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Abstract: Recovery rates for B-cell Non-Hodgkin’s Lymphoma (NHL) are up to 70% with current standard-of-care 
treatments including rituximab (chimeric anti-CD20 monoclonal antibody) in combination with chemotherapy 
(R-CHOP). However, patients who do not respond to first-line treatment or develop resistance have a very poor 
prognosis. This signifies the need for the development of an optimal treatment approach for relapsed/refractory 
B-NHL. Novel CD19- chimeric antigen receptor (CAR) T-cell redirected immunotherapy is an attractive option for this 
subset of patients. Anti-CD19 CAR T-cell therapy has already had remarkable efficacy in various leukemias as well as 
encouraging outcomes in phase I clinical trials of relapsed/refractory NHL. In going forward with additional clinical 
trials, complementary treatments that may circumvent potential resistance mechanisms should be used alongside 
anti-CD19 T-cells in order to prevent relapse with resistant strains of disease. Some such supplementary tactics 
include conditioning with lymphodepletion agents, sensitizing with kinase inhibitors and Bcl-2 inhibitors, enhancing 
function with multispecific CAR T-cells and CD40 ligand-expressing CAR T-cells, and safeguarding with lymphoma 
stem cell-targeted treatments. A therapy regimen involving anti-CD19 CAR T-cells and one or more auxiliary treat-
ments could dramatically improve prognoses for patients with relapsed/refractory B-cell NHL. This approach has 
the potential to revolutionize B-NHL salvage therapy in much the same way rituximab did for first-line treatments.
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Non-Hodgkin’s Lymphoma (NHL)

Incidence

Non-Hodgkin’s Lymphoma (NHL) is a group of 
histologically and biologically distinct malignan-
cies that originate from B-cells or T-cells. The 
exact cause of the disease is poorly under-
stood; irregular incidence patterns may sug-
gest distinct etiologies, yet studies within the 
past two decades support the notion that there 
is some common mechanism of development 
among all lymphomas [1-3]. NHL is most com-
mon in developed countries and ranks fifth in 
cancer mortality in the United States. Incidence 
rates increase exponentially with age, and are 
about 50% higher in men than in women in  
the US. Incidence has increased over the past 
several decades, with the largest number of 

increases seen in aggressive lymphoma [4, 5]. 
There is also a greater degree of increase in 
incidences of the extranodal form than those  
of the nodal form [6]. The increased number of 
incidences is likely due to multiple factors, par-
ticularly those related to genetics, immune sys-
tem condition, and lifestyle [7].

Individuals with a family history of NHL show an 
increased risk of incidence, as well as those 
with genetic variants that promote B-cell sur-
vival and growth [8, 9]. Additionally, immune 
deficiency is known to greatly increase the  
risk of developing NHL. Immunosuppression is 
often observed in association with chronic  
antigenic stimulation due to infection, especial-
ly Epstein-Barr virus (EBV). This is thought to  
be the cause of higher incidence observed 
among AIDS patients, whose immune systems 
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are weakened and are therefore less likely to 
successfully respond to oncogenic herpesvi-
ruses [10]. Infections with EBV are extreme- 
ly common; however only in immunocompro-
mised individuals is EBV able to cause B-cell 
proliferation and eventually lymphoma [11]. 
There are also other viral infections known to 
be involved in the pathogenesis of NHL, includ-
ing human T-cell lymphotrophic virus (HTLV), 
Kaposi’s sarcoma-associated herpesvirus, her-
pes zoster (reactivated latent varicella zoster 
virus), and hepatitis C virus [12-15].

In addition to host factors and immune defi-
ciency due to infection, many incidence factors 
are associated with lifestyle. While tobacco and 
alcohol consumption do not show significant 
and/or consistent associations, diet has been 
shown to have an effect on NHL incidence [16, 
17]. Some studies have found that greater con-
sumption of red meat and dietary fat is associ-
ated with increased risk, while fish, fruits, and 
vegetables may be inversely related. Obesity, 
use of carcinogen-containing hair dyes, and 
exposure to excess UV radiation are also sug-
gested risk factors [18-21]. However, recre-
ational sun exposure has been shown to poten-
tially lower the risk of NHL development [22]. 
Additionally, certain occupations show greater 
incidence, particularly jobs that involve heavy 
or frequent use of chemicals such as benzene, 
herbicides, insecticides, fertilizers, and organic 
solvents [7, 23, 24].

Classification of NHL and treatment options

In determining the optimal treatment regimen, 
both the grade and extent of disease must be 
taken into account. There are approximately  
60 subtypes of NHL, which can be classified by 
their grade. Low-grade (indolent) lymphomas 
grow slowly and show a high responsiveness to 
treatment, yet they are incurable when diag-
nosed at an advanced stage. Intermediate- and 
high-grade (aggressive) lymphomas are fast-
growing and can show long-term remission or 
cure even at advanced stages. Approximately 
85% of NHL cases in the US are of B-cell origin, 
and of these follicular lymphoma (FL) and dif-
fuse large B-cell lymphoma (DLBCL) account 
for the greatest number of cases (approximate-
ly 20% and 35% of all NHL cases, respectively) 
[5]. Treatment approaches for these two com-
mon subtypes are archetypes for treatments  
of all B-cell NHL [25].

Follicular lymphoma (FL), an indolent lympho-
ma, acts as a paradigm for the management of 
all indolent subtypes of NHL. Treatment options 
are watchful waiting, single agent alkylators, 
nucleoside analogues, combination chemo-
therapy, and immunotherapy with monoclonal 
antibodies (mAbs), radiolabeled mAbs, or inter-
feron (IFN) [26]. Some patients may be cured 
with radiation alone, while those with more 
advanced disease are treated with chemother-
apy, immunotherapy, or both. The advent of 
immunotherapy rituximab was a groundbreak-
ing advancement in treatment of indolent sub-
types, and later other forms as well.

Rituximab is directed against the B-cell trans-
membrane phosphoprotein CD20, which is 
involved in cell proliferation, activation, differ-
entiation, and apoptosis. CD20 is expressed on 
more than 90% of B-cell lymphomas, and it  
is an ideal target for immunotherapy because  
it does not shed, modulate, or internalize. 
Rituximab functions by binding to CD20 and 
inducing apoptosis [27, 28]. Though CD20 is 
expressed on both malignant and normal B- 
cells, the absence of normal B-cells for the 
duration of treatment has been proven to be a 
relatively negligible risk. A momentous clinical 
trial in 1998 demonstrated a 48% response 
rate in relapsed low-grade NHL patients over 
the course of about one year [29]. Since the 
treatment was first introduced, its application 
has expanded to nearly all CD20 positive NHL 
as well as some autoimmune disorders [30]. 
About 1 in 3 FL cases will transform into an 
aggressive lymphoma at some stage, dramati-
cally decreasing the probability of 10-year sur-
vival [31]. Even after transformation, rituximab 
is a principal part of treatment.

Diffuse large B-cell lymphoma (DLBCL), an 
aggressive lymphoma and the most com- 
mon subtype, acts as a paradigm for the treat-
ment of all aggressive forms of NHL. The stan-
dard front-line treatment is R-CHOP, a combi- 
nation of rituximab and the four chemotherapy 
drugs cyclophosphamide, doxorubicin, vincris-
tine, and prednisone. Before the introduction  
of rituximab, CHOP was the optimal treatment 
regimen for aggressive forms of NHL, provid- 
ing long-term remission or cure for 30-50%  
of patients. The later addition of rituximab to 
CHOP therapy further increased recovery rates 
to up to 70% [32]. R-CHOP immune-chemother-
apy can cure the majority of cases, including 
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those at the most advanced stages, but 
patients who fail to respond to R-CHOP ulti-
mately die from the disease. Approximately 
10-15% of patients showed no response or 
relapse within the first three months of treat-
ment, a condition also known as primary refrac-
tory disease, and 20-25% relapse after exhibit-
ing an initial response [33]. The life expectancy 
for patients with relapsed or refractory aggres-
sive lymphoma is 3-4 months.

