associations (Grote et al., 2001). The reasons for the popularity of this

virus are as follows. First, a nonpathogenic strain of MV is available, well characterized, and safe (Norrby

and Kristensson, 1997). In addition, in patients with an intact and highly functioning immune system, MV

infection is restricted to limited cell types in vivo. In particular, lymphoid organs are popular points of

MV replication (Anderson et al., 2004). Furthermore, in measuring the mechanism of specificity, researchers
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found the correlation of upregulated nectin-4 receptor levels with increasing anti-tumor activity of MV-Edm

in human adenocarcinoma cells, suggesting the expression of the receptor in those levels is because ofMV-

mediated oncolysis (Fujiyuki et al., 2015; Awano et al., 2016).

Though OVs are newer to the immunotherapy field, there already exist three that have been approved

globally for use in treating cancer patients (Rahman and McFadden, 2021). Rigvir (an ECHO-7 virus), an on-

colytic picornavirus, is the first approved product of virotherapy (Latvia in 2004 and later in other countries)

and has some innate tumor selectivity (Alberts et al., 2018). The second, H101 (Oncorine), is an adenovirus

that was developed with tumor selectivity guidelines and has been in use in China since 2005 for solid tu-

mors (Liang, 2018). The third type of approved oncolytic virus took arming components (immunological

transgenes such as GMCSF) into account, which the first two previously lacked. This oncolytic virus, Talimo-

gene laherparepvec (T-vec, Imlygic), was among the first to produce a boost in immunity and went through

clinical trials with 80% complete response. This led to approval by the FDA in 2015, and subsequently the

EuropeanMedicines Agency (EMA) (Andtbacka et al., 2019). Many more OVs are currently undergoing clin-

ical trials to determine their efficacy in treating various cancers. To improve their efficacy, OVs can be used

in combination with other chemotherapeutics and immunotherapies. Studies show it is likely that a combi-

nation of OVs and immune checkpoint inhibitors or immunomodulatory drugs could provide a powerful

strategy for cancer therapy (Hemminki et al., 2020).

Undoubtedly, the unprecedented progress of genetic engineering is helping the scientific community to

face the challenges of this approach and achieve better clinical outcomes. Nevertheless, because of the

poor bioavailability of OVs when administered intravenously and their rapid clearance by the reticuloendo-

thelial system, the main problem with OV nowadays is their delivery to the tumor site that is done by local

and direct administration to be clinically relevant. In this regard, the role of the drug delivery systems inOVs

is clear.

Oncolytic viruses in hematological cancers

Despite the advances that have been reported in the treatment of hematological cancers using OVs, which

are described below, the singular features of liquid tumorsmake the application of this strategy in the treat-

ment of this type of cancer a challenge It must be taken into account that hematological malignancies are

systemic diseases, so the intravenous administration is the preferred delivery method for OVs, with drug

delivery platforms being a really interesting strategy to consider.

Lymphoma is a developing area of focus for OVs. Currently, several studies have been done that support

the potential of using viruses in the therapy of lymphoma. In this regard, reovirus has been studied as an

antilymphoma agent with high therapeutic potential because they are able to infect and kill cells with an

activated Ras-signaling pathway. These Ras-signaling pathways have been found to be present in trans-

formed B lymphocytes, EBV-infected lymphoblasts, CLL lymphoid cells, and DLBCLs (Alain et al., 2002).

In a study done by Alain et al., reovirus infection was demonstrated in vitro in human lymphoma cell lines,

including Burkitt lymphoma EBV+, Burkitt lymphoma EBV� and diffuse large B-cell NHL cell lines. In sus-

ceptible cell lines, viability decreased 40%–70%. In the same study, the in vivo effects of reovirus were

confirmed to follow the in vitro effects. In mice with subcutaneous lymphoma tumors, the virus was able

to prevent tumor growth derived from susceptible cell lines. When reovirus was introduced to single-cell

suspensions, it was found that reovirus proteins were present in lymphomas but not normal lymphocytes

and hematopoietic stem cells. It was also determined that clonogenic progenitors were not significantly

susceptible to the reovirus.

Besides, regarding Sindbis Virus (SV), which is a blood-borne alphavirus that is capable of leading to the

apoptotic death of tumor cells infected with this OV and results in very few and mild symptoms in humans,

Yu et al. found that in mouse models, a combination therapy consisting of SV vectors and a4-1BB mAb was

able to achieve complete eradication of B-cell lymphoma. This combination therapy also resulted in

enduring anti-tumor immunity in the mice (Yu et al., 2019).

