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Abstract
Non-Hodgkin’s Lymphoma (NHL) is responsible for 4% of all
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cancer cases in the United States, but its conventional treatment
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options have experienced limited success. Patients develop
resistances to the standard chemotherapy, CHOP, as well as
Rituximab, a chemosensitizing agent used in concert with CHOP.
Chimeric antigen receptor T cell (CAR-T cell) therapy may be a
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viable option for patients with refractory/relapsed NHL. In this new
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immunotherapy, a CAR is genetically added to the surface of T cells,
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allowing the patient’s own T cells to selectively recognize, bind and
eliminate malignant B cells. CARs are typically engineered to be
CD19 specific as that is a common antigen on B cells, allowing
the recognition of malignant B cells such as those present in NHL.
However, there have been cases that show the development of
resistances to CD19 CAR-T cells, as well as fatal cases of cytokine
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storm that result from cytokine release by active CAR-T cells after
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completion of the treatment. To address these problems and

Volume: 1

improve the efficacy of CAR-T cell immunotherapy, CAR therapy
could be used in combination with FDA-approved drugs such as

Issue: 1

histone deacetylase inhibitors (HDACis) or celecoxib (Celebrex),
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or it could incorporate a suicide gene. The suicide gene may be
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implemented with gene-directed enzyme prodrug therapy (GDEP),
CRISPR/iCasp9, or therapeutic mAb-mediated mechanisms.
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Introduction
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Non-Hodgkin’s Lymphomas (NHL) are a heterogeneous group
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of malignancies that originate from lymphoid precursor cells [1].
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The most common type of NHL is diffuse large B cell lymphoma
(DLBCL) accounting for 30% of new cases and the second most
common type of NHL is follicular lymphoma (FL), accounting
for 22% of new cases [2]. NHL can occur in patients of any age;
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however, over half of the newly diagnosed patients are 65 or older
at their time of diagnosis. NHL accounts for 4% of all cancer cases
in the United States [3].
NHL is categorized into two groups: high-grade or low-grade. Lowgrade cases are slow growing and may be referred to as indolent
lymphomas, the most common of which is FL. Other types of
low-grade NHL include mantle cell lymphoma, marginal zone
lymphoma, small lymphocytic lymphoma, lymphoplasmacytic
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lymphoma and skin lymphoma [4]. Alternatively, high-grade NHL
is fast growing and may be referred to as aggressive lymphomas.
The most common high-grade NHL types are DBCL, Burkitt,
lymphoma and peripheral T cell lymphoma [5].
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Treatment options for NHL

treatment plan which includes allogeneic hematopoietic stem cell

Treatment plans for patients with NHL can vary greatly depending

transplantation (HCT). HCT is not always a viable treatment option

on the specific type, grade and extent of NHL; however, the most

due to the lack of compatible allogeneic donor, refractory disease,

common treatment plans may include radiotherapy, surgery,

or cumulative toxicity from previous chemotherapy treatments

chemotherapy (CHOP), or chemotherapy with a sensitizing agent,

[11].

such as rituximab.

Surgery can confirm or refute the diagnosis of NHL, but it is not

Radiation is the most utilized treatment option for most

often used to treat NHL because of the previous success of

lymphoma types, especially when diagnosed in its early stages.

chemotherapy, radiation and HCT. Surgery can provide palliation

Low-grade NHL may use radiation alone with typical dosages of

and diagnosis for certain cases of NHL through the removal of an

24 Gy in 12 fractions. High-grade NHL uses combined modality

affected organ, but as NHL is a blood disease, surgery is not often

treatments (CMT) of radiation with a typical dosage of 30 Gy in 15

used as a treatment option for NHL [12].

fractions paired with chemotherapy [6]. In patients who present
bulky masses, radiation can also be used after the completion of

New Immunotherapy for NHL

chemotherapy to consolidate the mass [6].