Retreatment with R-CHOP is not effective in 
such cases, thus other salvage treatments are 
used as the last line of defense. Salvage agents 
are combined with high-dose chemotherapy 
and autologous stem cell transplantation in eli-
gible patients. As with first-line treatment, ritux-
imab may be added to salvage regimens in 
order to improve outcomes. However, even with 
rituximab, salvage therapy is successful for rel-
atively few patients [34, 35]. Similar salvage 
approaches and outcomes are found in re- 
lapsed or refractory FL and other indolent  
lymphomas [36]. An optimal treatment for 
relapsed/refractory NHL has yet to be found, 
yet a range of novel treatments is being investi-
gated including new applications of antibody-
based therapy [37, 38].

Antibody-mediated immunotherapy of NHL

Antibody-mediated immunotherapy, which is 
already central to existing NHL treatments, has 
the benefit of a high level of specificity and 
therefore little systematic toxicity. Exploration 
of cancer therapeutic antibodies began in the 
1950s with polyclonal antibodies of murine, 
rabbit, and rat origins. Large-scale clinical trials 
became possible in 1975 with the advent of 
hybridoma technology, which allowed for spe-
cifically targeted mAbs to be manufactured  
in large quantities [39, 40]. Within the next de- 
cade, new mAbs were engineered that linked 
mouse or primate antigen binding domains with 
human constant region domains. While early 
animal-derived mAbs were problematic in that 
they elicited a host immune response, strug-
gled to recruit human effector cell functions, 
and had a short half-life, the new chimeric 
mAbs had fewer complications [41]. Following 
the development of chimeric mAbs, humanized 
mAbs were created which allowed fully human 
monoclonal antibodies to be generated in the 
lab [42].

Rituximab, a chimeric mAb, was the first mono-
clonal antibody to be approved by the FDA for 
therapeutic use in 1997. Many other mAbs 
have been introduced since then, including 
trastuzumab (anti-ERBB2) for treatment of 
breast cancer, alemtuzumab (anti-CD52) for 
B-cell chronic lymphocytic leukemia (B-CLL), 
bevacizumab (anti-VEGF-A) for metastatic colo- 
rectal cancer, and ipilimumab (anti-CTLA4) for 
unresectable or metastatic melanoma [43]. 
These agents can kill malignant cells either 
directly via signaling for apoptosis, or indirect- 
ly via activated effector mechanisms such  
as complement-dependent cytotoxicity (CDC) 
or antibody-dependent cell mediated toxicity 
(ADCC), among other mechanisms [44]. mAbs 
can be used either alone or with other agents, 
both as front-line and salvage treatments.

mAb-based therapies fail when there is prolif-
eration of drug-resistant variants of a malig-
nancy, resulting in relapsed or refractory dis-
ease [25]. Some cases have a preexisting resis-
tance to front-line treatments, while others 
develop resistance after exhibiting an initial 
response. The mechanisms of both modes of 
resistance are unknown, but attempts are 
being made at understanding them. Determin- 
ing the mechanisms of resistance would be 
valuable for both the development of new treat-
ment options and the improvement of progno-
ses [45]. Resistance to rituximab is of particu-
lar interest due to its central role in the treat-
ment of both NHL and autoimmune disorders. 
Some proposed resistance mechanisms are 
increased metabolism of the mAb, loss or 
downregulation of CD20, reduced tumor pene-
tration, impaired binding, impaired effector cell 
recruitment or function, and resistance to 
effector mechanisms [46]. Novel treatments 
aim to circumvent these potential means of 
resistance by employing alternative targets  
and mechanisms. One such treatment is anti-
CD19 chimeric antigen receptor (CAR) therapy, 
which uses antibody components to target 
CD19+ B-cells.

Anti-CD19 CAR T-cell therapy

Chimeric antigen receptor (CAR) T-cell immu-
notherapy: structure and basic design

Chimeric antigen receptor (CAR) T-cell immuno-
therapy involves the adoptive transfer of pati- 
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ent-derived T-cells engineered to express syn-
thetic antigen-targeted receptors of defined 
specificity. CARs are able to directly recognize 
antigens in an MHC-independent. They are de- 
signed with a precise combination of compo-
nents that function in harmony: antigen-recog-
nizing single-chain variable fragments (scFv) 
derived from mAbs allow for high specificity, 
intracellular signaling modules trigger that T- 
cell functions, and spacer domains which pro-
vide flexibility and optimize engagement [47]. 
The antigen-recognizing region triggers T-cell 
effector functions via the CD3ζ. First genera-
tion CARs solely utilize a cytoplasmic CD3ζ 
region, while subsequent CAR models include 
additional costimulatory modules for improved 
T-cell function and persistence. Second gener-
ation CAR T-cells with the addition of a CD28 
costimulatory domain were shown to be far 
more effective in a direct comparison with first 
generation CAR T-cells against B-cell lympho-
mas [48]. Other costimulatory domains that 
can be added to CD3ζ to improve efficacy 
include CD134 and CD137. Third generation 
CARs include a combination of two or more 
costimulatory domains that function synergisti-
cally for even greater antitumor function [49].

Key characteristics of natural (endogenous) 
T-cell receptors (TCRs) are considered when 
designing and testing CARs, including receptor 
affinity, signal efficiency, and spatial proper-
ties. Normal TCRs maintain an optimal level  
of affinity that elicits an effective response 
while staying beneath the threshold at which 
activation-induced cell death (AICD) is trigger- 
ed. Conversely, optimal CAR affinities, which 
can vary by target antigen, have yet to be empir-
ically determined. TCRs also have the benefit of 
forming an immunological synapse with pep-
tide/MHC (pMHC) on target cells, which ensures 
efficient signal delivery. Because CARs lack this 
feature, they require higher ligand density for 
effective recognition. TCR signaling is further 
supported by the small size of the TCR/pMHC 
complex, which allows segregation from other 
cell surface molecules [50]. Accordingly, it is 
critical to adjust the size and shape of the  
spacer domain depending on the physical char-
acteristics of the target molecule in order to 
optimize CAR signaling [51].

CAR therapy can cause prolonged toxicities 
because the engineered T-cells can persist in 
the body even after treatment is no longer re- 
quired. The resulting elevated cytokine levels 

can lead to cytokine release syndrome, known 
as cytokine storm in severe cases, in which  
the immune system creates a positive feed-
back loop of proinflammatory cytokine produc-
tion. This is associated with hypotension and 
systematic inflammatory reaction syndrome,  
in which the entire body becomes inflamed. 
These immune reactions are usually resolved 
with steroids or neutralizing mAbs, but can  
be fatal in some cases [52]. Neurologic toxic 
effects have also been reported, including 
delirium, aphasia, hallucinations, and seizure-
like activity [53, 54]. There are also complica-
tions associated with depletion of healthy cells 
that also express the target antigen. B-cell 
aplasia is a typical side effect in the treat- 
ment of B-cell malignancies because pan-B-
cell markers are usually used as treatment  
targets. The varying issues that arise in relation 
to prolonged CAR T-cell activity may be limited 
by targeting antigens that are largely restricted 
to tumor cells, such as κ or λ light chains [55]. 
Other strategies for selective tumor eradication 
involve the use of two CARs working synchro-
nously, with one acting as the activating re- 
ceptor and the other serving to either inhibit 
activation on normal cells or trigger activation 
on tumor cells [56, 57]. Another potential solu-
tion is to engineer CAR T-cells to be capable of 
inducible apoptosis. Trials of the “suicide gene” 
inducible caspase 9 have shown promising 
results [58, 59].