Moreover, letogenic strains of Newcastle disease virus (NDV), an avian paramyxovirus which has been stud-

ied recently for its inherent oncolytic and immunostimulatory effects, have been used to explore the in vitro

sensitivity of canine and human lymphoma cells, as well as the in vivo distribution of NDV in canine studies.

It was seen that the virus treatment decreased human lymphoma cell viability by 52% whereas CHOP
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chemotherapy treatment (cyclophosphamide-hydroxydaunorubicin-oncovin-prednisone) decreased cell

viability by 34%. Multi-parametric flow cytometry confirmed the significant oncolytic effect of NVD in

both human and canine cell types. When observing the cytolytic effects of NDV on non-malignant

B-cells and peripheral blood mononuclear cells, the studies showed that the healthy human cells were

less sensitive than the malignant lymphocytes (Sánchez et al., 2015).

The use of OVs as a treatment for hematological cancers has aroused the interest of many researchers

because it has shown to be capable of producing remission in different types of cancer, including multiple

myeloma (Meyers et al., 2017; Stewart et al., 2021). In this particular case, current preclinical and clinical ef-

forts are focused on RNA viruses (measles virus, vesicular stomatitis virus and reovirus) and DNA viruses

(adenovirus, vaccinia virus and myxoma virus) (Cook et al., 2021).

The measles virus enters multiple myeloma cells, thanks mainly to the CD46, SLAM (signaling lymphocyte-

activation molecule or CD150) and nectin-4 receptors, which are upregulated in malignant plasma cells,

making them susceptible to infection by this virus. It must be considered that most of the population is

vaccinated against this infectious agent, so some strategies are being investigated in preclinical studies

to avoid the immune attack, such as surface protein engineering and immune suppression, among others

(Meyers et al., 2017; Cook et al., 2021). In the early 2000s, some researchers (Dingli et al., 2004) generated a

modified measles virus that expresses the human thyroidal sodium-iodide symporter (MV-NIS), allowing

the noninvasive imaging of multiple myeloma by radioactive iodine (123I) and achieving a considerable tu-

mor regression when used in conjunction with beta-emitting radioiodine (131I). The intravenous administra-

tion of MV-NIS, with or without cyclophosphamide, in RRMMpatients has been reported in a phase I/II clin-

ical trial, and although some grade III and IV toxicities were observed, it was achieved promising results,

highlighting the fact that one patient achieved complete remission and others showed temporary reduc-

tions in the serum free light chains (Dispenzieri et al., 2017; Packiriswamy et al., 2020; Clinical Trials, 2022).

This modified Edmonston strain of measles virus that targets CD46 in multiple myeloma was also applied in

combination with cyclophosphamide in a completed phase II clinical trial in patients with RRMM (Cook

et al., 2021; Clinical Trials, 2022).

The vesicular stomatitis virus replicates in the cell cytoplasm, so it does not integrate into the genome of

the host (Meyers et al., 2017). Because of the specificity of this virus with defective interferon pathways, it

has been genetically modified to express interferon-b and amplify the targeting capacity of the virus to the

malignant cells. This RNA-based virus that was further modified to express NIS, permitting the in vivo im-

aging and attenuating its virulence, is under an ongoing phase I clinical trial with multiple myeloma, AML,

and T cell lymphoma relapsed/refractory patients, with significant responses so far only in the T cell lym-

phoma patients (Cook et al., 2021; Cook et al., 2021; Clinical Trials, 2022).

Reovirus is capable of infecting and destroying multiple myeloma cells, observing apoptosis and auto-

phagy processes in early in vitro studies. Recently, it has been discovered that the junctional adhesion

molecule-A (JAM-A), which is overexpressed in RRMM patients, and mutated Ras/Raf signaling pathways

are the ‘‘gates’’ that facilitate the infection by this RNA-based virus (Meyers et al., 2017; Solimando et al.,

2018; Cook et al., 2021; Müller et al., 2021). Some authors demonstrated that reovirus was able to reduce

the number of cancer cells as well as the associated bone disease in vivo in a multiple myeloma model. At

the cellular level, they observed an increase in NK cells, CD8+T cells and effector memory CD8+T cells. In

addition, to observe the effect of this virus in the tumor microenvironment, they cultured multiple myeloma

cells with bone marrow stromal cells, observing that, whereas there was resistance to oncolysis, NK cells

and T lymphocytes activated by the reovirus were able to kill multiple myeloma cells (Müller et al., 2021).