A solution to refractory/relapsed NHL may be observed in the

The standard chemotherapy used to treat NHL is the firstgeneration treatment, CHOP (cyclophosphamide, doxorubicin,
vincristine and prednisone). Cyclophosphamide, vincristine and
doxorubicin are administered intravenously and prednisone is
taken orally in the form of a tablet. As this treatment lacks the
specificity to target cancer cells exclusively, CHOP treatment
entails many adverse side effects including: increased risk of
infection, bruising, bleeding gums, fatigue, indigestion, hair loss,
swelling in the face, hands and feet, diarrhea, loss of appetite, sore
mouth, bladder inflammation and nail changes among others
[7]. CHOP is often prescribed in 3–4 cycles; however, there is
significant relapse when CHOP is administered alone because the
body becomes refractory to CHOP alone over time. This refraction
can be resolved with the addition of a sensitizing agent in concert
with CHOP, such as rituximab.

the treatment of non-Hodgkin’s Lymphoma
is

chemosenitizes

an

anti-CD20

drug-resistant

therapy. In this therapy, a patient’s own T cells (or T cells from an
allogeneic donor) are isolated, activated and genetically modified
to express a CAR on the surface of the T cell. This allows T cells to
recognize and bind a specific antigen. CAR binding signals T cell
proliferation, cytolysis and cytokine secretion to kill the target cell
expressing the complementary antigen [13]. CAR-T cell therapy
addresses the problem of selectively eliminating cancer cells by
circumventing the MHC-restriction requirement. Most tumors
downregulate surface MHC to avoid their destruction, but the
genetic addition of a CAR eliminates the need for MHC-mediated
peptide presentation altogether [14].

Structure of Chimeric Antigen Receptor (CAR)
There are four generations of CARs. First-generation CARs have
an extracellular binding domain, a hinge region, a transmembrane

Combination of immunotherapy and chemotherapy for
Rituximab

emerging immunotherapy, chimeric antigen receptor T cell (CAR-T)

monoclonal
NHL

cells

antibody

that

through

the

downregulation of anti-apoptotic factors (such as Bcl-2, BclxL) and inhibition of STAT-3 activity, resulting in better patient
outcomes when paired with CHOP [8]. Rituximab is typically
administered intravenously to patients with relapsed or refractory,
CD20-positive B cell NHL at a dosage of 375 mg/m2 once weekly
for four weeks [9]. In a recent study, the effects of CHOP and
R-CHOP in patients with DLBCL were compared. Patients treated
with a CHOP-like treatment exhibited 64% overall response (OR)
and 39% complete remission (CR) while patients treated with
R-CHOP exhibited 100% OR and 89% CR [10]. However, in patients
with DLBCL, 30%–40% of patients treated with R-CHOP relapse

domain and an intracellular signaling domain with the CD3V chain
domain as the intracellular signaling domain. The extracellular
domain typically consists of single-chain variable fragments
(scFvs) that are derived from tumor antigen-reactive antibodies.
These first-generation cells exhibited anti-tumoral activity but
lacked long term persistence [15]. The second-generation CARs
exhibit improved proliferation, cytokine secretion, resistance
to apoptosis and in vivo persistence due to an addition of costimulatory domains such as CD28 or 4-1BB. The third generation
further improved in vivo persistence as well as effector functions.
The fourth generation CARs (also referred to as TRUCKs or
armored CARs) combine second-generation CAR expression
with other anti-tumoral factors such as cytokines, additional costimulatory ligands or enzymes that assist in the degradation of
solid tumors, enhancing its efficacy [15].

and 10% are primary refractory. The NHL cells will eventually

CAR-T cells are commonly engineered to be CD19 specific

become resistant to R-CHOP as well, highlighting the need for

to treat B-cell malignancies such as NHL, meaning that the

a new treatment modality. After treatment with Rituximab or

scFv is specifically the CD19 receptor [16]. CD19 is typically

autologous stem cell transplantation, long term survival for these

expressed in pre-B cells and is maintained through maturity

patients is 48% [11].