CAR engineering is still being perfected, but  
it nonetheless stands as an attractive treat-
ment approach for B-cell malignancies. It can 
be used as a bridge to stem cell transplant- 
ation or potentially as a solo curative therapy 
for relapsed/refractory diseases. By ensuring 
the proper connection of active agents to effec-
tor T-cells, CAR therapy bypasses several po- 
tential points of resistance in relapsed/refrac-
tory diseases. It therefore has a greater likeli-
hood of success as a salvage therapy than 
direct treatment with mAbs. Engineering CARs 
to target CD19 further increases the likelihood 
of efficacy in salvage situations because re- 
sistance may be specific to CD20-targeted 
treatments.

Targeting CD19 for therapy of B-cell NHL

Structure and function of CD19 gene and 
antigen

The human CD19 gene is located on the short 
arm of chromosome 16 at band p11.2 and con-
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tains 15 exons and 18 introns, spanning 7.59 
kb of DNA. Transcription is initiated from two 
probable alternative promoters, as the gene 
lacks a TATA box. The promoters are presumed 
to be two regulatory sequences that are highly 
conserved in mouse and human: a 193 bp 
sequence that is located directly upstream of 
the initiation site and a 198 bp sequence that 
is located 1 kb upstream [60]. The gene pro-
duces 8 different mRNA species-7 splice vari-
ants and 1 apparently non-coding unspliced 
form-though only 2 isoforms have been isolat-
ed in vivo. [61]. A Southern blot analysis com-
parison of human and mouse CD19 genes 
revealed that both were compact single copy 
genes with 15 exons and identical exon-intron 
boundaries correlated with the known function-
al domains of the protein. The gene was highly 
conserved in all exons and 5’ and 3’ untrans-
lated regions, suggesting that gene expression 
may be similarly regulated in both species. A 
79% homology between mouse and human 
nucleotide sequences of the CD19 cytoplas- 
mic domains indicates that there must have 
been significant selective pressure to conserve 
them, evidence of the intracellular tail’s key 
role in signal transduction [62, 63].

The CD19 gene encodes for a 95 kDa trans-
membrane glycoprotein of the immunoglobulin 
superfamily. It is expressed almost continually 
during B-lymphocyte development, first activat-
ed at the late pro-B-cell stage by Paired Box 5 
(PAX5) and lost upon terminal plasma cell dif-
ferentiation [64]. The protein antigen is 556 
amino acids in length with an extracellular 
N-terminus and an intracellular C-terminus. It 
consists of two extracellular immunoglobulin-
like domains, a short hydrophobic transmem-
brane region, and a roughly 240-amino acid-
long cytoplasmic tail. Nadler et al. first identi-
fied CD19 as the human B-cell antigen B4,  
and Schriever et al. later found that it is ex- 
pressed on almost all B-cells and follicular den-
dritic cells [65, 66]. It functions an essential 
regulator in both intrinsic and antigen receptor-
induced B-cell signal transduction [67].

Physiological functions of CD19

CD19 chiefly operates in a mature B-cell mem-
brane complex comprised of CD21, CD81, and 
CD225 that modulates B-cell antigen recept- 
or (BCR) signaling. Within the complex, CD19  

and the complement receptor CD21 function 
together to transduce signals when comple-
ment C3d-coupled antigens bind to the BCR 
and to CD21. In the complement receptor sys-
tem, CD21 has the ability to augment receptor 
capacity in reaction to decreased antigen con-
centrations. CD19 serves as the crucial sig- 
naling component of the complex due to its 
long intracellular tail, which transmits signals  
to downstream components of the signaling 
machinery [68]. The tetraspanin CD81 links the 
complex to the actin cytoskeleton and, along 
with the cytoskeleton, organizes CD19 nano- 
clusters on the plasma membrane [69]. The 
function of the fourth protein in this complex, 
CD225 or Leu-13, is unknown. The complex 
decreases the threshold for stimulation on the 
small number of BCRs with which it colligates 
(approximately 0.03% of the total BCRs), which 
ensures receptor sensitivity even when antigen 
concentrations are low. Moreover, the BCRs 
themselves are low-affinity, which ensures re- 
ceptor specificity despite the multiplicity of 
antigens present in the cell’s environment. This 
system allows BCRs to respond to stimuli in a 
manner that is both sensitive and specific, 
which is necessary for proper B-cell prolifera-
tion and differentiation [70].

CD19’s function as a B-cell regulator is of cru-
cial importance, as illustrated by observations 
of CD19 deficiency in mice and CD19 muta-
tions in humans. CD19-/- mice exhibit reduced 
number of peripheral B-cells, suggesting that 
the antigen has an important role in B-cell sur-
vival. Evidence suggests that CD19 not only 
propagates BCR-dependent survival signals in 
mature B-cells, but also promotes the survival 
of naive recirculating B-cells prior to antigen 
encounter, indicating that CD19 also functions 
outside of its BCR-associated complex. CD19-
deficient mice also show a drastic reduction in 
B1, germinal center, and marginal zone B-cells, 
demonstrating CD19’s significant role in B-cell 
differentiation [71]. In clinical case studies, 
mutations of the CD19 gene are associated 
with severe antibody deficiency and autoim-
mune disease. The first study to report on CD19 
deficiency found homozygous frame shift muta-
tions in the CD19 gene in four patients from 
two separate families. The mutations resulted 
in premature stop codons and truncated CD19 
proteins that lacked all or part of the cytoplas-
mic tail, rendering them unstable. Levels of sur-
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face CD19 were very low in patients with partial 
cytoplasmic domains and undetectable in the 
patient with an absent cytoplasmic domain. All 
patients had normal numbers of circulating 
B-cells but a diminished amount of memory 
B-cells, as well as decreased levels of CD21. 
Clinical symptoms were increased susceptibili-
ty to infection and hypo-gammaglobulinemia, 
an immune deficiency disease characterized  
by an abnormally low level of immunoglobulins 
(Igs), which was caused by defective B-cell anti-
gen responses due to a shortage of the CD19/
CD21 complex [72]. In another case study, simi-
lar observations were reported in conjunction 
with two additional CD19 mutations in a single 
patient. The patient’s CD19 deficiency was sus-
pected to relate to his thrombocytopenia (low 
platelet count), possibly linking the CD19 muta-
tions to the development of autoimmune dis-
ease [73]. Similarly, mutations that cause over-
expression of CD19, like those found in system-
ic sclerosis patients, can also disrupt B-cell 
regulated autoimmunity and result in autoim-
mune disorders [74].

CD19-mediated signaling transduction

The cytoplasmic tail of CD19 is responsible for 
augmenting both basal and BCR-induced Src 
family kinase activation. Signaling pathways 
rely on its nine tyrosine residues to activate 
down-stream protein kinases, resulting in rapid 
recruitment and activation. The two most es- 
sential tyrosines are Y513 and Y482, as tyro-
sine-to-phenylalanine mutations in these have 
been found to inhibit phosphorylation of the 
other residues, however Y391 also takes part 
in recruiting the adaptor protein Vav. Upon BCR 
activation, Lyn, or another Src kinase in Lyn’s 
absence, first binds to Y513 and then phos-
phorylates Y513, Y482, and Y391 residues  
on CD19, as well as Vav through processive 
phosphorylation [67]. Vav activation initiates 
downstream mitogen-activated protein kinase 
(MAPK) pathways; phosphorylated Vav acti-
vates Rac GTPases, leading to activation of 
c-Jun N-terminal kinases (JNKs) involved in 
stress response and phosphatidylinositol 4- 
phosphate 5-kinases (PIP5Ks) involved in mul-
tiple functions via production of PIP2 [74].