A phase I clinical trial was conducted using Reolysin (pelareorep), a reovirus-based agent, with patients

with RRMM who received a previous treatment with bortezomib and lenalidomide, resulting in no signifi-

cant responses (Sborov et al., 2014). Also, the combination of Reolysin with lenalidomide or pomalidomide,

bertezomib and dexamethasone, and carfilzomib and dexamethasone are being studied in other ongoing

phase I clinical trials with RRMM patients (Clinical Trials, 2022).

Adenovirus 5 serotype (Ad5), the most common of this type of DNA-based virus, has not been used as a

therapy in multiple myeloma because it is internalized by the coxsackie and adenovirus receptor that is

overexpressed by the myeloma cells but is not present in the hematopoietic cells (Cook et al., 2021).

Although Fernandes et al. reported a genetically modified adenovirus to transport a recombinant CD40
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ligand (CD40L) with growth inhibitory activity to multiple myeloma cells because the systemic treatment

with CD40L involves significant side effects as the CD40 receptor is also expressed on healthy cells. As a

result, these authors found themodification of an adenovirus to contain CD40L inhibited cancer cell growth

to a greater extent than the parental virus (Fernandes et al., 2009). Moreover, Tong et al. reported themodi-

fication of the adenoviral vector ZD55, an Ad5-based oncolytic virus, with TRAIL (tumor necrosis factor-

related apoptosis-inducing ligand) with a demonstrated efficacy in inducing cell apoptosis in multiple

myeloma. These authors showed that ZD55 was more cytotoxic in myeloma cells when modified with

TRAIL, in both drug-sensitive and drug-resistant cells. The sensibility of this virus to multiple myeloma cells

or its apoptotic capacity was enhanced when combined with a PI3K (phosphoinisitide 3-kinase) inhibitor or

a proteasome inhibitor, respectively (Tong et al., 2014). To increase the infection capacity of adenovirus to

the majority of cell types, including hematopoietic cells, Wenthe et al. switched serotype 5 to 35 to target

receptors other than the coxsackie and adenovirus receptor, like the CD46 receptor. Moreover, this

chimeric adenovirus was modified to express the trimerized CD40L and 4-1BBL immunostimulatory trans-

genes that add to the oncolytic capacities of the virus the possibility of increasing the antitumoral immune

responses. Different multiple myeloma cell lines were infected and destroyed when cultured with this

immunomodulatory oncolytic virus, increasing the activation of cytotoxic T cells (Wenthe et al., 2020).

In vitro and in vivo assays have been performed to test the effects of the modification of vaccinia virus on

multiple myeloma. In one of them, this DNA-based virus was modified to express miR-34a or Smac and

tested for efficacy separately or in combination in multiple myeloma cell lines and tumor xenograft model

in mice, resulting in tumor growth inhibition and apoptosis when used in combination (Lei et al., 2016). Simi-

larly, Futami et al. reported a microRNA-regulated vaccinia virus with capacity to suppress the thymidine

kinase gene, which permits to control its virulence and achieve a greater specificity against multiple

myeloma cells. The combination of thymidine kinase deletion andmicroRNA regulation increases the over-

all survival and tumor regression in RPMI8226 tumor-bearing mice (Futami et al., 2017). Recently, Lei et al.

evaluated the use of a modified vaccinia virus expressing Beclin-1, an autophagy-related protein, where

thymidine kinase gene deletion was used to increase selectivity against cancer cells, resulting in a signifi-

cant anti-tumor oncolytic efficacy and autophagic cell death in leukemia and multiple myeloma animal

models (Lei et al., 2020). Therefore, the results obtained to date with respect to the different modifications

introduced in vaccinia viruses are a promising starting point to continue studying the therapeutic possibil-

ities of these OVs.

Myxoma virus has been found to be capable of infecting and producing apoptosis of all multiple myeloma

cell lines in vitro, without infecting non-cancerous cells and producing apoptosis in the malignant cells

without virus replication (Bartee et al., 2012; Meyers et al., 2017). In fact, Bartee et al. obtained promising

results in this regard to be applied in the treatment of patients with a residual multiple myeloma because

they achieved the elimination of 70–90% of cancer cells in 24 h in mice with disseminated multiple myeloma

and significant CD8+ T cell-based immune responses (Bartee et al., 2016). Similarly, Villa et al. reported the

use of the myxoma virus as a therapeutic agent to combat residual multiple myeloma, which could lead to