but is absent on plasma cells. This allows CAR-T cells to

About 50% of relapsed DLBCL patients may continue the typical
Infact Publications LLC

recognize all B cell malignancies with specificity, thus, preventing
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peripheral cytotoxicity [17]. Patients can be preconditioned with

remain in circulation after treatment ends. These activated CAR-T

chemotherapy before CAR-T cell infusion. The preconditioning

cells can release large quantities of cytokines. Increased cytokine

regimen commonly consists of radiation with high-dosage (2.5

levels may cause cytokine release syndrome or cytokine storm

mg/m2 x 2 d) cyclophosphamide or cyclophosphamide combined

if they become increasingly high. A cytokine storm develops

with fludarabine (25 mg/m x 5 d) [18]. The chemotherapy is used

a positive feedback loop that promotes additional cytokine

to reduce cancer burden as much as possible before the infusion

production though proinflammatory signals and causes the

and to deplete endogenous leukocytes that could inhibit the

entire body to develop severe inflammation [20]. Cytokine storm

antitumor ability of the transferred CAR-T cells [17]. CD19 CAR-T

is normally successfully treated with neutralizing antibodies

cells have produced impressive results in clinical trials with NHL

or steroids, but it can be fatal. Patients treated with CAR-T cell

patients.

therapy have also been reported to experience neurological toxic

2

Two CAR-T cell products have been tested and approved by
the FDA: Axicabtagene ciloleucel (Yescarta) for DLBCL and
tisagenlecleucel (Kymrial) for adult DLBCL subtypes. Clinical
trials of these products have exhibited high efficacy, increased
homogeneity of the treatment, more predictable toxicities and
more consistent proliferation following administration. A recent
clinical trial treated 14 patients with DLBCL and 14 patients with
FL using tisagenlecleucel (Kymrial), a complete response (CR)
of 43% of the DLBCL patients and 71% of the FL patients was
achieved. Moreover, at a median follow up of 28.6 months, 86% of

effects such as delirium, aphasia, hallucinations and seizure-like
activity [25].

Approaches to Increase CD19 CAR T-cell Efficacy
The use of FDA-approved drugs, such as histone deacetylase
inhibitors (HDACi) and celecoxib, combined with CAR T-cell
therapy or the incorporation of a suicide gene system within the
CAR T-cell could potentially help to address the current resistance
mechanisms and adverse side effects of CAR T-cell therapy,
thereby improving its efficacy.

patients with DLBCL who had a response and 89% of patients with

Histone deacetylase inhibitors (HDACis) can specifically target

FL who had a response had maintained the response, suggesting

histone deacetylases and alter gene transcription selectively [26].

that Kymrial could be a good long-term solution for NHL patients

There are four classes of HDACs: class III are NAD-dependent

[19]. However, only modest to low response rates have been
observed overall in clinical trials of CD19 CAR-T cell therapy for
patients with NHL [20].

and Classes I, II and IV are zinc-dependent [27]. Suberoylanilide
hydroxamic acid (SAHA) orZolinza™ can inhibit classes I, II and IV
deacetylases [28]. HDCAis are strong anti-tumor agents because
they help regulate the expression of anti-apoptotic genes. HDCAis

Mechanisms of Resistance to CD19 CAR-T cells

upregulate tumor necrosis factor-related apoptosis-induced ligand

The decreased efficacy of CAR-T cell therapy in NHL patients is

(TRAIL) death receptor-5 (DR5), which induces apoptosis in tumor

proposed to be the result of cell-induced apoptosis-resistance in

cells and HDCAisplus TRAIL induce Bid cleavage and activate a

patients. CD19 expression may be downregulated following CD19

caspase cascade that promotes extrinsic apoptotic pathway

CAR-T cell infusion. One trial reported that patients with low to

[29]. HDCAis also promote intrinsic apoptosis by reducing the

undetectable levels of CD19 had experienced a frameshift mutation

expression of anti-apoptotic proteins and increasing expression of

that caused the deletion ofa C-terminal tyrosine critical for signal

proapoptotic proteins (Bim, Bax, Bak) [30]. The HDACipanobinostat,

transduction through CD19 [21]. Patients who had a defect in the

also referred to as LBH589, can inhibit classes I, II and IV HDACs

CD81 gene were also unresponsive to CD19-redirected CAR-T cell

and depresses tumor angiogenesis [31].