In addition to antigen-induced Vav pathways, 
CD19 also initiates antigen-induced phosphoi- 
nositide 3 kinase (PI3K) signaling cascade, a 
critical and highly conserved pathway is found 

in all cells of higher eukaryotes. Two key tyro-
sine residues of CD19, Y513 and Y482, acti-
vate PI3K/AKT by binding the tandem SH2 
domains of its regulatory p85 subunit. PI3K is 
an essential signaling module associated with 
a vast array of cell functions, including cell 
growth and survival. Activated PI3K uses PIP2 
on the plasma membrane to produce second 
messenger PIP3, which in turn activates the  
serine/threonine kinase AKT by phosphorylat-
ing the threonine 308 and serine 473 residues. 
AKT/PKB signaling pathway plays a key role  
by activating the expression of downstream 
growth factors, cytokines, and other cellular 
stimuli is involved in a multitude of cell pro- 
cesses including survival, growth, proliferation, 
metabolism, motility, transcription, protein syn-
thesis, and cell-cycle progression. AKT activa-
tion of mTOR is part of a crucial cell cycle regu-
lation pathway that is often aberrant in cancers 
[75]. PI3K/AKT pathways are largely reliant  
on CD19 for BCR-mediated activation, though 
BCR-induced activation of PI3K is also possible 
in the absence of CD19 due to the complemen-
tary functions of the B-cell adaptor [76].

Advantages of targeting CD19 in B-cell 
malignancies

The CD19 antigen stands as an attractive tar-
get for the treatment of B-cell malignancies, 
particularly in cases of relapsed/refractory B- 
NHL that may have developed resistance to 
first-line treatment via loss or down-regulation 
of CD20. CD19 is a reliable target due to its 
presence in the vast majority of B-cell malig-
nancies, including more than 95% of NHL cases 
[77]. Because it is expressed throughout B-cell 
development, it allows for a wider range of 
B-cells to be targeted than does CD20. This 
characteristic can be advantageous even in the 
treatment of mature B-cell neoplasms due to 
the likely existence of malignant immature pro-
genitor cells, which have been suggested as a 
source of relapse in multiple studies [78-82]. 
Furthermore, effects of CD19+ cell depletion 
are largely restricted to the lymphoid system 
because CD19 expression is exclusive to B- 
cells and follicular dendritic cells. B-cell aplasia 
as a consequence of treatment is not neces-
sarily associated with life-threatening toxicities. 
B-cells can normally be regenerated from hae-
matopoietic stem cells following depletion by 
anti-CD19 CAR therapy, however Ig replace-
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ment may be necessary in cases of long-term 
B-cell deficiency [64].

As an additional benefit of CD19-targeted treat-
ment, the antigen is associated with B-cell lym-
phomagenesis in at least two ways. First, within 
the context of its function as a BCR signal 
amplifier, CD19 plays a role in PAX5-mediated 
stimulation of neoplastic growth. BCR signaling 
is constitutively active in multiple NHL sub-
types, and it is believed to be capable of driv- 
ing lymphoma development. Though anti-apop-
totic signaling pathways can function in the 
absence of the BCR by PI3K activation alone, 
the BCR and its associated components are 
heavily relied upon for survival signaling [83]. 
Several crucial BCR signaling components are 
regulated by the transcription factor PAX5, 
including CD19, and PAX5’s ability to express 
these BCR components has been shown to 
contribute to lymphoma development [84, 85] 
Second, independent of its BCR-associated 
function, CD19 activates MYC-driven lympho-
magenesis. C-MYC, a PAX5 controlled onco-
gene, plays a major role in promoting neoplas-
tic growth in B-cells and is overexpressed in 
NHL. CD19 has been found to function in a 
promoter-independent posttranslational signal-
ing amplification loop with the oncogene to pro-
mote B-cell transformation and lymphoma pro-
gression. Both the expression and function  
of c-MYC are enhanced by CD19, so inhibit- 
ing this positive feedback loop would greatly 
reduce its oncogenic capabilities [86-88]. Be- 
cause these two modes of lymphoma develop-
ment are related to CD19 expression, eliminat-
ing CD19+ cells has the advantage of providing 
some insurance against relapse.

Clinical trials of anti-CD19 CAR T-cell therapy 
in B-cell malignancies

The most widely studied and successful appli-
cations of CAR therapy have been in CD19-
targeted treatment of B-cell leukemia and lym-
phoma [47]. All clinical trials involve a condi-
tioning chemotherapy regimen prior to infusion, 
which greatly enhances both T-cell persistence 
and antitumor efficacy [89]. Antitumor activity 
of anti-CD19 CAR was first reported in a case  
of advanced follicular NHL, in which anti-CD19 
CAR therapy resulted in dramatic regression. 
Peripheral blood B-cells were absent for at 
least 39 weeks after treatment, but no acute 
toxicities occurred [90]. A similar trial was con-

ducted with 8 patients with advanced, progres-
sive B-cell malignancies, 6 of which obtained 
remissions. Four patients experienced pro-
longed B-cell depletion, and 4 of the 8 had ele-
vations of the cytokines IFN-γ and TNF, with cor-
relating acute toxicities [91].

Anti-CD19 CAR therapy used in cases of B-cell 
leukemia has also shown promising efficacy. In 
chronic lymphocytic leukemia (CLL), treatment 
has resulted in partial or complete remissions 
in a trial of 3 patients with advanced disease, 
with no persistent toxicities occurring other 
than B-cell aplasia [92]. Another trial in which 
complete remission was observed in 1 patient 
with refractory CLL resulted in tumor lysis syn-
drome as a notable side effect [93]. Clinical tri-
als of anti-CD19 CAR in relapsed/refractory 
B-cell acute lymphocytic leukemia (ALL) have 
shown remarkable response rates. Two trials  
of 15 and 30 patients both had complete re- 
mission rates of roughly 90%, and lasting re- 
missions up to 24 months were observed in  
the latter. In the larger of the two studies, cyto-
kine-release syndrome was observed in all 
patients and responding patients also experi-
enced B-cell aplasia [53, 54].

A recent study demonstrated efficacy of anti-
CD19 CAR in aggressive NHL. Of the 13 evalu-
able patients with various advanced B-cell 
malignancies, 8 achieved complete remissions 
and 4 achieved partial remissions. Seven pati- 
ents had DLBCL that was refractory to salvage 
chemotherapy, and 4 of these were cases of 
complete remission. One patient died due to  
an unknown cause 16 days post infusion, and 
some experienced short-lived acute toxicities 
[94]. Table 1 summarizes the results of various 
clinical studies using CAR T cell therapy in vari-
ous hematological malignancies.

Speculated resistance mechanisms to CD19 
CAR-redirected T cell therapy

Loss or down-regulation of CD19 antigenic 
target

Targeted immunotherapy exerts selective pres-
sure on tumor cells, resulting in the develop-
ment of new genetic variants that evade treat-
ment. Potential means of resistance that will 
be faced in future applications of anti-CD19 
CAR therapy in B-cell NHL can be determined 
by considering resistance mechanisms found 
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Table 1. Completed trials of anti-CD19 CAR immunotherapy in B-cell hematological malignancies
Summary of trial Cell number infused Results Toxicities Ref.
Treatment of 2 patients with refractory FL
Lymphodepletion: Flu after dose #1
Exogenous cytokines: IL-2

108/m2 (dose #1)
109/m2 (#2, #3)
2×109/m2 (#4, #5)

1 patient showed no response, the other 
was non-evaluable; limited CAR persis-
tence was noted as a barrier to efficacy

Lymphopenia observed in both patients [134]

Treatment of 6 patients with relapsed or refractory NHL: 1 with SLL, 3 
with DLBCL, and 2 with FL/DLBCL
Lymphodepletion: None
Exogenous cytokines: None

Pt 1, 2: 2×107/m2

Pt 3, 4: 1×108/m2

Pt 4, 5: 2×108/m2

CD28 costimulation greatly enhanced ex-
pansion and persistence of CAR T-cells; 2 
patients experienced SD

Not reported [48]

Treatment of 3 patients with relapsed CLL
Lymphodepletion: Pt 1: Benda; Pt 2: Benda/Ritux; Pt 3: Pento/Cy
Exogenous cytokines: None

Pt 1: 1.6×107/kg
Pt 2: 1.0×107/kg
Pt 3: 1.5×105/kg

2 patients obtained CRs, 1 obtained PR Tumor lysis syndrome, lymphopenia, 
thrombocytopenia, and neutropenia 
were observed

[92, 93] 