patient relapse. Specifically, they showed the usefulness of autologous transplantation to deliver myxoma

virus to the tumor, using leukocytes as carriers of this DNA-based virus. The authors achieved to eradicate

the minimal residual disease in a multiple myeloma animal model and demonstrated that the treatment

resulted in the secretion of immune-stimulating molecules into the tumor microenvironment, showing

the cured mice immunity when re-exposed to fresh myeloma cells (Villa et al., 2020). Recently, Franco

et al. equipped myxoma virus with interleukin-2 (IL-12), which activates T and NK cells, and decorin that in-

duces intracellular signaling processes in the tumor cells, inhibition of the TFG-b pathway and tumor matrix

regulation. The authors reported significant oncolytic effects and transgene expression in multiple

myeloma cell lines, suggesting that this new approach can be applied in patients resistant to other immu-

notherapy strategies (Franco et al., 2021).
Conclusions and future perspectives

The complex pathogenesis, diagnosis, and current treatment processes for hematological cancers have

been described. Immunotherapies, including checkpoint inhibitors, therapeutic vaccines, antibodies,

cell-based therapies, and OVs, can be applied to hematological cancers for better outcomes for some pa-

tients. However, these therapies are only effective in specific subsets of patients. To improve outcomes,

there are different techniques that can be explored and applied. Importantly, biomarkers to predict out-

comes in patients with hematological cancers are needed. In this way, precision medicine will become
30 iScience 25, 105326, November 18, 2022
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an important avenue for immunotherapies, with the patient’s own markers dictating which therapy they

should receive. Precision medicine will also become important as sex, ancestry, and age-based differences

in therapeutic responses are studied. In addition, combination therapies have the potential to further in-

crease the success of immunotherapy. For example, oncolytic virus therapy can be combined with immune

checkpoint inhibitors and T cell-based therapies for improved responses (Rahman and McFadden, 2021).

In addition, many immunotherapies are associated with toxicity and adverse side effects. Drug delivery sys-

tems such as micro or nanoparticles that directly target cancer cells could also help to improve the out-

comes of immunotherapies by increasing efficacy and reducing off-target side effects. Drug delivery sys-

tems can protect payloads from premature degradation and allow for controlled release over clinically

relevant time periods to reduce required doses. Moreover, new theranostics could be developed which

can predict outcome and release appropriate immunotherapy treatment simultaneously. Overall, immuno-

therapies for hematological cancers show great potential for treatment of hematological cancer and have

led to remission in patients that otherwise would not have been possible.
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Döhner, H., Estey, E.H., Amadori, S., Appelbaum,
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Dombret, H., Foà, R., Bassan, R., et al. (2017).
Blinatumomab versus chemotherapy for
advanced acute lymphoblastic leukemia. N. Engl.
J. Med. 376, 836–847. https://doi.org/10.1056/
NEJMoa1609783.

Kantarjian, H., Kadia, T., DiNardo, C., Daver, N.,
Borthakur, G., Jabbour, E., Garcia-Manero, G.,
Konopleva, M., and Ravandi, F. (2021). Acute
myeloid leukemia: current progress and future
directions. Blood Cancer J. 11, 41. https://doi.
org/10.1038/s41408-021-00425-3.

Kantoff, P.W., Higano, C.S., Shore, N.D., Berger,
E.R., Small, E.J., Penson, D.F., Redfern, C.H.,
Ferrari, A.C., Dreicer, R., Sims, R.B., et al. (2010).
Sipuleucel-T immunotherapy for castration-
resistant prostate cancer. N. Engl. J. Med. 363,
411–422. https://doi.org/10.1056/
NEJMOA1001294.

Kimiz-Gebologlu, I., Gulce-Iz, S., and Biray-Avci,
C. (2018). Monoclonal antibodies in cancer
immunotherapy. Mol. Biol. Rep. 45, 2935–2940.
https://doi.org/10.1007/S11033-018-4427-X.

Kogut, M.H., Lee, A., and Santin, E. (2020).
Microbiome and pathogen interaction with the
immune system. Poult. Sci. 99, 1906–1913.
https://doi.org/10.1016/J.PSJ.2019.12.011.

Kriegsmann, K., Kriegsmann, M., Cremer, M.,
Schmitt, M., Dreger, P., Goldschmidt, H., Müller-
Tidow, C., and Hundemer, M. (2019). Cell-based
immunotherapy approaches for multiple
myeloma. Br. J. Cancer 120, 38–44. https://doi.
org/10.1038/S41416-018-0346-9.