therapy as CD81 works in conjunction with CD19/CD21 complex in
B cell receptor (BCR) signaling and could affect CD19 expression
[22]. NHLs may also utilize alternative differentiation and signaling
pathways to evade recognition by CD19 CAR T cells [20]. The
apoptotic resistance may also be caused by abnormal levels of
pro- and anti-apoptotic proteins expressed by tumor cells, physical
barriers or an immunosuppressive tumor microenvironment [20].
Many cancers follow a trend of decreased proapoptotic factors
(Bax and Bak) and increase anti-apoptotic factors (Bcl-2, Mcl-1,
Bcl-xL and Bfl-1) [23,24]. Physical barriers may include a lack of
receptors necessary for the adhesion of T cells to tumor cells [20].
And finally, tumor cells can release immunosuppressive cytokines

Celecoxib, also referred to as Celebrex, is a nonsteroidal antiinflammatory drug (NSAID) that inhibits cyclooxygenase-2 (Cox-2)
[32]. Cox-2 promotes tumor growth through its enzymatic product,
prostaglandin E2 (PGE2) [33]. PGE2 promotes the expression of
IL-6 and upregulates Mcl-1, providing optimal conditions for
tumor growth [34]. Therefore, Celebrex can indirectly inhibit PGE2
to depress tumor growth. Celebrex can also initiate intrinsic
apoptosis as it downregulates Mcl-1, downregulates survivin (a
member of the IAP family that inhibits caspase activation) and
promote caspase-dependent apoptosis in Cox-2 deficient gastric
cancer cells [35–37].

such as transforming growth factor (TGF)-β and interleukin (IL)-10

The incorporation of a suicide gene within the CAR-T cell could

to inhibit T-cell proliferation [25].

prevent cytokine release syndrome. In this method, a genetically

One of the leading issues with CAR-T cell therapy is long-term
toxicities due to the persistence of activated CAR-T cells that
Infact Publications LLC

encoded molecule capable of inducing apoptosis is added to
selectively destroy the infused CAR-T cells [38]. This reaction
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would ensure that all CAR-T cells would be eliminated after the

transgenic CAR-T cells, but there are also particular subsets of

cessation of the treatment before unwanted toxicities could

NHL that require additional advancements for CAR-T cell therapy

manifest.

to remain a viable option for them. The subset of NHL cases that

The suicide system may be implemented using gene-directed
enzyme prodrug therapy (GDEP), which causes nontoxic
compounds in CAR-T cells to turn into toxic compounds using
metabolic machinery [39]. This method was utilized in the

either inherently possess or develop CD19 CAR-T cell resistances
require a new means to circumvent the resistance, the most
promising of which include the addition of celecoxib or HDAC is
used in combination with CAR-T cell therapy.

activation of the Herpes simplex thymidine kinase (HSV-TK)/

Furthermore, in CAR-T cell therapy, T cells persist after treatment

ganciclovir (GCV) suicide system. HSV-TK phosphorylates

cessation resulting in delirium, aphasia, hallucinations, seizure-like

acyclovir and GCV [40]. The phosphorylation results in its

activities, fever, hypotension and hypoxia. To eliminate unwanted

incorporation into a growing DNA chain via DNA polymerase

CD19 CAR-T cells after treatment completion, a suicide gene

and ultimately causes chain termination and apoptosis [41]. This

should be incorporated into the genetically modified T-cells. This

approach allows alloreactive T cells to be eliminated in allogeneic

suicide gene could be implemented using GDEP, CRISPR/iCasp9

environments; however, as HSV-TK has a viral origin, it could

or mAb-mediated mechanisms.

trigger an immune system and signal the rejection of CAR-T cells,
limiting the success of this approach [20].
Suicide genes may also be induced using inducible caspase 9
(iCasp9). The genome-editing technology, Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)/Cas9 are able
to produce CD19-redirected CAR T-cells directed to T-cell receptor
(TCR)
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