Treatment of 8 patients with relapsed CLL and 2 patients with relapsed 
ALL
Lymphodepletion: Six of the patients received Cy
Exogenous cytokines: None

1.8×108-3.2×109 3 of the 4 evaluable CLL patients who re-
ceived Cy obtained obtained PRs or SD; 
the 3 CLL patients who did not receive Cy 
had no response

Most patients experienced fevers, B-
cell aplasia observed in ALL patient

[89]

Treatment of 3 patients with relapsed FL, 1 patient with relapsed SMZL, 
and 4 patients with relapsed CLL
Lymphodepletion: Flu/Cy
Exogenous cytokines: IL-2

0.3×107/kg-3.0×107/kg 5 of the 7 evaluable patients obtained 
PRs, one obtained CR

Cytokine-associated toxicities including 
hypotension, fevers, fatigue, renal 
failure, and obtundation

[90, 91] 

Treatment of 8 patients with relapsed ALL or CLL who had received prior 
HSCT
Lymphodepletion: None
Exogenous cytokines: None

1.9×107-1.1×108 3 patients obtained CRs, 1 obtained PR, 
1 experienced SD

No infusion-related toxicities [135]

Treatment of 10 patients with relapsed CLL, DLBCL, and MCL who had 
received prior HSCT and DLI
Lymphodepletion: None
Exogenous cytokines: None

0.4×106/kg-7.8×106/kg 1 patient obtained CR, 1 obtained PR, 6 
experienced SD

Toxicities included transient hypoten-
sion and fever

[136] 

Treatment of 2 children with relapsed and refractory ALL
Lymphodepletion: Pt 1: None; Pt 2: Cy/VP16
Exogenous cytokines: None

Pt 1: 1.4×106/kg
Pt 2: 1.2×107/kg

Both patients obtained CRs Cytokine release syndrome and B-cell 
aplasia were observed in both patients

[95]

Treatment of 16 patients with relapsed of refractory ALL
Lymphodepletion: Cy
Exogenous cytokines: None

3.0×106/kg 88% of patients obtained CRs 7 patients experienced severe cytokine 
release syndrome, some patients expe-
rienced neurologic toxic effects

[54]

Treatment of 30 patients with relapsed or refractory ALL
Lymphodepletion: 15 patients received Flu/Cy, 12 received a different 
lymphodepletion regimen
Exogenous cytokines: None

0.8×106/kg-1.7×107/kg 90% of patients obtained CRs 8 patients experienced sever cytokine 
release syndrome, some patients expe-
rienced neurologic toxic effects

[53]

Treatment of 14 patients with relapsed or refractory B-cell malignancies
Lymphodepletion: None
Exogenous cytokines: None

Not reported Cells cultured with IL-7 and IL-15 prior to 
infusion showed greater persistence and 
efficacy in vivo than those cultured in IL-2

None reported [137] 

Treatment of 21 patients with relapsed of refractory ALL or NHL
Lymphodepletion: Flu/Cy
Exogenous cytokines: None

Most patients received 1×106/kg 
(maximum tolerated dose), four 
received a second dose at 3×106/kg

67% of patients obtained CRs 3 patients experienced sever cytokine 
release syndrome

[138] 

Treatment of 15 patients with relapsed of refractory B-cell malignancies: 
9 with DLBCL, 2 with indolent lymphomas, and 4 with CLL
Lymphodepletion: Flu/Cy
Exogenous cytokines: None

1×106/kg-5×106/kg 8 of the 13 evaluable patients obtained 
CRs, 4 obtained PRs, 1 experienced SD

Toxicities in some patients including 
fever, hypotension, delirium, and other 
neurologic toxicities; 1 patient died 
suddenly due to an unknown cause 16 
days after cell infusion

[94] 
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Treatment of a patient with refractory multiple myeloma as an addition 
to high-dose melphalan and HSCT
Lymphodepletion: Cy
Exogenous cytokines: None

5×107 Durable CR was obtained; enhanced 
response attributed to anti-CD19 CAR 
T-cell activity

Hypogammaglobulinemia was 
observed 

[139]

Treatment of 29 patients with relapsed or refractory NHL: 19 with 
DLBCL, 8 with FL, and 2 with MCL
Lymphodepletion: Cy, Benda, EPOCH, radiation/Cy, or Flu/Cy
Exogenous cytokines: None

5×108 Of the 18 evaluable patients, overall re-
sponse rate was 50% for DLBLC patients 
and 100% for FL patients

15 patients experienced cytokine 
release syndrome, 3 patients experi-
enced neurologic toxic effects

[140]

Treatment of 7 patients with relapsed or refractory NHL after HDT-ASCT
Lymphodepletion: BEAM
Exogenous cytokines: None

7 patients received 5×106/kg, 1 
received 1×107/kg

5 patients obtained CRs One patient experienced prolonged 
cytopenias and died of mucormycosis 
pneumonia 38 days after HDT-ASCT; 4 
patients experienced cytokine release 
syndrome

[141]

ALL: acute lymphocytic leukemia; ASCT: autologous hematopoietic stem cell transplantation; BEAM: carmustine, etoposide, cytarabine, and melphalan; Benda: bendamustine; Ritux: rituximab; CLL: chronic lymphocytic leukemia; CR: complete 
response; Cy: Cyclophosphamide; DLBC: diffuse large B-cell lymphoma; DLI: donor lymphocyte infusion; EPOCH: etoposide, prednisone, vincristine, cyclophosphamide, and doxorubicin; FL: follicular lymphoma; Flu: fludarabine; HDT: high-dose 
therapy; MCL: mantle cell lymphoma; NHL: non-Hodgkin’s lymphoma; Pento: pentostatin; PR: partial response; SD: stable disease; SLL: small lymphocytic lymphoma; SMZL, splenic marginal zone lymphoma; VP-16: etoposide.
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in other diseases. One trend found among 
B-cell ALL trials is relapse with the emergence 
of CD19-negative lymphoblasts following treat-
ment with anti-CD19 CAR T-cells (Figure 1). A 
number of trials have reported this observation 
in a significant minority of B-ALL patients: 1 of 
2 patients in a 2013 trial, and 10% of patients 
in two larger trials of 30 and 20 patients in 
2014 and 2015, respectively [53, 95, 96]. The 
mechanism by which these escape variants 
emerge has yet to be determined. This could be 
the result of selective antigen down-regulation, 
selection for a null gene mutation, or selection 
for an abnormal mRNA splice variant. A single 
mutation in the CD19 or CD81 genes may result 
in eliminated or greatly decreased CD19 ex- 
pression, as has been demonstrated by studies 
of antibody deficiency syndromes. In two afore-
mentioned reports, homozygous frame shift 
mutations in the CD19 gene led to truncated, 
unstable protein products in several patients 
who exhibited low or undetectable levels of  
surface CD19 [72, 73]. In another patient, loss 
of CD19 expression was caused by a lack of 

CD81, an associated antigen in the BCR com-
plex, as a result of a splice site mutation in the 
CD81 gene [97]. The rise of CD19-negative 
escape variants through alternative mRNA 
splicing is a novel mechanism that has recently 
been proposed based on findings of anti-CD19 
CAR-relapsed B-ALL specimens. These cells 
lacked the CD19 antigenic epitope, yet retain- 
ed intact CD19 gene sequences and normal 
mRNA levels. Evidence suggested that the 
observed resistance arose because mRNA iso-
forms omitting exons 5-6 and/or exon 2 were 
selectively favored [98]. Though relapse due to 
selective outgrowth of CD19-negative variants 
has not yet been reported in applications of 
anti-CD19 CAR treatment of NHL, this form of 
resistance will most likely be encountered in 
future trials.