Krishnan, A.Y., Minnema, M.C., Berdeja, J.G.,
Oriol, A., van de Donk, N.W., Rodriguez-Otero,
P., Askari, E., Mateos, M.-V., Costa, L.J., Verona,
R.I., et al. (2021). Updated phase 1 results from
MonumenTAL-1: first-in-human study of
talquetamab, a G protein-coupled receptor
family C group 5 member D x CD3 bispecific
antibody, in patients with relapsed/refractory
multiple myeloma. Blood 138, 158. https://doi.
org/10.1182/BLOOD-2021-146868.

Kumar, S., D’Souza, A., Shah, N., Rodriguez, C.,
Voorhees, P.M., Bueno, O.F., Buelow, B., Freise,
K.J., Yue, S., Pothacamury, R.K., et al. (2021). A
phase 1 first-in-human study of Tnb-383B, a
BCMA x CD3 bispecific T-cell redirecting
antibody, in patients with relapsed/refractory
multiple myeloma. Blood 138, 900. https://doi.
org/10.1182/blood-2021-150757.

https://doi.org/10.1200/JCO.2005.04.242
https://doi.org/10.1182/BLOOD.V97.12.3746
https://doi.org/10.1182/BLOOD-2007-10-117671
https://doi.org/10.1182/BLOOD-2007-10-117671
https://doi.org/10.1182/BLOOD-2017-09-806398
https://doi.org/10.1182/BLOOD-2017-09-806398
https://doi.org/10.1016/J.INTIMP.2018.06.001
https://doi.org/10.1016/J.INTIMP.2018.06.001
https://doi.org/10.1182/BLOOD.2019002779
https://doi.org/10.1182/BLOOD.2019002779
https://doi.org/10.1186/s13045-020-00922-1
https://doi.org/10.1038/s41375-020-01051-x
https://doi.org/10.1038/s41375-020-01051-x
https://doi.org/10.3389/FIMMU.2017.01956
https://doi.org/10.1016/J.ADDR.2018.01.005
https://doi.org/10.1016/J.ADDR.2018.01.005
https://doi.org/10.1136/JITC-2020-001626
https://doi.org/10.1136/JITC-2020-001626
https://doi.org/10.1182/BLOOD-2016-05-636357
https://doi.org/10.1182/BLOOD-2016-05-636357
https://doi.org/10.1002/AJH.25577
https://doi.org/10.1038/nri.2017.131
https://doi.org/10.3389/FIMMU.2018.02804
https://doi.org/10.3389/FIMMU.2018.02804
https://doi.org/10.1056/NEJMOA1902328
https://doi.org/10.1056/NEJMOA1902328
https://doi.org/10.1056/NEJMra1400972
https://doi.org/10.1056/NEJMra1400972
https://doi.org/10.1242/JCS.042762
https://doi.org/10.1242/JCS.042762
https://doi.org/10.1111/CAS.13892
https://doi.org/10.1016/J.DRUDIS.2019.12.003
https://doi.org/10.1016/J.DRUDIS.2019.12.003
https://doi.org/10.1016/J.MOLONC.2013.12.001
https://doi.org/10.1016/J.MOLONC.2013.12.001
https://doi.org/10.21037/sci.2016.11.09
https://doi.org/10.21037/sci.2016.11.09
https://doi.org/10.1016/J.LEUKRES.2011.09.028
https://doi.org/10.1056/NEJMOA011573
https://doi.org/10.1056/NEJMOA011573
https://doi.org/10.1016/S1470-2045(11)70386-2
https://doi.org/10.1016/S1470-2045(11)70386-2
https://doi.org/10.1056/NEJMoa1609783
https://doi.org/10.1056/NEJMoa1609783
https://doi.org/10.1038/s41408-021-00425-3
https://doi.org/10.1038/s41408-021-00425-3
https://doi.org/10.1056/NEJMOA1001294
https://doi.org/10.1056/NEJMOA1001294
https://doi.org/10.1007/S11033-018-4427-X
https://doi.org/10.1016/J.PSJ.2019.12.011
https://doi.org/10.1038/S41416-018-0346-9
https://doi.org/10.1038/S41416-018-0346-9
https://doi.org/10.1182/BLOOD-2021-146868
https://doi.org/10.1182/BLOOD-2021-146868
https://doi.org/10.1182/blood-2021-150757
https://doi.org/10.1182/blood-2021-150757


ll
OPEN ACCESS

iScience
Review
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