Alternative B-cell differentiation signaling path-
ways

Resistance may also develop due to selection 
of alternative differentiation pathways. One re- 

Figure 1. CD19 CAR T cell redirected killing of NHL cells. A. Structure of third generation of anti-CD19 CAR T cells 
including anti-CD19 single chain Ab fragment, spacer domain, transmembrane domain, T cell costimulatory domain 
(CD28) and T cell activation domain (CD3z). CD19 redirected CAR T cells induce apoptosis in sensitive NHL cells. 
B. Various potential mechanisms of the development of resistance by NHL cells to anti-CD19 CAR T cell-mediated 
apoptosis. These mechanisms may include: i: loos and/or down-regulation of the CD19 target antigen, ii: utilization 
of alternative B cell differentiation pathways, iii: altered dynamics of cell survival/anti-apoptotic signal transduction 
pathways, iv: altered expression profile of regulators of apoptosis, and v: physical barriers and immunosuppressive 
cytokines including TGF-b and IL-10. Please refer to the text for detailed information.
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cent study reported that a CLL/small lympho-
cytic lymphoma (SLL) patient with Richter trans-
formation (transformation to an aggressive 
large cell lymphoma) relapsed after anti-CD19 
CAR therapy with two different treatment-resis-
tant clonally related diseases: CD19-negative 
CLL and overt plasmablastic lymphoma (PBL), 
an aggressive subtype of NHL. The PBL that 
emerged was CD19-negative and also lacked 
most markers of B-cell differentiation, indicat-
ing that it was able to evade treatment via 
divergent lymphoid differentiation. It also had  
a nonproductive Ig heavy chain reading frame 
due to a 2 bp insertion mutation that distin-
guished it from both the original CLL/SLL and 
the CD19-negative CLL. This suggests that the 
PBL did not rely on BCR signaling like the origi-
nal disease, but instead used pathways simi- 
lar to those found in normal plasma cells to 
achieve proliferation and survival. Alternative 
B-cell differentiation of the original clonal tumor 
was possible because of the existence of resid-
ual malignant progenitor cells that survived 
treatment [82]. Though CLL/SLL affects mature 
B-cells, this evidence supports the notion that 
the disease originates in leukemic stem cells 
[99].

The theory that NHL may likewise have origins 
in lymphoma stem cells has been supported by 
several studies. The existence of B-NHL side 
population cells supports this theory, as these 
are thought to be lymphoma stem cells. They 
are isolated by taking advantage of their high 
expression of ATP-binding cassette (ABC) trans-
porters, which allows them to extrude the nu- 
cleic acid dye Hoechst 33342. This is one of 
the distinctive characteristics that side popula-
tion cells share with normal stem cells, along 
with elevated telomerase activity and increased 
expression of certain transcription factors that 
regulate pluripotency and self-renewal [78, 79]. 
Further supporting evidence was provided in a 
study which showed that two biologically and 
genetically distinct mature B-cell malignancies 
originate from a common less evolved progeni-
tor cell [80]. Additionally, populations of CD45+/
CD19- bone marrow cells that correlate with 
clinical outcomes in mantle cell lymphoma 
(MCL) are thought to be lymphoma stem cells 
[81]. Cancer stem cells pose a serious threat  
to long-term treatment outcomes, as they are 
known to be associated with a multi-drug re- 
sistance (MDR) phenotype due to the cytotoxic 

drug-expelling ability of ABC transporters [100]. 
Given the viable existence of lymphoma stem 
cells, NHL could be susceptible to anti-CD19 
CAR resistance by way of alternative differenti-
ation (Figure 1).

Aberrant cell survival signal transduction path-
ways

Many human cancers develop as a result of 
mutations in genes that regulate key cell prolif-
eration and survival signaling pathways, such 
as the BRAF, NRAS, and TP53 genes. The malig-
nant cell signaling pathways that result from 
such mutations rely on a reduced number of 
higher-intensity signals than normal cells. The 
alternative signaling mechanisms that allow 
malignant cells to resist normal regulatory 
immune functions can cause them to possess 
a related resistance to newly introduced drugs, 
and vice versa. Such cross-resistance occurs 
because immune cells and cytotoxic drugs uti-
lize a common apoptotic pathway to eradicate 
tumor target cells [101]. Therefore, because 
relapsed/refractory NHL cells have already 
resisted the apoptotic efforts of the body’s own 
immune system as well as cytotoxic drugs, they 
could potentially be preconditioned with cross-
resistance to anti-CD19 CAR T-cells even before 
the initiation of treatment. Several aberrant 
BCR-activated signal transduction pathways 
exist in B-cell NHLs, including those involving 
PI3K/AKT/mTOR signaling, BTK signaling, LYN/
SYK signaling, JAK2/STAT signaling, PKCβ sig-
naling, and AAK signaling. Constitutive activa-
tion of one or more of these signaling molecules 
is found in various NHL subtypes, resulting in 
continually active survival pathways that are 
apoptosis-resistant [85]. The aberrant signal 
transduction pathways found in various NHLs 
could cause resistance to CAR T-cell immuno-
therapy effector functions, which rely on intact 
signaling pathways to induce apoptosis in tar-
get cells (Figure 1).

Altered expression levels of pro- and anti-apop-
totic proteins

Another mechanism that can impede CAR 
T-cell-induced apoptosis is a modified expres-
sion profile of the B-cell lymphoma-2 (Bcl-2) 
family of apoptosis-regulating proteins, which 
have been associated with drug resistance in a 
number of cancers [102]. Though the precise 
balance of all pro- and anti-apoptotic proteins 
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in a cell ultimately determines the behavior  
of its apoptosis pathways, it is frequently an 
overexpression of Bcl-2 family of anti-apoptotic 
proteins (e.g., Bcl-2, Bcl-xL, Bfl-1/A1, Mcl-1) in 
tumor cells that is responsible for cancer per-
sistence and drug resistance. Up-regulation of 
anti-apoptotic proteins is also common in nor-
mal immune cells as a preventative measure 
against AICD, but it can cause uncontrolled 
growth in tumor cells. These overexpressed 
Bcl-2 proteins inhibit a cell’s intrinsic apoptosis 
pathway by blocking Bax and Bak (pro-apoptot-
ic proteins of the Bcl-2 family), thus suppress-
ing Cytochrome c release from mitochondria. 
Bcl-2 apoptosis inhibitors can contribute to 
CAR immunotherapy-resistance because CAR 
T-cells induce apoptosis in target cells through 
both extrinsic pathways (via death cell receptor 
or granule-exocytosis signaling pathways and 
intrinsic apoptotic pathways (via mitochondria). 
In some cases, simply eliminating the inhibitors 
that suspend apoptosis signaling in tumor cells 
can result in activation of the intrinsic path- 
way, even in the absence of apoptosis-inducing 
drugs. Hence, removing the block caused by 
Bcl-2 apoptosis inhibitors may serve not only to 
increase efficacy of CAR T-cell effector func-
tions by lowering the apoptosis threshold, but 
also to manage tumor growth by allowing intrin-
sic apoptosis signaling to resume in malignant 
B-cells [103, 104]. These abnormally expressed 
anti-apoptotic Bcl-2 family proteins, which were 
first identified upon discovery that Bcl-2 gene 
rearrangements in NHL correlated with a poor 
prognosis, could potentially allow for NHL es- 
cape from CAR T-cell immunotherapy [105] 
(Figure 1).

Physical barriers and immunosuppression

Certain characteristics of lymphoma cells make 
them inherently more challenging targets for 
CAR T-cells than leukemia cells. Unlike leuke-
mias, lymphomas are solid tumors that can 
sometimes physically impede CAR T-cell con-
tact with some target cells. Effector T-cells 
must be able to infiltrate the tumor parenchy-
ma for maximum efficacy, however their reach 
is often largely limited. Among other restricting 
factors, blood vessels in tumor lesions may 
lack receptors such as ICAM-1, VCAM-1, and 
P/E-selectins, which are required for T-cell 
attachment, rolling, and diapedesis. Conversely, 
T-cells may lack the necessary counterparts, 
such as the integrins LFA-1 and α4β1 (VLA-4), 

as well as PSGL-1 and CD43 [106]. CD40/ 
CD40 ligand (CD40L) interaction could also  
be limited, which would hinder T-cell crossing  
of endothelial tissues. The activation of CD40 
by CD40L in endothelial cells supports T-cell 
transmigration because it stimulates E-selectin 
dependent leukocyte attachment and also 
inhibits endothelial cell migration [107]. Vas- 
cular endothelial growth factor (VEGF), which 
inhibits NF-κB induced endothelial activation, 
may also contribute to blocked tumor infiltra-
tion in NHL. Extracellular matrices can also be 
obstacles in cases when CAR T-cells are unable 
to sufficiently degrade them.

CAR T-cells are further obstructed by the immu-
nosuppressive tumor microenvironment in lym-
phomas. Though much of the tumor microenvi-
ronment is comprised of non-malignant cells 
and the extracellular matrix, it significantly  
contributes to lymphoma progression. Tumors 
thwart T-cell proliferation and function by 
releasing immunosuppressive cytokines like 
transforming growth factor-β (TGF-β) and inter-
leukin-10 (IL-10). In addition to inhibiting effec-
tor cells directly, TGF-β and IL-10 also do so  
indirectly by driving differentiation of regulatory 
T cells (Tregs) and M2 macrophages, respec-
tively. Regulatory T-cells suppress T-cell acti- 
vity by producing a variety of suppressive 
agents including more TGF-β and IL-10. M2 
macrophages, which are anti-inflammatory, 
pro-angiogenic, and pro-tumorgenic, also pro-
duce large amounts of both TGF-β and IL-10.  
In addition, tumor-produced prostaglandin E2 
(PGE2) causes an increase in myeloid-derived 
suppressor cells (MDSCs) that also contribute 
to immunosuppression and subsequent resis-
tance to CD19 CAR-redirected T cell therapy 
[108]. Altogether this network of suppressive 
components is capable of impeding CAR T-cell 
persistence and function in NHL, though the 
degree to which tumors employ microenviron-
mental cells varies by subtype. Hodgkin’s lym-
phoma has the greatest ratio of microenviron-
mental cells to tumor cells, followed by FL, 
DLBCL, and finally Burkitt’s lymphoma (BL) with 
the smallest ratio. Other NHL subtypes fall with-
in this range [109] (Figure 1).

Proposed approaches to overcome resistance

Targeting other antigens in addition to CD19

In order to offset potential loss or down-regula-
tion of CD19, multispecific T-cells can be engi-
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neered that coexpress two or more CARs tar-
geting different antigens. Multispecfic CAR 
T-cells require the presence of multiple anti-
gens for maximum activation, yet they have a 
better chance at maintaining efficacy in the 
case of antigen-escape than single-target CAR 
T-cells. Results from a study of CAR T-cell ther-
apy in glioblastroma suggested that this strat-
egy is more effective than using a pooled prod-
uct of unispecific CAR T-cells that target the 
same set of antigens [110]. Possible targets  
to add alongside CD19 include the pan-B-cell 
markers CD22 and CD20, as well as ROR1, 
which is expressed in some B-cell malignancies 
but not in healthy B-cells. Another feasible tar-
get to add alongside CD19 is either the κ or λ 
light Ig chain. Because mature B-cell malignan-
cies are clonally restricted, targeting just one of 
these light chains would spare those healthy 
polyclonal B-cells that express only the other 
light chain [49]. A trial involving κ-directed CARs 
against relapsed NHL showed efficacy in some 
patients [52]. Including additional targets that 
would eliminate EBV-infected cells may provide 
additional insurance against the recurrence of 
EBV-related B-NHLs, including BL and DLBCL. 
Treatment with autologous EBV-specific CAR 
T-cells targeted against CD30 is currently be- 
ing investigated for both Hodgkin’s and Non-
Hodgkin’s Lymphoma in an ongoing clinical trial 
(NCT01192464). In implementing a therapeu-
tic approach that utilizes multiple antigen tar-
gets, consequences of depletion of healthy 
cells that also express these antigens must  
be considered. In order to reduce off-target 
activation, multispecific CAR T-cells may also 
be designed to include inhibitory signaling 
domains that recognize antigens that are only 
present on normal B-cells [57]. Ideally, a combi-
nation of activating and inhibiting CARs could 
be used to maximize T-cell activation on tumor 
cells and minimize T-cell activation on normal 
cells.

Targeting lymphoma stem cells alongside main 
tumor populations

Targeting lymphoma side population cells can 
lessen the risk of immune escape by alterna-
tive differentiation, as a disease can simply 
reemerge in a new form unless cancer stem 
cells are targeted alongside the main popula-
tion of tumor cells. Treatments that attack lym-
phoma stem cell populations target one of  
the following stem cell characteristics: surface 

markers, signaling cascades, tumor microenvi-
ronment, or ABC cassettes. Surface antigens 
can be targeted with additional CAR T-cells or 
with other targeted therapies. Further study of 
lymphoma stem cells is needed in order to 
determine a unique fingerprint of antigens that 
exist only on these cells, as has been found in 
leukemia stem cells [111]. In MCL therapy, 
multi-specific CAR T-cells that combine activat-
ing and inhibiting signals can be used to elimi-
nate the CD45+/CD19- cells that are believed  
to be MCL stem cells [112]. For signaling cas-
cades, components of pathways that play key 
roles in stem cell lymphomagenesis like PI3K/
AKT and JAK/STAT should be targeted. Kinase 
inhibitors that could block these pathways in 
stem cells also serve to regulate the aberrant 
versions found in mature lymphoma cells, mak-
ing them particularly advantageous. The tumor 
microenvironment that protects cancer stem 
cells from cytotoxic drugs can also be targeted. 
Treatments can limit the protective microenvi-
ronment in a number of ways, including inhibit-
ing stromal cell factors like anti-CXCR4 plerixa-
for or inhibiting angiogenesis with anti-VEGF 
sunitnib [113, 114]. Additionally, a number of 
treatments have been developed that inhibit 
ABC cassettes, the ATP-driven efflux transport-
ers in stem cells that are associated with che-
mo-resistance [115]. These ATP transporters 
can be directly targeted with P-glycoprotein 
(P-gp) efflux pump inhibitors like MRK16, UIC2, 
and tariquidar, or their expression levels can  
be downregulated with targeted knockdown of 
MDR1 and ABCG2 [116-118]. Using one or 
more of these approaches to diminish NHL 
stem cells alongside anti-CD19 CAR immuno-
therapy would aid in preventing stem cell-asso-
ciated relapse.

Utilization of protein kinase inhibitors

Targeting aberrant signaling molecules with 
kinase inhibitors can regulate the constitutively 
active survival pathways that exist in tumor 
cells. These pathways are responsible for mak-
ing tumor growth difficult or impossible to man-
age. Kinase inhibitors are becoming increas-
ingly common in cancer therapies and they can 
act as sensitizing agents to enhance treatment 
outcomes of CAR T-cell immunotherapy. Small 
molecule kinase inhibitors targeting PI3K and 
BTK have received FDA approval for therapeu-
tic use in NHL. PI3K, central to the PI3K/Akt/
mTOR pathway involved in cell cycle regulat- 
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ion, is a promising target because of its key  
role in lymphoma survival. In 2014, idelalisib 
(the small molecule PI3Kδ inhibitor) was FDA 
approved for treatment of relapsed/refractory 
FL and CLL/SLL. It yields overall response rates 
of 60-80% in these subtypes with minimal tox-
icity. For CLL, it is recommended to be used in 
combination with rituximab. Other inhibitors of 
PI3K or its leukocyte-specific isoforms PI3Kδ 
and/or PI3Kγ have shown encouraging out-
comes in clinical and preclinical trials. Bruton’s 
tyrosine kinase (BTK) or also plays a central 
role in BCR signaling and is essential for the 
survival of some NHL subtypes. The small mol-
ecule BTK inhibitor ibrutinib was FDA approved 
for treatment of relapsed/refractory cases of 
MCL in 2013, CLL in 2014, and Waldenstrom 
Macroglobulinemia (WM) in 2015. Reported 
overall response rates have been as high as in 
58% MCL, 83% in CLL, and 91% in WM [119-
121]. Ibrutnib has an impressive safety pro- 
file and it has also exhibited efficacy in other 
NHLs including SLL, DLBCL, and FL [122]. Other 
kinase inhibitors have also had encouraging 
results in lymphoma treatment, including the 
AKT inhibitor perifosine, the mTOR inhibitor 
temsirolimus, the Src kinase inhibitors dasat-
inib and fostamatinib, the JAK2 inhibitors pacri-
tinib and ruxolitinib, the PKCβ inhibitors enza-
staurin and bryostatin, and the AAK inhibitor 
alisertib [85]. Kinase inhibitors such as idelal-
isib, ibrutinib, and others that have had promis-
ing results can potentially enhance immuno-
therapy outcomes in NHL if utilized in combina-
tion with an anti-CD19 CAR T-cell treatment 
regimen.

Modifications of apoptotic machinery

Treatments that regulate expression levels of 
pro- and anti-apoptotic proteins can act as  
both sensitizing agents and direct treatments. 
Inhibitors of pro-survival Bcl-2 proteins can 
reactivate apoptosis pathways that are deregu-
lated in most tumor cells. The most promising 
of these agents is ABT-737, a small molecule 
Bcl-2 inhibitor that is highly effective as an 
addition to standard treatments in a number  
of cancers including lymphoma. It binds with 
high affinity to Bcl-2, Bcl-xL, and Bcl-w, remov- 
ing their block on the apoptotic pathway and 
increasing tumor sensitivity to both natural 
immune cells and cytotoxic agents [104]. The 
orally active derivative of ABT-737, navitoclax 

(ABT-263) has shown substantial efficacy in 
CLL [123]. High levels of Mcl-1, another anti-
apoptotic Bcl-2 family protein, are correlated 
with resistance to ABT-737, so treatment should 
be combined with an Mcl-1 inhibitor such as 
RNA silencing Mcl-1 siRNA or the synthetic  
cytotoxic retinoid N-(4-hydroxyphenyl) retin-
amide (4-HPR) for maximal efficacy [124, 125]. 
These survival pathway-modulating agents can 
be highly useful in combination with anti-CD19 
CAR immunotherapy, and have already been 
shown to enhance CAR T-cell function in several 
NHL cell lines in vitro [103]. Conversely, apop-
totic machinery can also be targeted using a 
different approach; rather than inhibiting anti-
apoptotic molecules, pro-apoptotic stimuli may 
be added. One such agent is recombinant tu- 
mor necrosis factor-related apoptosis-inducing 
ligand (TRAIL), which can activate the apopto-
sis pathway by binding to TRAIL death recep-
tors DR-4 and DR-5 on tumor cell surface [126]. 
Recombinant TRAIL is more effective when 
used together with TRAIL-R2 agonistic antibod-
ies; these treatments can potentially be add 
ed to an anti-CD19 CAR regimen [127]. TRAIL 
may also be directly targeted alongside CD19  
in multispecific CAR therapy, as TRAIL-target- 
ed CAR T-cells have shown efficacy in various 
types of tumor cells [128].

Enhancing CAR T-cell homing abilities and per-
sistence

Due to the fact that NHL can be more difficult  
to target than other hematological malignan-
cies, CAR T-cells should be modified to possess 
enhanced tumor infiltrating capabilities. Stimu- 
lating CD40 may enhance T-cell transmigration 
due to its role in endothelial cell migration and 
leukocyte attachment, but it has also other 
benefits for T-cell expansion, persistence, and 
function [107]. A preclinical study of CAR T-cells 
with the addition of constitutively expressed 
CD40L showed very promising results. This 
modification enhanced proliferation of CAR 
T-cells, increased pro-inflammatory Th1 cyto-
kine secretion, augmented the responsiveness 
of CD40+ tumor cells via up-regulation of key 
molecules including Fas death receptor (FasR), 
induced dendritic cells to secrete proinflamma-
tory IL-12, and resulted in overall increased  
efficacy against lymphoma in mice [129]. The 
tyrosine kinase inhibitor sunitnib, which blocks 
VEGF, has shown efficacy in overcoming the 
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obstructive tumor vasculature [114]. The en- 
zyme heparanase increases the ability of CAR 
T-cells to degrade the extracellular matrix and 
infiltrate tumors [130]. The addition of chemo-
kine receptors such as CCR2 or CCR4 may  
also be used as a method to increase homing 
abilities of CAR T-cells, as tumor cells often 
express the correlating chemokine receptors. 
Additionally, CCR7 may aid CAR T-cells in 
accessing lymph nodes, which are entered via 
lymphatics.

In order to overcome the hostile tumor microen-
vironment and minimize suppression of effec-
tor cells, conditioning chemotherapy must be 
administered prior to CAR T-cell infusion. Lym- 
phodepletion regimens allow for enhanced pro-
liferation and function of CAR T-cells, maximiz-
ing treatment efficacy. A recent meta-analysis 
of anti-CD19 CAR T-cell clinical trials found that 
patients who received lymphodepletion had a 
56% higher response rate than those who did 
not (88% and 32% respectively). In past trials  
of CAR T-cells in NHL, a preparative regimen of 
cyclophosphamide and fludarabin has been 
used [90, 94]. The sensitizing effects of chemo-
therapeutic drugs may also be substituted with 
milder immune therapeutics, such as check-
point blockade antibodies targeting the CTLA-4 
and PDL1/PD1 pathways or oncolytic viruses 
conferring immunostimulatory protein expres-
sion. Either of these would be suitable comple-
ments to CAR T-cell therapy because they not 
only enhance CAR T-cell function but also acti-
vate natural T-cells to supplement treatment 
efforts [108]. Surprisingly, the aforementioned 
meta-analysis also found that IL-2 administra-
tion is not favorable to treatment outcomes. 
This is contrary to the accepted prior belief that 
IL-2 enhances outcomes by promoting CAR 
T-cell expansion in vivo [131]. Meta-regression 
analysis shows that patients who did not 
receive IL-2 had a significantly higher response 
rate than those who received IL-2 administrat-
ed T-cells. Though IL-2 administration may be 
beneficial for first generation CAR T-cells that 
cannot elicit a robust cytokine response alone, 
it appears to be unfavorable overall for second 
generation CARs that induce IL-2 secretion 
upon crosslinking. This may be due to IL-2’s 
involvement in promoting AICD. The trials that 
did not add IL-2 instead promoted expansion by 
stimulating both CD3 and CD28 with mAb-coat-
ed magnetic beads, so the enhanced outcomes 

in these trials could also be caused by CD3/
CD28 stimulation [132]. Though IL-2 is not rec-
ommended, other pro-inflammatory cytokines 
such as IL-15, IL-12, and IL-7 may be able to 
effectively enhance function and proliferation 
of CAR T-cells [133].

Conclusion

The optimal treatment for relapsed/refractory 
NHL has yet to be determined, yet anti-CD19 
CAR T-cell immunotherapy stands as a highly 
promising treatment approach for such cases. 
There have been very few anti-CD19 CAR T-cell 
clinical trials in NHL reported to date, yet re- 
markable results in other hematological malig-
nancies and encouraging outcomes in NHL tri-
als thus far have provided more than enough 
reason to pursue further investigation of this 
treatment. The experiences gained from other 
cancers provide valuable indications of the 
challenges that will likely be faced for CAR 
T-cells in NHL. In order to ensure maximal effi-
cacy in future clinical trials, multiple supple-
mentary preventative strategies must be em- 
ployed in order to avoid relapse with anti-CD19 
CAR T-cell-resistant strains of disease. With 
intelligent foresight and application of abun-
dant resistance-preventative measures, anti-
CD19 CAR T-cell therapy could soon become 
the new paradigm for treatment of relapsed/
refractory NHL.
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